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Abstract

Dielectric barrier discharges are being used for plasma remediation of NOx from the exhaust of internal combustion engines, especially
for diesel engines. It was found that unburned hydrocarbons (UHC) present in exhausts play a significant role in altering NO remediation
pathways. For a better understanding and optimization of possible applications of this technique, it is necessary to develop models for the
underlying physical and chemical processes which are responsible for the removal of pollutants.

The effect of propene and propane on the removal of NO is investigated in this study including the formation of methyl nitrate. In experiments,
it has been found that methyl nitrate is an important by-product of the plasma treatment of exhausts.

A volume-averaged model is presented, that can describe the oxidation of hydrocarbons and conversion of NO by a multi-pulse treatment
of the exhaust gases at low temperatures and at atmospheric pressure in dielectric barrier discharges. A detailed reaction mechanism is used
that takes into account the production of active radicals in every discharge and the reactions induced by these radicals.

Reaction flow analysis and sensitivity analysis are performed to identify specific reaction paths and rate limiting reactions for typical
operating conditions of dielectric barrier discharges. A comparison of the oxidation of propene compared to propane, the analogous alkane,
is presented.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Increasingly stringent air quality standards[1] will require
future diesel engines to be equipped with exhaust aftertreat-
ment systems to decrease unburned hydrocarbon (UHC) and
nitric oxide emissions. The catalytic converters used today in
spark-ignited gasoline automobiles are responsible for ma-
jor reductions in tailpipe emissions of carbon monoxide, hy-
drocarbons, and NOx. However, these catalysts do not work
well on diesel engines, which operate on lean fuel/air mix-
tures. The exhaust gas from these engines contains an exces-
sive amount of oxygen that inhibits the chemical reduction
of NOx to molecular nitrogen rendering catalytic converters
useless for NOx removal.

NOx is responsible for acid rain and tropospheric ozone
formation. Cold start emissions of unburned hydrocarbons
are a dominant fraction of the total hydrocarbon emission.
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In combination with NOx emissions hydrocarbons are im-
portant precursors of summer smog. Therefore, having a
good fuel economy, diesel engines still need to be improved
with respect to emissions to gain more widespread use.
To achieve this goal, among systems proposed for (diesel)
NOx reduction[1] are those based on non-thermal plasma
discharges combined with a catalyst. Especially during the
cold start phase the non-thermal plasma processing of NO
will help to reduce emissions. The advantage over other
systems for exhaust gas cleaning currently under investiga-
tion is their high efficiency right after engine start. Further-
more, the use of non-thermal plasma systems for aftertreat-
ment of particulates is under intense investigation, see
e.g.[2].

During the last few years, simulation of plasma process-
ing has become a valuable tool. The influence of differ-
ent parameters like UHC concentration, NO concentration,
or carrier gas temperature has been examined theoretically
and experimentally[3–7]. Systems combining non-thermal
plasma processing and catalytic emission reduction are dis-
cussed in[8–11].
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In this paper, we investigate the plasma removal of
propene and propane and the oxidation of NO in the pres-
ence of these two unburned hydrocarbons. Diesel exhausts
inevitably contain unburned hydrocarbons (typically 100–
1000 ppm) from incomplete combustion of the fuel, excess
oxygen (typically 6–10%) and water (typically 5–12%).
Although the composition of these UHCs depends on many
factors, e.g. air to fuel ratio, compression ratio, or origin
of the fuel, it is instructive to investigate the consequences
of selected hydrocarbons on plasma remediation as model
cases.

In extension to results published recently[12] the forma-
tion of methyl nitrate is considered because in recent exper-
iments[13,14], it has been found that methyl nitrate is an
important by-product of the plasma treatment of exhausts.
A comparison with different experiments is presented: The
temporal evolution of the OH concentrations in single pulse
discharges measured with laser induced fluorescence are
used for a validation of our model. The experiments of
Bröer et al.[15–17]—using propene and propane as a model
UHC—is used as a reference system for a comparison of
UHC and NO oxidation and to investigate the formation of
methyl nitrate.

Reaction flow analysis and sensitivity analysis are
performed to identify specific reaction paths and rate
limiting reactions for typical operating conditions of di-
electric barrier discharges. A comparison of the oxi-
dation of propene compared to propane, the analogous
alkane, is presented. The formation of methyl nitrate as
a by-product of the oxidation of propene is investigated.
The results of our numerical simulation show good agree-

Fig. 1. Schematic of the model: radical generation (Module 1) and species tracking (Module 2).

ment with experimental results published in the liter-
ature.

2. Description of the model

The multi-pulse treatment of mixtures in a plasma reac-
tor is described in a volume-averaged approach by solving
for the mass fraction of each chemical species in the re-
actor, including the re-generation of active radicals by the
discharge pulses. The schematic inFig. 1 shows the rela-
tion of the simulation modulesradical generation (Mod-
ule 1) andspecies tracking (Module 2). This separation
is justified because of the different time-scales of the pro-
cesses considered: The discharge phase is on the order of
a few nanoseconds followed by the metastable quenching
phase completed after tens of nanoseconds, and the radi-
cal utilization phase is of order 10�s and longer. InFig. 2
the temporal evolution of a few key-radicals created in the
discharge is shown. The gas mixture consists of 72% N2,
18% O2, and 10% H2O. The effective electrical fieldE/n
is 120 Td. It can be clearly seen from this figure that the
radical formation is a very fast process and that there is
no overlap with the longer time-scales of NO and UHC
reactions.

The radical generation module (Module 1) is used to
estimate the concentration of the key-radicals produced ini-
tially in the discharge. The radicals O, OH, H, N, and elec-
tronically excited species O(1D), N(2D), N(2P), O2(a1�g),
and N2(A3�+

u ) are considered. Although a small portion
of the carrier gas is consumed by radical production, its
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Fig. 2. Temporal evolution of several key-radicals created in a discharge.
The effective electrical fieldE/n is 120 Td. The carrier gas consists of
72% N2, 18% O2, and 10% H2O.

concentration is assumed to be constant. We further assume
that the radicals are homogeneously distributed in the dis-
charge streamer, and that changes in temperature are also
homogeneous.

The radical concentrations of these species are obtained
by multiplying the radical production efficiencies by the en-
ergy dissipated for streamer propagation (usually given in
J/l). The production efficiency for a given active species (rad-
ical or electronically excited molecule) is derived in[4,18].
Details on the implementation can be found in[12].

The rate coefficients for electron-impact reactions
strongly depend on the mean electron energy in the dis-
charge plasma. An offline table of electron-impact rate
coefficients as a function of the effective electrical fieldE/n
is initially generated by solving Boltzmann’s equation for
the electron energy distribution function using a two-term
spherical harmonic expansion over theE/n range of inter-
est. The solution is obtained using the packageElendif
[19]. Input to the code are the gas composition,E/n, and
electron–molecule collision cross sections.

The mean electron energy in most electrical discharge re-
actors operating at atmospheric pressure is typically 3–6 eV
[6]. In this range, a large fraction of the input power goes
into formation of O- and O(1D)-radicals although N2 is the
major component of the carrier gas (see[12] for details).
The dissociation energy of N2 is much higher than that of O2
(9.2 eV compared to 4.8 eV), and consequently, very high
mean electron energies are required to produce significant
concentrations of N-radicals.

The species tracking module (Module 2) consists of the
well-stirred reactor codeHomrun [20]. The system of con-
servation equations is solved using an implicit extrapolation
methodLimex [21]. As a result we obtain the evolution of
each species between two discharge pulses. After a time in-
tervalδt = ν−1 depending on the discharge frequencyν the
concentration of the key-radicals is restored to the values
obtained in the radical generation module (Module 1) and
the time integration continues (seeFig. 1) until the energy
transferred to the gas is consistent with the experiment.

3. Overview of the reaction mechanism

The detailed reaction mechanism used in this work is built
in a hierarchical manner. The core of the mechanism repre-
sent the H2/O2-mechanism and C4-mechanism which was
extended by specific reactions important for plasma condi-
tions. It consists of the three main parts: the hydrocarbon
mechanism based on the work of Baulch et al.[22], a reac-
tion mechanism, describing the formation and destruction of
NOx, and reactions involving electronically excited species
[12]. We adopted the Arrhenius parameters for the low tem-
perature range according to literature values and added new
reaction paths and new chemical species which are impor-
tant at given conditions (temperature of the exhaust gas).
The rate coefficients used in this work are compiled from
different sources and are applicable over the temperature and
pressure range encompassed by the experiments.

Essential new chemical species are different partially
oxidated hydrocarbons and electronically excited species:
O(1D), O2(a1�g), N(2D), N(2P) and N2(A3�+

u ). These
species have a direct influence on both the evolution of
certain radicals and the NO- and HC-transformation. The
most important reactions that enhance NO- and HC-removal
involving metastable species are[23]:

N(2D) + O2 → NO + O

O(1D) + H2O → OH + OH

N2(A
3�+

u ) + H2O → N2 + OH + H

4. Validation

Besides simulations presented already in[5,12] experi-
ments reported recently[24] are used for a further valida-
tion of our model. In the experiment, the laser induced flu-
orescence (LIF)-signal is recorded as a function of time.
The initial increase of OH is due to reactions of metastable
species with background molecules leading to the formation
of additional OH. The LIF measurements record only rela-
tive concentrations and therefore the computed peak values
have been scaled to match the experiment. The results of
our simulations are presented inFigs. 3 and 4. The flow was
seeded with different concentrations of either NO or C2H4.

Fig. 3 shows the temporal evolution of OH radicals for
different initial concentrations of NO in the mixture. The
carrier gas consist of 92% N2, 8% H2O. The temperature
is 373 K and the pressure is 1 bar. The squares represent
the experimental values and lines represent the result of the
simulation. In this system, OH radicals are consumed in the
reaction:

NO + OH + M → HNO2 + M

Fig. 4 shows the temporal evolution of OH radicals for dif-
ferent initial concentrations of C2H4 in the mixture. Again,
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Fig. 3. Temporal evolution of the OH radicals if the flow is seeded with
NO. Carrier gas: 92% N2, 8% H2O. Points: experiments[24]; lines:
simulations;T = 373 K; p = 1 bar.

Fig. 4. Temporal evolution of the OH radicals if the flow is seeded with
C2H4. Carrier gas: 88.5% N2, 4.3% O2, 7.2% H2O. Points: experiments
[24]; lines: simulations;T = 373 K; p = 1 bar.

the squares represent the experimental values and lines rep-
resent the simulation. Here, the carrier gas consists of 88.5%
N2, 4.3% O2, 7.2% H2O. The temperature is 373 K and the
pressure is 1 bar. In this system, OH radicals are consumed
in the OH-addition reaction:

C2H4 + OH → CH2CH2OH

It can be seen fromFigs. 3 and 4that the change in the OH
concentrations is well predicted by our model for concen-
trations of NO in the range of 2000–4000 ppm and C2H4
in the range 1500–2000 ppm. For smaller concentrations
(1000 ppm) of the two species NO and C2H4 there is a slight
overprediction of the OH-signal in the simulation.

5. Oxidation of propene and the formation of methyl
nitrate

The effect of propene on the conversion of NO by plasma
processing in humid air was examined experimentally by
Bröer [15–17] concluding that approximately 30% of the

initial NOx has been reduced to N2 at input energy density
of 120 J/l when unburned propene is in the gas mixture.
But this finding cannot be verified in simulations and is
also in contradiction with the experimental results of Pitz
et al. [7].

Our numerical simulations indicate that:

1. The predominant NO reactions are the oxidation to NO2.
2. HNO2 and HNO3 are important by-products of the

plasma processing.
3. Methyl nitrates and methyl nitrites are acting as an inter-

mediate storage of nitric oxides enhancing the decrease
of NOx concentrations.

4. Significant differences exist between propene and
propane with respect to NO conversion and the consump-
tion of the unburned hydrocarbon itself as a function of
the energy transferred to the gas.

These findings will be elaborated in the remainder of this
section.

Fig. 5 shows the conversion of NO in NO2 and the
by-products HNO2 and HNO3. Plotted are the concen-
trations versus energy input for a carrier gas containing
500 ppm NO and 500 ppm propene at 473 K. The results of
the simulation are plotted as lines and the points represent
the experiment. The carrier gas consists of 72% N2, 18%
O2, and 10% H2O. Our model reproduces the experimental
observations at 473 K well, simulations for a temperature of
373 K show a slight overprediction of the NO2 concentra-
tion with the same principal evolution of species concentra-
tions. The effective reduction to N2 is found to be marginal
under these conditions. Furthermore, in our simulations we
find that HNO2 and HNO3 are important by-products at the
reactor outlet.

To address the role of methyl nitrate in plasma exhaust
treatment the reaction scheme used in a recent studies[5,12]
were extended by implementing additional reaction paths.
In a recent experiment[13], substantial amounts of methyl

Fig. 5. Conversion of NO at atmospheric pressure in a plasma reactor as a
function of transferred energy atT = 473 K. Points: experiments[15,16];
lines: simulations. Carrier gas: 72% N2, 18% O2, 10% H2O. 500 ppm
NO, 500 ppm unburned C3H6. An effective electrical fieldE/n of 120 Td
is used for determination of radical production efficiency.
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Fig. 6. Dominant reaction pathways for plasma removal of C3H6. Reaction
channels leading to the formation of methyl nitrate are highlighted in
gray. See caption ofFig. 5 for conditions.

nitrate have been found. Miessner et al.[14] experimen-
tally investigated mixtures containing 1000 ppm C3H6 and
500 ppm NO in a carrier gas consisting of 87% N2 and 13%
O2. Their results, too, identify methyl nitrate as important
by-product of the plasma treatment.

In the simulation, we find that the formation of methyl
nitrite is important only in the initial stage of the process due
to the rapid conversion of NO into NO2. Methoxy radicals
needed to form methyl nitrate in the reaction:

CH3O + NO2 → CH3ONO2

are provided by the oxidation of acetaldehyde as described
in Fig. 6. A further finding in this experiment is that the
concentrations of CO2 and CH3ONO2 show nearly the same
evolution of concentrations in the whole range of input ener-
gies as long as there is still NO left in the gas mixture. This
behavior can be reproduced in the numerical simulation us-
ing the mechanism of acetaldehyde oxidation proposed in
Fig. 6. NO is consumed at an energy input of 40 J/l (see be-
low, Fig. 8). Up to that energy input CO2 and CH3ONO2
have a parallel increase in concentration.

Fig. 7. Formation of methyl nitrate, methyl nitrite and other key species in
the plasma processing of a mixture containing 500 ppm C3H6 and 500 ppm
NO. Carrier gas: 72% N2, 18% O2, 10% H2O. An effective electrical field
E/n of 120 Td is used for determination of radical production efficiency.

The main reaction paths of C3H6 oxidation identified in
reaction flow analysis and sensitivity studies are summarized
in Fig. 6. The sub-mechanism leading to the formation of
methyl nitrate (see above) is highlighted in gray. The results
of a numerical simulation comparing the plasma oxidation
of C3H6 and C3H8 is depicted inFig. 7. The initial concen-
tration of unburned hydrocarbons in the two mixtures com-
pared are 500 ppm C3H6 (Mixture 1) and 540 ppm C3H8
(Mixture 2). The carrier gas contains 500 ppm NO, 72% N2,
18% O2, and 10% H2O. Already at 40 J/l energy input trans-
ferred from the plasma reactor to the gas volume there is
no NO present in the propene mixture, compared to the sys-
tems with propane where 80 J/l are needed. Propene itself is
consumed much faster than propane (Fig. 8).

The lower reactivity with respect to the gas containing
propene can be addressed to the high temperature depen-
dence of H-abstraction reactions:

C3H8 + {O, OH} → (i−, n−)C3H7 + {OH, H2O}
which are needed for the activation of C3H8 molecules. Con-
trary to that, oxidation of unsaturated hydrocarbons under

Fig. 8. Comparison of hydrocarbon consumption and NO conversion for
propane and propene. (lines: C3H6, dashed lines: C3H8).
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given low temperature conditions is proceeding through the
addition of OH radicals on the�-bond. The activation en-
ergy for this reaction is approximately zero[25] and thus the
reaction is fast enough at low temperatures. Almost 75% of
the initial propane can still be found for an energy input of
80 J/l. Propene is reduced to 40% of its initial concentration
already for this energy input.

6. Summary and conclusions

This study uses a detailed reaction scheme to access
the hydrocarbon and NOx kinetics in dielectric barrier dis-
charges. Based on estimations for the radical production in
each pulse of the discharge, a rate equation model is used to
predict concentration changes as the function of time over
multiple discharge pulses.

Results for two gas mixtures, C3H6 and NO in humid air
as well as C3H8 and NO in humid air are reported. We find
that in both cases the main path of removal of the initial
NO is oxidation to NO2 and later to HNO3 with methyl ni-
trate being an important by-product acting as a storage of
N-atoms. We also find that the mechanism of NO removal
is significantly different in the two mixtures examined. The
results of our numerical simulations show good agreement
with experimental data published in the literature with re-
spect to the concentration variations in time. However, these
main processes do not result in an effective net-reduction of
NOx.

Therefore, the overall benefit of non-thermal plasma
sources is the preconditioning of the exhausts with respect
to NOx and hydrocarbon-compounds creating a chemical
composition at the reactor outlet which is favorable for the
subsequent treatment in trap-catalysts.

Modeling and numerical simulations describing the com-
position of the exhausts resulting from the plasma treatment
can provide useful information for the design of com-
bined plasma-catalyst systems needed to operate future
i.c.-engines with less emissions.
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