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INTRODUCTION

Concerns about global climate change have increased
the pressure on automobile manufacturers to increase
vehicle fuel efficiency. While diesel engines offer im-
proved fuel economy compared to gasoline vehicles,
NOx emissions from diesel engines may be difficult
to control as per proposed future emissions standards.
Modern spark-ignition engines operate at stoichiome-
try and NOx emissions are controlled by a three-way
catalytic converter. Diesel engines operate lean, and the
exhaust contains substantial amounts of O2 (typically
6–10%). The reduction of NOx by a three-way catalyst
in such oxidizing environments is difficult.

Nonthermal plasma discharge combined with a
downstream catalyst is a technology under evaluation
for use in the removal of NOx from diesel exhaust [1–4].
Paradoxically, it is believed that the main function of
the plasma in such systems is to oxidize NO to species
such as NO2 that are more easily reduced by the down-
stream catalyst [5]. The plasma also plays an important
role in partially oxidizing hydrocarbons to species that
act as efficient reductants on the catalyst [6–8].

The details of the gas-phase chemistry occurring in
the plasma discharge of exhaust gas are not fully under-
stood. It is well established that passage of O2 through
a nonthermal plasma leads to the formation of O(3P)
atoms [9], which can react with organic compounds
[10]. The O(3P) atom initiated oxidation of hydrocar-
bons in the presence of NOx leads, directly and in-
directly, to the generation of hydroxyl (OH) radicals.
Hydroxyl radicals also initiate the oxidation of hydro-
carbons leading to further OH radical formation via
a chain mechanism [11]. While it is anticipated that
O(3P) atoms and OH radicals are responsible for the
majority of the oxidation of the organic compounds,
this has yet to be demonstrated experimentally and the
relative importance of O(3P) atoms and OH radicals is
unclear. Diesel exhaust contains N2, O2 (6–10%), NOx

(100–1000 ppm, primarily as NO), H2O (5–12%), CO2

(5–13%), and hydrocarbons (100–1000 ppm). Electron

Figure 1 Schematic of test lab configuration (FTIR, Fourier transform infrared spectrometer; FID, flame ionization detector
for hydrocarbons; CLA, chemiluminescence NOx analyzer).

impact can generate a variety of other reactive atomic
(e.g., O(1D), N(4S), N(2D), and N(2P)) and electroni-
cally excited molecular species (e.g., N2 (A3�u

+) and
O2 (1�g)). The role, if any, played by these species in
hydrocarbon oxidation is unclear.

The goal of the present work was to provide insight
into which species initiate the oxidation of hydrocar-
bons during plasma treatment of diesel exhaust. Exper-
imental and computational techniques were employed.
Results indicate that O(3P) atoms and, to a lesser ex-
tent, OH radicals are the dominant species responsible
for initiating the oxidation of organic compounds in
such systems.

EXPERIMENTAL AND
COMPUTATIONAL DETAILS

Description of the Experiment

The work was performed using a flow bench which
blends gases to simulate diesel-engine exhaust [12].
Figure 1 is a schematic of the experimental system.
NO, O2, C3H6, and C2H2 were mixed in N2 carrier.
Liquid water was injected into the gas in heated lines.
The plasma device was mounted in an oven maintained
at 180◦C. The effluent exiting the plasma/catalyst sys-
tem was mixed with extra N2 to prevent condensation
of water and passed through measurement instrumenta-
tion at room temperature. Acetylene and propene con-
centrations were monitored using Mattson Nova Cygni
120 FTIR spectrometer operated at a spectral resolu-
tion of 0.25 cm−1 and equipped with a long path length
(20.7 m) sampling cell [13]. Additional analytical ins-
trumentation included Horiba Model FMA 220 oxygen
analyzer, Horiba Model CLA-220 chemiluminescent
NOx analyzer (CLA), and Horiba Model FMA 220
Flame Ionization Detector for hydrocarbons (HC).

Table I lists the nominal composition of the gas
blend used. This mixture approximates the gas com-
position of diesel-engine exhaust, although the HC
concentration is about four times higher than that in
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Table I Nominal Gas Composition Used in
Present Work

Gas Concentration

NO 260 ppm
O2 8%
H2O 2%
C3H6 1000 ppmC1
C2H2 1000 ppmC1
N2 Balance

typical modern diesel-engine exhaust simulating intro-
duction of added HC reductant. The gas flow rate was
1–2 L min−1. The plasma was held at 180◦C, a typical
temperature for that of exhaust-treatment systems on a
modern diesel-engine vehicle.

Figure 2 is a sketch of the dielectric barrier discharge
device used to generate the plasma. It consists of two
sheets of alumina, 24 × 100 × 1 mm. Each sheet has
a platinum electrode embedded in the center. The two
sheets are bonded together with a ceramic adhesive,
leaving a gap of 1.3 mm between the sheets. The as-
sembly is mounted in a quartz tube such that all the gas
must flow through the gap between the sheets. The gas
mixtures passed through the plasma with a space veloc-
ity of (25–50) × 103 h−1. The two electrodes are con-
nected to a Trek 10/10 high voltage amplifier driven by
an HP33120A function generator. For these tests, the
excitation wave was a triangle wave with peak voltage
between 10 and 18 kV peak to peak at 32–500 Hz, ad-
justed such that energy deposition was 15–90 J L−1 of
gas flow when the plasma was turned on.

Description of the Model

The plasma chemical processes were simulated using
GLOBAL KIN, a well stirred reactor model [14,15].
GLOBAL KIN contains a self-consistent accounting

Figure 2 Sketch of the dielectric barrier discharge device.

of electron impact, ion–molecule, and neutral chem-
istry for the atmospheric pressure plasma chemistry of
interest to this study. GLOBAL KIN includes a solu-
tion of Boltzmann’s equation for the electron energy
distribution from which electron impact rate coeffi-
cients are obtained, a circuit module to provide electric
fields within the plasma and address charging of sur-
faces in the dielectric barrier discharge, and a plasma
chemistry module which addresses the gas phase re-
action mechanism. GLOBAL KIN was developed to
investigate the plasma chemistry of gas mixtures such
propane/propene/NOx /N2/O2/H2O, and in doing so ex-
tensive reaction mechanisms have also been developed,
which are described in Refs [14–16]. GLOBAL KIN
is a zero-dimensional model which assumes homo-
geneous gas mixtures. While nonthermal atmospheric
pressure plasma systems have a significant degree of
heterogeneity, it has been shown that GLOBAL KIN
provides useful insight into the chemical and physi-
cal processes occurring in such systems [14–16]. The
plasma chemistry model comprises 60 electron-impact
reactions and nearly 390 heavy-species reactions, in-
cluding ion–molecule processes. Kinetic data for reac-
tions (1) and (2) were taken from Appendix, all other
kinetic and mechanistic parameters were taken from
the literature as described elsewhere [14–16].

Electron impact cross sections and ion–molecule
rate coefficients for reactions directly with acetylene
or propene are generally not available, and were not
included in the model. In modeling similar systems ad-
dressing remediation of both volatile and nonvolatile
hydrocarbons, extensive parameterizations were per-
formed whereby electron-impact and ion–molecule re-
actions were included using a range of both measured
and estimated rate coefficients as large as gas kinetic
[17]. Based on these studies, we conclude that for these
conditions, neutral driven chemistry is the far more
likely reaction channel for the elimination of acetylene
or propene. It is possible that there is a very rapid or
resonant electron-impact process or ion–molecule re-
action, which would preferentially deplete acetylene
or propene; and if so our conclusions may need to be
modified.

RESULTS

Results from the Experiments

To provide insight into the importance of O(3P) atoms
and OH radicals in the plasma, the relative consump-
tion of propene (C3H6) and acetylene (C2H2) was mon-
itored. The methodology used here is essentially the
inverse of that used in a relative rate kinetic study.
In a relative rate study the rate constant of interest is
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measured relative to a reference reaction whose rate
constant has already been established [18]. Experimen-
tal conditions are chosen such that the reactant and ref-
erence species are lost only via reaction with the radical
of interest and that neither reactant, nor reference, are
reformed in any process. Providing the reactant and
reference have equal exposure to the radicals, it can be
shown [18] that

ln

(
[reactant]to

[reactant]t

)
= kreact

kref
ln

(
[reference]to

[reference]t

)

where [reactant]to, [reactant]t, [reference]to, and
[reference]t are the concentrations of reactant and refer-
ence before and after exposure to the radical, and kreact

and kref are the rate constants for reactions of the rad-
ical with the reactant and reference. Slopes of plots of
the loss of reactant versus reference give the rate con-
stant ratio kreact/kref. In the present work, the observed
relative loss rates of acetylene and propene were com-
pared to literature data for k1/k2 and k3/k4 to infer the
relative importance of reaction with O(3P) atoms and
OH radicals as losses of the organics.

O(3P) + C2H2 → products (1)

O(3P) + C3H6 → products (2)

OH + C2H2 → products (3)

OH + C3H6 → products (4)

Acetylene was chosen as “reactant” and propene
was selected to be the “reference” for three reasons.
First, these two compounds have different reactivities
toward O(3P) atoms and OH radicals. Second, these two
compounds can be monitored with high precision by
FTIR spectroscopy. Third, they are readily available as
high purity gas mixtures which can be handled conve-
niently by the experimental system. The literature data
for k1 [19–31] and k2 [32–41] are discussed in the Ap-
pendix. For the present experimental conditions (453 K
in 760 Torr of N2 diluent) values of k1 = 9.2 × 10−13,
k2 = 4.6 × 10−12, k3 = 1.45 × 10−12 [42], and k4 =
1.47 × 10−11 cm3 molecule−1 s−1 [42] were used; we
ascribe 20% uncertainty ranges for k1–k4. The rel-
ative reactivities of acetylene and propene towards
O(3P) atoms and OH radicals are significantly differ-
ent: k1/k2 = 0.20 ± 0.06 and k3/k4 = 0.099 ± 0.028.

Figure 3 shows the observed loss of acetylene versus
that of propene resulting from passage of gas mixtures
containing propene and acetylene through the plasma,
using a variety of different experimental conditions.
Data points near the origin are representative of exper-
iments in which there were small losses of the organic
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Figure 3 Loss of acetylene and propene following passage
of gas mixtures through the nonthermal plasma at a total
pressure of 1 atmosphere at 453 K (see text for details). The
solid line shows the expected behavior if reaction with O(3P)
atoms was the only loss of acetylene and propene. The dotted
line shows the expected behavior if reaction with OH radicals
was the only loss of acetylene and propene.

compounds. Data points towards the top right-hand
corner are those in which a large consumption of the
organics was observed. The fractional consumption of
propene is plotted along the x axis and that of acety-
lene is plotted along the y axis. This method of display-
ing the data renders an easy comparison of the relative
losses of the organics in experiments using widely dif-
ferent initial concentrations of the organics.

Filled circles in Fig. 3 show results obtained using
“standard” conditions employing mixtures containing
260 ppm NO, 2% water vapor, 8% O2, 1000 ppmC1

acetylene, and 1000 ppmC1 propene in one atmosphere
total pressure of N2 diluent at 180◦C. The unit “ppmC1”
refers to a detector response equivalent to that given by
the same concentration of a hydrocarbon containing
one carbon atom (i.e. CH4). The total flow rate was
2 L min−1. The energy deposited into the gas by the
plasma was 15–60 J L−1. Open circles show the re-
sults obtained when water was removed from the reac-
tion mixture (all other conditions remaining constant).
The triangles show the behavior observed using ener-
gies of 30–60 J L−1 with the total flow decreased to
1 L min−1. The diamonds and squares show the re-
sults obtained using “standard” conditions but with the
initial concentration of acetylene and propene either in-
creased (diamonds) or decreased (squares) by a factor
of 2. The solid and dotted lines drawn through the ori-
gin in Fig. 3 have slopes of 0.20 and 0.099 and reflect
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the expected behavior if acetylene and propene were
consumed exclusively via reaction with either O(3P)
atoms or OH radicals, respectively. In addition to O(3P)
atoms and OH radicals, many other reactive species
(such as O2 (1�g), NO3, and O3) may be formed in
the plasma. These species have reactivities with C2H2

or C3H6, which are very different from those of O(3P)
atoms and OH radicals. For example, if reaction with
O3, NO3, or O2 (1�g) was responsible for the loss of
acetylene and propene, the data plot in Fig. 3 would
have a slope of approximately 0.001, 0.04, or 8, re-
spectively [41]. Inspection of Fig. 3 shows that this
is clearly not the case and consequently that it is un-
likely that the reactions with O3, NO3, or O2 (1�g) are
important loss mechanisms for acetylene and propene.
For propene consumptions of <85% (i.e., <2 on the
x-axis scale in Fig. 3) the experimental data fall close
to the solid line. This observation suggests, but does
not prove, that under these experimental conditions the
loss of both C2H2 and C3H6 are dominated by reaction
with O(3P). For propene consumptions of >85%, the
experimental data lie significantly above the solid line
suggesting that loss of C2H2 via processes other than
reaction with O(3P) are important.

Three additional conclusions can be drawn from the
data in Fig. 3. First, the presence of water has no dis-
cernable impact on the relative consumption of the hy-
drocarbons. Addition of water was observed to increase
the power required to reach a given level of hydrocar-
bon removal. This trend is a consequence of the large
rate of electron dissociative attachment of and momen-
tum transfer to water molecules. The loss of electrons to
the formation of negative ions increases the impedance
of the plasma. Although electron-impact dissociation
of water does produce OH radicals, the rate of produc-
tion of these radicals is not sufficient to significantly
affect the net rate of removal of acetylene and propene.
If reactions with OH radicals produced by electron-
impact on water were important, the data acquired in
the presence of water vapor would lie closer to the dot-
ted line than the data acquired under dry conditions.
Inspection of Fig. 3 shows that this is not the case and
consequently that electron-impact dissociation of water
is not a major factor in the plasma chemistry. Second,
there is no discernable effect of variation of the initial
hydrocarbon concentrations by a factor of 4. The gross
features of the decays of acetylene and propene do not
appear to be sensitive to the initial hydrocarbon con-
centration. Third, there is a discernable curvature to the
plot. For the lowest consumptions of the organics the
data lie between the solid and dotted lines, with increas-
ing consumption the data tend toward the solid line.
The simplest interpretation of this observation is that
O(3P) atoms and OH radicals play important roles in the

initiation of acetylene and propene in the system and the
relative importance of O(3P) atoms increases with the
degree of consumption of the organics. The curvature of
the data plot in Fig. 3 evident at low HC conversions can
be explained qualitatively by considering the funda-
mentally different nature of the sources of O(3P) atoms
and OH radicals in the system. O(3P) atoms are formed
via dissociation of O2 caused by electron-impact. There
are no known chemical reactions that form O(3P) atoms
in the system. In principal there is a direct mechanism
by which the electrical discharge can form OH radicals
in the system via H2O dissociation.

e + H2O → H + OH + e (5)

However, as discussed earlier, the experimental
evidence suggests that such direct formation of OH is
not important. There are two principal indirect sources
of OH radicals: abstraction of H atoms from organic
species by O atoms (for example in reaction with
CH3CHO) and reaction of HO2 radicals with NO.

O + CH3C(O)H → CH3C(O) + OH (6)

HO2 + NO → OH + NO2 (7)

It is interesting to contrast the fact that O atoms are
formed directly by the plasma, whereas OH radicals
are formed indirectly as a result of reactions initiated
by the O atom attack on the hydrocarbons.

As the plasma power or gas residence time in-
creases, the conversion of hydrocarbon increases, the
concentration of NO decreases, the importance of the
HO2 + NO reaction decreases, and hence the importa-
nce of OH radicals will decrease—consistent with the
data trend in Fig. 3. Furthermore, as mentioned in
the Introduction section, the chemistry occurring in
the plasma converts NO into NO2. As the concentrati-
on of NO2 increases, loss of OH radicals via reaction
(8) may become increasingly important and the relative
contribution of OH radicals to the loss of hydrocarbons
may decrease.

OH + NO2 + M → HNO3 + M (8)

As noted earlier, for propene conversions of >85%,
the data lie significantly above the solid line indicating
that at least one other species in addition to O(3P) is
responsible for the loss of organics. The identity of this
additional loss mechanism is unknown.

Results from the Global Modeling

To help interpret the experimental results, global mod-
eling of the reaction chemistry was performed using
GLOBAL KIN. With the initial concentrations of the
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Table II Computed Fractional Loss of C2H2 and C3H6

% C2H2 Loss Attributable to Reaction With % C3H6 Loss Attributable to Reaction With
Energy

Deposition (J L−1) O(3P) OH O(3P) + OH O(3P) OH O(3P) + OH

47 72 28 100 55 45 100
70 74 26 100 62 38 100
93 76 24 100 66 34 100

reactants as in Table I, three model runs were con-
ducted with total energy depositions of 47, 70, and 93
J L−1. Chemical reactions of acetylene in the model
included loss via reactions with O(3P), OH, HO2, and
CH3. Chemical reactions of propene in the model in-
cluded loss via reactions with O(3P), OH, and H.

It was found that of the loss mechanisms consid-
ered, the reactions with O(3P) and OH were respon-
sible for essentially all (>99.99%) of the loss of both
acetylene and propene. Plasma deposition energies of
47, 70, and 93 J L−1 resulted in consumptions of 13%,
18%, and 25% of the initial acetylene, and 49%, 64%,
and 77% of the initial propene. These results are plotted
as open hexagons in Fig. 3. The relative contributions
from O(3P) atoms and OH radicals towards the oxida-
tion of acetylene and propene are listed in Table II. The
results from the computational investigation are con-
sistent with those from the experimental study, namely,
that O(3P) atoms and, to a lesser extent, OH radicals
are the major species responsible for initiating the ox-
idation of acetylene and propene in the plasma.

DISCUSSION

The results of an experimental and computational study
provide a consistent picture of the importance of O(3P)
atoms and OH radicals as initiation agents in the ox-
idation of acetylene and propene in simulated diesel
exhaust. The data suggest that both O(3P) atoms and,
to a lesser extent, OH radicals contribute to hydrocar-
bon oxidation with the relative importance of O(3P)
atoms increasing with the degree of plasma processing
of the gas mixtures (i.e., with plasma power and res-
idence time of gas in the plasma). It is interesting to
compare this finding with the situation in combustion
chemistry where OH radicals, H atoms, and, to a lesser
extent, O(3P) atoms initiate the hydrocarbon oxidation.
It appears that the relative importance of O(3P) atoms
and OH radicals is different in the two cases. In view of
the different physical and chemical environments and
radical sources, it is perhaps not surprising that there
are significant differences in the relative importance of
O(3P) atoms and OH radicals in combustion and plasma
systems.

The average O(3P) atom concentration in the plasma
used in the present work can be estimated from
the observed propene consumption. For the standard
mixture (including water vapor) with 60 J L−1 spe-
cific energy deposition, the propene consumption was
typically approximately 75% (corresponding to an
x-axis value of approximately 1.4 in Fig. 3). The
residence time in the plasma was 0.072 s (space ve-
locity = 50,000 h−1). Attributing all of the propene
loss to reaction with O(3P) atoms, assuming a homo-
geneous steady state O(3P) atom concentration, and
adopting k2 = (4.6 ± 0.9) × 10−12 cm3 molecule−1

s−1 leads to an estimate of [O(3P)] of approximately
4 × 1012 cm−3.

The present work provides a framework for under-
standing the chemical processes responsible for hydro-
carbon oxidation in nonthermal plasma systems. To the
best of our knowledge, the present work is the first ex-
perimental demonstration of the importance of O(3P)
atoms and OH radicals in the initiation of hydrocar-
bon oxidation during nonthermal plasma treatment of
diesel exhaust.

Finally, the present work illustrates a novel appli-
cation of the relative-rate technique. The methodology
used here is essentially the inverse of that used in a rel-
ative rate kinetic study. In typical relative rate studies,
the reactive species are known and the relative losses of
reference and reactant compounds are used to provide
kinetic information. In the present work the kinetics of
the reactions are taken from the literature and the rel-
ative losses of reference and reactant compounds are
used to provide information concerning the identity of
the reacting species.

APPENDIX: REVIEW OF LITERATURE
DATA FOR k (O(3P) + C2H2)
AND k (O(3P) + C3H6)

Absolute rate literature data reported for k1 and k2 are
plotted in Figs. A1 and A2.

O(3P) + C2H2 → products

O(3P) + C3H6 → products
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Figure A1 Kinetic data for reaction of O(3P) atoms with
acetylene. The line is a linear least-squares fit (see text for
details).

The inserts in Figs. A1 and A2 show the data measured
over the temperature range of 295–500 K, which is
of most relevance to the present discussions. As can
seen from Fig. A1, with the exception of the work of
Mahmud and Fontijn [28] (open circles) there is an
excellent agreement in the literature data for k1. In the
present work we are interested in the value of k1 at
453 K. Linear least-squares analysis of the available
data in the temperature range of 295–500 K (Mahmud

Figure A2 Kinetic data for reaction of O(3P) atoms with
propene. The line is a linear least-squares fit (see text for
details).

and Fontijn [28] data excepted) gives k1 = 3.5 × 10−11

exp(−1650/T ) and is plotted as the solid line in Fig. A1,
which gives k1 = 9.2 × 10−13 cm3 molecule−1 s−1 at
453 K.

Figure A2 shows the available data for k2. The re-
sults of Mahmud and Fontijn [38] (open circles) and
Perry [35] (open triangles) are significantly higher val-
ues than those in other studies. In addition to the abso-
lute rate data in Fig. A2, relative rate techniques have
established that k2/k9 = 0.23 at room temperature [39].

O(3P) + 2-methylpropene → products (A1)

Using k9 = 1.69 × 10−11 [40] gives k2 = 3.9 × 10−12

cm3 molecule−1 s−1, which is consistent with all stud-
ies except that of Mahmud and Fontijn [38]. Linear
least-squares analysis of the available data in the tem-
perature range of 200–500 K (Mahmud and Fontijn [38]
and Perry [35] data excepted) gives k2 = 6.7 × 10−12

exp(−170/T ) and is plotted as the solid line in Fig. A2.
At 453 K this gives k2 = 4.6 × 10−12 cm3 molecule−1

s−1.
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