
Brigham Young University Brigham Young University 

BYU ScholarsArchive BYU ScholarsArchive 

Faculty Publications 

2006-03-20 

Effect of CO on NO and N2O Conversions in Nonthermal Argon Effect of CO on NO and N2O Conversions in Nonthermal Argon 

Plasma Plasma 

Morris D. Argyle 
Brigham Young University, mdargyle@byu.edu 

Gui-Bing Zhao 

Maciej Radosz 

Follow this and additional works at: https://scholarsarchive.byu.edu/facpub 

 Part of the Chemical Engineering Commons 

Original Publication Citation Original Publication Citation 
G.B. Zhao, M.D. Argyle, M. Radosz, "Effect of CO on NO and N2O Conversion in Nonthermal 

Argon Plasma." Journal of Applied Physics, 99, 11332/1-11332/14, 26. http://jap.aip.org/

resource/1/japiau/v99/i11/p11332_s1 

BYU ScholarsArchive Citation BYU ScholarsArchive Citation 
Argyle, Morris D.; Zhao, Gui-Bing; and Radosz, Maciej, "Effect of CO on NO and N2O Conversions in 
Nonthermal Argon Plasma" (2006). Faculty Publications. 321. 
https://scholarsarchive.byu.edu/facpub/321 

This Peer-Reviewed Article is brought to you for free and open access by BYU ScholarsArchive. It has been 
accepted for inclusion in Faculty Publications by an authorized administrator of BYU ScholarsArchive. For more 
information, please contact ellen_amatangelo@byu.edu. 

http://home.byu.edu/home/
http://home.byu.edu/home/
https://scholarsarchive.byu.edu/
https://scholarsarchive.byu.edu/facpub
https://scholarsarchive.byu.edu/facpub?utm_source=scholarsarchive.byu.edu%2Ffacpub%2F321&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/240?utm_source=scholarsarchive.byu.edu%2Ffacpub%2F321&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsarchive.byu.edu/facpub/321?utm_source=scholarsarchive.byu.edu%2Ffacpub%2F321&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:ellen_amatangelo@byu.edu


Effect of CO on NO and N2O conversions in nonthermal argon plasma
Gui-Bing Zhao, Morris D. Argyle, and Maciej Radosz 
 
Citation: J. Appl. Phys. 99, 113302 (2006); doi: 10.1063/1.2197067 
View online: http://dx.doi.org/10.1063/1.2197067 
View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/v99/i11 
Published by the American Institute of Physics. 
 
Additional information on J. Appl. Phys.
Journal Homepage: http://jap.aip.org/ 
Journal Information: http://jap.aip.org/about/about_the_journal 
Top downloads: http://jap.aip.org/features/most_downloaded 
Information for Authors: http://jap.aip.org/authors 

Downloaded 15 Dec 2011 to 128.187.73.9. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://jap.aip.org/?ver=pdfcov
http://aipadvances.aip.org?ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Gui-Bing Zhao&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Morris D. Argyle&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Maciej Radosz&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.2197067?ver=pdfcov
http://jap.aip.org/resource/1/JAPIAU/v99/i11?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://jap.aip.org/about/about_the_journal?ver=pdfcov
http://jap.aip.org/features/most_downloaded?ver=pdfcov
http://jap.aip.org/authors?ver=pdfcov


Effect of CO on NO and N2O conversions in nonthermal argon plasma
Gui-Bing Zhao,a� Morris D. Argyle,b� and Maciej Radoszc�

Department of Chemical and Petroleum Engineering, College of Engineering, University of Wyoming,
Laramie, Wyoming 82071-3295

�Received 8 September 2005; accepted 20 March 2006; published online 2 June 2006�

200–600 ppm of CO inhibit NO conversion in nonthermal Ar plasma, but do not produce N2O.
However, 1.01% of CO has no effect on NO conversion, but produces N2O. In general, N2O
conversion in Ar plasma decreases with increasing CO concentration. These experimental results
cannot be explained by charge transfer reactions of Ar+. Selectivity analysis of all excited states of
Ar possibly contributing to NOx conversion without and with CO suggests that only Ar�3P2�
contributes to NOx conversion and CO dissociation. A kinetic model of 43 reactions is required to
model NO conversion or N2O conversion in Ar without CO, whereas 81 reactions are required to
model NO conversion and N2O conversion in Ar with CO. At constant gas pressure, a single set of
model parameters can predict NO conversion or N2O conversion without and with CO. All
experimental results can be explained using a reaction mechanism in which excited neutral states of
Ar are the only active species, which supports the conclusion that cations have a negligible impact
on these nonthermal plasma reactions. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2197067�

I. INTRODUCTION

Implementation of environmental regulations governing
the emission of harmful gases, such as NOx, requires effi-
cient abatement methods. Among the emerging technologies
for NOx conversion, nonthermal plasma is one of the most
promising. A pulsed corona discharge reactor �PCDR� is one
of these nonthermal plasma technologies, characterized by
low gas temperature and high electron temperature, achieved
by producing high energy electrons in the gas while leaving
the bulk temperature of the gas unchanged. A PCDR em-
ploys a high-voltage, short-duration ��100 ns� electrical dis-
charge between nonuniform electrodes to produce streamers
through the growth of electron avalanches formed by elec-
tron collision ionization events. A streamer is a region of
partly ionized gas, where metastable excited states, radicals,
and ions are formed through electron collision reactions with
the background gas. These chemically active species, in turn,
initiate bulk phase reactions that lead to NOx conversion to
nitrogen and oxygen.

Understanding the formation of the chemically reactive
species and their reaction pathways is essential to optimize
nonthermal plasma processing for practical application. The
role of cations on NOx conversion has been debated. For
example, Chang1 compared the rate constants of charge
transfer reactions and radical reactions and concluded that,
because the cationic reaction probabilities are a few orders of
magnitude larger than radical reactions, the charge transfer
reactions of cations play an important role in de-NOx pro-
cesses. In contrast, on the basis of extensive experimental
and theoretical experiences, Kogelschatz2 proposed that
charged particle reactions are negligible in ambient-pressure

nonthermal plasma, and neutral active species, such as at-
oms, molecular fragments, and excited molecules, are the
major active species contributing to nonthermal plasma reac-
tions. Van Veldhuizen et al.3 analyzed the relative importance
of ions and radicals for NO conversion in a pulsed corona
reactor and showed that the ion contribution to NO conver-
sion is on the order of 10%–20% of the radical contribution.
However, on the basis of this conclusion, their calculated NO
conversion was 10–100 times lower than the experimental
values. Recently, Hu et al.4 proposed that both N2

+ cations
and N radicals are responsible for NOx �NO, NO2, and N2O�
conversion in nonthermal N2 plasma. However, their reaction
mechanism did not predict by-product N2O concentrations in
NO/N2 mixtures or by-product NO concentrations in
NO2/N2 mixtures. Later, Zhao et al.5,6 found that only two
active species, the first excited state of molecular nitrogen,
N2�A 3�u

+�, and N radicals, are responsible for NOx conver-
sion in nonthermal N2 plasma and that N2

+ does not contrib-
ute to NOx conversion. Using the reaction mechanism in-
cluding N2�A 3�u

+� and N radicals without cations, Zhao
et al.5,6 predicted all their experimental data, which con-
firmed that N2

+ does not contribute to NOx conversion. The
reaction mechanism that includes the neutral active species
�excited states and radicals� and excludes ions can explain
the effect of CO, O2, and CO2 on NOx conversion in non-
thermal nitrogen plasma.5,7–9 More recently, by analyzing co-
rona induced optical emissions and the mechanism of
streamer discharge, Zhao et al.10 found that charge transfer
reactions of cations have a negligible contribution to NOx

conversion in nonthermal plasma.
The multitude of chemically active species produced in

the streamer through electron collision reactions with the
background gas leads to complex reaction mechanisms in
nonthermal plasma, especially for multiple component sys-
tems. However, the reaction mechanism must be self-
consistent for all reactant systems to which it is applied. For
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example, if conversion of low �ppm� concentrations of NOx

in nonthermal argon plasmas can be explained using reac-
tions involving cations, such as Ar+, the same active species
should be involved in NOx conversion in Ar in the presence
of CO. However, Hu et al.11 found that the reaction mecha-
nism based on Ar+ can describe NOx conversion in Ar, but
not the effect of CO on NOx conversion in Ar. This prompts
us to revisit the role of Ar+ as a dominant active species
contributing to NOx conversion in nonthermal Ar plasma.

The goal of this work, therefore, is to explore a self-
consistent reaction mechanism involving argon excited states
that could explain the effect of CO on NO and N2O conver-
sions in nonthermal argon plasma. The reasons for choosing
Ar as the balance gas instead of gases commonly found in
NOx containing streams, such as nitrogen, oxygen, water,
and CO2,3,12 are explained elsewhere.3,12 Briefly, argon forms
more cations than the other gases, which helps understand
the importance of ion transfer reactions, and argon produces
fewer, less complex active species that are easier to analyze.

II. EXPERIMENTAL SECTION

The experimental apparatus and measurement proce-
dures are described in detail elsewhere.11,13 In brief over-
view, the pulsed corona discharge reactor used in this work
consists of a high-voltage power supply and a pulser/reactor
assembly. The pulser/reactor assembly contains a pulsed
power generator and pulsed corona discharge tubes. The re-
actor has UV-grade quartz windows for diagnostics and
plasma observation and ten parallel stainless steel tubes, each
914 mm in length and 23 mm in diameter, with a stainless
steel wire, 0.58 mm in diameter, passing axially through the
center of each tube. In all of the experiments described in
this work, only four of ten tubes are wired and used, and the
remaining six tubes are sealed with Teflon corks with
O-rings. The wire is positively charged and the tube is
grounded. The energy delivered to the reactor per pulse is
calculated from �1/2�CVc

2, where C is the pulse forming
capacitance �800 pF in this work� and Vc is charge voltage in
the pulse forming capacitance before discharge.7,14 The
power consumed, W �J s−1�, is calculated as the product of
the input energy per pulse and the pulse frequency.

The experimental conditions are summarized in Table I.
The certified feed gas mixtures of low �ppm� concentration
nitrogen oxides in argon with and without CO shown in
Table I are used as supplied �Airgas, Inc.�. The feed gas
mixture, maintained at ambient temperature, around 300 K,
is fed through the PCDR at two flow rates �measured at the
reactor inlet conditions� of 3.45�10−4 m3 s−1 at 141 kPa and
4.01�10−4 m3 s−1 at 189 kPa. The feed samples and the re-
actor effluent samples, collected in small stainless steel cyl-
inders, are analyzed for stable species with a Spectrum 2000
Perkin Elmer Fourier transform infrared �FTIR� spectrometer
with a narrow band mercury cadmium telluride �MCT� de-
tector, as reported previously.5–9,13–15 For all experimental
data, nitrogen oxides other than NO, NO2, and N2O are not
detected by FTIR, which has a detection limit of 5 ppm for

each of these species. All experimental data are reproducible
within a ±10% error limit, including the FTIR and flow mea-
surement uncertainties.

A lumped kinetic model used to describe the concentra-
tions of all species in the PCDR is reported elsewhere.6

III. RESULTS AND DISCUSSION

A. Experimental observations

In all experiments with CO, the CO concentration is
relatively stable and does not vary by more than 40 ppm.
Figure 1 shows the effect of CO on NO conversion in non-
thermal argon plasma at a flow rate of 3.45�10−4 m3 s−1 and
141 kPa. Figure 1�a� compares concentrations of NO, NO2,
and N2O as a function of power input for NO inlet concen-
trations of �411 ppm with and without 203 ppm CO. In
both cases, NO2 is the only by-product and N2O is not de-
tected. NO and NO2 concentrations with 203 ppm CO are
higher than those without CO at the same power input, which
indicates that NO conversion to N2 and O2 is reduced by low
concentrations of CO, as shown in Fig. 1�b�. NO conversion
is defined as

TABLE I. Experimental matrix.

System Flow rate �m3 s−1�
Reactor pressure

�kPa�

NO in Ar
314 ppm NO 3.45�10−4 141a

414 ppm NO 3.45�10−4 141a

570 ppm NO 3.45�10−4 141a

314 ppm NO 4.01�10−4 189
414 ppm NO 4.01�10−4 189
570 ppm NO 4.01�10−4 189a

N2O in Ar
290 ppm N2O 3.45�10−4 141a

217 ppm N2O 3.45�10−4 141a

105 ppm N2O 3.45�10−4 141a

47.6 ppm N2O 3.45�10−4 141a

217 ppm N2O 4.01�10−4 189a

105 ppm N2O 4.01�10−4 189
47.6 ppm N2O 4.01�10−4 189a

NO plus CO in Ar
411 ppm NO+203 ppm CO 3.45�10−4 141a

396 ppm NO+435 ppm CO 3.45�10−4 141a

426 ppm NO+619 ppm CO 3.45�10−4 141a

575 ppm NO+1.01% CO 3.45�10−4 141
577 ppm NO+1.01% CO 4.01�10−4 189
440 ppm NO+1.01% CO 4.01�10−4 189

N2O plus CO in Ar
293 ppm N2O plus 197 ppm CO 3.45�10−4 141a

292 ppm N2O+305 ppm CO 3.45�10−4 141a

273 ppm N2O+389 ppm CO 3.45�10−4 141a

50.7 ppm N2O+1.01% CO 4.01�10−4 189a

103 ppm N2O+1.01% CO 4.01�10−4 189
215 ppm N2O+1.01% CO 4.01�10−4 189a

aExperimental data originally reported in Ref. 11.
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XNO =
Ci,NO − Co,NO − Co,NO2

Ci,NO
, �1�

where Ci is the concentration of the given species at the
reactor inlet, Co is the concentration at the reactor outlet, and
XNO is the conversion of NO to N2 and N2O �with NO2

formation excluded from NO conversion�. In the present ex-
periment, N2O concentrations are zero. The results in Fig.
1�b� show that 203 ppm of CO inhibit NO conversion. Simi-
lar results were obtained by comparing other experimental
data sets �414 ppm NO in Ar to 396 ppm NO plus 435 ppm
CO in Ar and 426 ppm NO plus 619 ppm CO in Ar at the
same flow rate and reactor pressure�.

Figure 1�c� compares concentrations of NO, NO2, and
N2O as a function of power input for NO inlet concentrations
of �570 ppm with and without 1.01% CO at 3.45
�10−4 m3 s−1 and 141 kPa. At this higher CO concentration,
N2O is detected, while without CO, N2O is again not de-
tected. NO and NO2 concentrations with 1.01% CO are al-
most the same as those without CO at the same power input,
which indicates that NO conversion to N2, O2, and N2O is
not affected by high �1.01%� CO concentrations, as con-

firmed in Fig. 1�d�. Similar results were obtained for the
same concentrations at higher flow rates �4.01
�10−4 m3 s−1� and pressures �189 kPa�.

Figure 2 shows the effect of CO on N2O conversion in
nonthermal argon plasma. For N2O conversion in Ar with or
without CO, N2O is the only oxide of nitrogen detected by
FTIR, which indicates that N2O is directly converted into N2

and O2. N2O conversion is defined as

XN2O =
Ci,N2O − Co,N2O

Ci,N2O
, �2�

where XN2O is the conversion of N2O to N2 and O2, and Ci

and Co are the respective N2O concentrations at the reactor
inlet and outlet. Figure 2�a� compares N2O concentration and
conversion as a function of power input without and with
305 ppm CO for N2O inlet concentrations of �290 ppm at
3.45�10−4 m3 s−1 and 141 kPa. At the same power input,
N2O concentration with 305 ppm CO is higher than that
without CO, resulting in lower N2O conversion, which indi-
cates that low �ppm� concentrations of CO also inhibit N2O
conversion. Similar results were obtained at other low inlet

FIG. 1. Effect of CO on NO conver-
sion in nonthermal argon plasma at a
flow rate of 3.45�10−4 m3 s−1 and
141 kPa. �a� Concentration of NO,
NO2, and N2O as a function of power
input: 414 ppm NO in Ar, ��� NO,
��� NO2, and ��� N2O; 411 ppm NO
plus 203 ppm CO in Ar, ��� NO, ���
NO2, and ��� N2O. �b� NO conversion
as a function of power input: ���
414 ppm NO in Ar and ��� 411 ppm
NO plus 203 ppm CO in Ar. �c� Con-
centration of NO, NO2, and N2O as a
function of power input: 570 ppm NO
in Ar, ��� NO, ��� NO2, and ���
N2O; 575 ppm NO plus 1.01% CO in
Ar, ��� NO, ��� NO2, and ��� N2O.
�d� NO conversion as a function of
power input: ��� 570 ppm NO in Ar
and ��� 575 ppm NO plus 1.01% CO
in Ar.

FIG. 2. Effect of CO on N2O conver-
sion in nonthermal argon plasma. �a�
N2O concentration and N2O conver-
sion as a function of power input at a
flow rate of 3.45�10−4 m3 s−1 and
141 kPa. Filled symbols: 290 ppm
N2O in Ar; open symbols: 292 ppm
N2O plus 305 ppm CO in Ar. �b� N2O
concentration and N2O conversion as
a function of power input at a flow rate
of 4.01�10−4 m3 s−1 and 189 kPa.
Filled symbols: 217 ppm N2O in Ar;
open symbols: 215 ppm N2O plus
1.01% CO in Ar.

113302-3 Zhao, Argyle, and Radosz J. Appl. Phys. 99, 113302 �2006�

Downloaded 15 Dec 2011 to 128.187.73.9. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



N2O concentration experimental conditions �290 ppm N2O
in Ar compared with 293 ppm N2O plus 197 ppm CO in Ar
and 273 ppm N2O plus 389 ppm CO in Ar at the same flow
rate and reactor pressure�.

Figure 2�b� compares N2O concentrations and conver-
sion as a function of power input without and with 1.01%
CO for inlet N2O concentrations of �215 ppm at 4.01
�10−4 m3 s−1 and 189 kPa. High concentrations �1.01%� of
CO strongly inhibit N2O conversion. Similar results were
obtained at other experimental conditions �105 ppm N2O in
Ar compared with 103 ppm N2O plus 1.01% CO in Ar and
47.6 ppm N2O in Ar compared with 50.7 ppm N2O plus
1.01% CO in Ar at the same flow rates and reactor pressures.

Comparison of Figs. 1�a� and 1�b� with Figs. 1�c� and
1�d� indicates that low �ppm� concentrations of CO inhibit
NO conversion, but high �percent� concentrations of CO do
not. N2O is formed in detectable quantities only when high
concentrations of CO are present with NO in Ar. Comparison
of Figs. 2�a� and 2�b� indicates that N2O conversion de-
creases with increasing CO concentrations. These experi-
mental observations cannot be explained by reaction mecha-
nisms involving charge transfer reactions of Ar+, as reported
recently by Hu et al.11

B. Electron collision reactions

Electrons generated by the electrical discharge collide
with gas molecules to produce chemically active species,
such as radicals, atoms and molecules in excited electronic
states, and ions, which trigger NOx reactions.16 Previous in-
vestigations have shown that Ar+ has a negligible contribu-
tion to NOx conversion in Ar plasma10 and that the reaction
mechanism involving Ar+ cannot explain the effect of CO on
NOx conversion.11 Therefore, reactions with ions are not
considered in this analysis.

In all experiments shown in Table I, the major stable
species in the PCDR are Ar, NOx, N2, O2, CO, and CO2. In
most cases, electron collision reactions with a given species
are negligible if the concentration of that species in the
PCDR is less than 1000 ppm.6,7,9,16 Therefore, electron inter-
actions with NOx, N2, O2, and CO2 are not considered be-
cause concentrations of these species are always less than
1000 ppm. For low �ppm� CO concentrations, electron colli-
sion reactions with CO are also negligible. Previous
investigations7,9 on the effect of �1% concentrations of O2

and CO2 on NOx conversion in N2 plasma showed that elec-
tron collision reactions with O2 or CO2 cannot be neglected,
relative to electron collision reactions with N2, because the
dissociation energies of O2 and CO2 are far lower than those
of N2. This result implies that electron collision reactions
with CO cannot be neglected at 1.01% CO concentration.

Electron collision reactions with CO mainly contribute
to CO molecular excitation and dissociation in the following
reactions:

e + CO → CO* + e , �3�

e + CO → C + O + e , �4�

where CO* represents excited states of CO that include a 3�,
a�3�+, d 3�, e 3�−, and A 1�.17 These excited states may
return to the ground state by radiative emission, interaction
with Ar or other CO molecules �quenching reactions�, or by
interaction with NOx �generally resulting in NOx conversion
reactions�. All of the CO excited states have quenching rate
constants of at least 2.11�1012 cm3 mol−1 s−1 with Ar or CO
and reaction rate constants of at most 1.66
�1014 cm3 mol−1 s−1 with NOx.

17 These values imply that
the CO excited states produced are quenched to the ground
state by argon �or relax by radiative emission� and hence do
not contribute significantly to NOx conversion because the
concentration of Ar is at least three orders of magnitude
higher than that of NOx. Thus, the quenching reaction rates
are at least ten times higher than the reaction rates with NOx.
In addition, CO dissociation by electron collision �4� is un-
likely to be significant because the dissociation energy of CO
is high18 �10.8 eV/CO� and the CO concentration is low in
comparison with Ar. These conjectures are confirmed by the
modeling results described later. Therefore, electron collision
reactions with Ar are the only ones considered in this work.

A selectivity analysis5,7,9 at the reactor inlet concentra-
tions is used to identify the chemically active species pro-
duced by the electron collision reactions with Ar that are
important in NOx formation and conversion. Recent optical
emission measurements10 in nonthermal argon plasma dem-
onstrated that there are 14 chemically active excited states of
Ar formed by electron collision reactions, including four
3p5 4s configurations �3P2, 3P1, 3P0, and 1P1� and ten 3p5 4p
configurations �2p10, 2p9, 2p8, 2p7, 2p6, 2p5, 2p4, 2p3, 2p2,
and 2p1, using Paschen notation19–22 instead of term sym-
bols�. Balamuta and Golde23,24 showed that the lowest en-
ergy excited state of Ar, Ar�3P2�, can dissociate almost all
oxygen-containing compounds including CO and NOx. This
implies that all 14 excited states of Ar formed in the PCDR
could contribute to CO dissociation and NOx conversion.
These chemically active excited states may be consumed by
four parallel processes: �1� natural radiation with accompa-
nying optical emission, �2� quenching by the Ar background
gas, �3� reaction with NOx �conversion of NOx�, and �4� CO
dissociation. As reported recently,8,9 the selectivities of these
four parallel processes can be defined as

SI =
RI

RI + Rq + Rr + Rd
=

kI

kI + kqCAr + krCNOx
+ kdCCO

� 100 % , �5a�

Sq =
Rq

RI + Rq + Rr + Rd
=

kqCAr

kI + kqCAr + krCNOx
+ kdCCO

� 100 % , �5b�

Sr =
Rr

RI + Rq + Rr + Rd
=

krCNOx

kI + kqCAr + krCNOx
+ kdCCO

� 100 % , �5c�
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Sd =
Rd

RI + Rq + Rr + Rd
=

kdCCO

kI + kqCAr + krCNOx
+ kdCCO

� 100 % , �5d�

where SI, Sq, Sr, and Sd are the selectivities of the radiative
emission reactions, quenching reactions, NOx conversion re-
actions, and CO dissociation, respectively; Ri is the reaction
rate of reaction type i; kI, kq, kr, and kd are the rate constants
of radiation, quenching, NOx conversion, and CO dissocia-
tion, respectively; and C is the initial mole concentration of
the subscripted species.

This type of selectivity analysis is an effective method to
examine the significance of the active species. Only the ac-
tive species that significantly contribute to the formation and
conversion of NOx and CO need to be considered. In this
work, the highest initial NO concentration with or without
CO is about 600 ppm, while the highest CO concentration is
1.01 mol % in balance Ar. Without CO, at 141 kPa and
300 K, the concentrations of 600 ppm NO and balance Ar
are 3.38�10−8 and 5.64�10−5 mol cm−3, respectively. Table
II shows the results of this selectivity analysis, performed by
substituting these concentrations and the rate constants for
the consumption of active species by radiation, quenching,
and NOx conversion �listed in Table II� into Eqs. �5a�–�5c� to
yield the selectivities for the three parallel processes. Table II
does not include a column for selectivities of CO dissocia-
tion because it is zero by definition for these conditions with-
out CO.

For the four excited states of Ar with 3p5 4s configura-
tions, quenching reactions with Ar include two-body quench-
ing reactions and three-body association reactions10 as fol-
lows:

Ar�4s� + Ar → Ar + Ar, Rq2 = kq2 · CAr�4s� · CAr �6�

Ar�4s� + Ar + Ar → Ar2
* + Ar, Rq3 = kq3 · CAr�4s� · CAr

2

�7�

where Ar�4s� represents any of the four Ar 3p5 4s excited
states; Ar2

* are the excited states of Ar2 molecules; Rq2 and
Rq3 are reaction rates of �6� and �7�, respectively; and kq2 and
kq3 are quenching rate constants of the two-body reaction �6�
and the three-body reaction �7�, respectively. The value of
kqCAr listed in the third column of Table II is the sum of
these two quenching rates as follows:

kqCAr = kq2 · CAr + kq3 · CAr
2. �8�

Of the four excited states of Ar with 3p5 4s configura-
tions, Ar�3P1� and Ar�1P1� predominantly contribute to natu-
ral radiation to the ground state because of their very short
natural radiation lifetimes ��9.5 ns�.10 For Ar�3P2�, rate
constants of the two-body and three-body reactions are
1.26�109 cm3 mol−1 s−1 and 2.17�1015 cm6 mol−2 s−1,10

respectively. As a result, the net reaction rate of the three-
body association reactions is about two orders of magnitude
higher than that of the two-body quenching reactions. This
indicates that Sq of Ar�3P2� in Table II represents the selec-
tivity of the three-body association reaction. The product of
this reaction of Ar�3P2� is Ar2�3�u

+�, which has a relatively
long natural radiation lifetime of 3.15 �s,25 an excitation en-
ergy of 10.6 eV,25 and reacts with all NOx species, as found
by Mehnert et al.26 and Oka et al.27 Therefore, the net yield
of Ar�3P2�, including Ar2�3�u

+�, that contributes to NOx con-
version is nearly 100%, which indicates that Ar�3P2� is an
important active species species for NOx conversion. For
Ar�3P0�, the rate constants of the two-body and the three-
body reactions are 3.19�109 cm3 mol−2 s−1 and 3.01
�1015 cm6 mol−2 s−1,10 respectively. Therefore, the net reac-
tion rate of the three-body association reaction is about 50
times higher than that of the two-body quenching reaction,
which is again negligible. The product of the three-body re-

TABLE II. Initial selectivity of active species consumption in nonthermal argon plasma without CO by radia-
tion, quenching, and NO conversion.

Ar excited states
kI

a

�s−1�
kqCAr

b

�s−1�
krCNOx

c

�s−1� SI �%� Sq,Ar �%� Sr,NOx
�%�

3P2 2.63�10−2 6.97�106 4.47�106 �0 60.9 39.1
3P1 1.05�108 9.44�106 6.53�106 86.8 7.80 5.40
3P0 2.23�10−2 9.75�106 5.11�106 �0 65.6 34.4
1P1 4.00�108 4.73�106 1.10�107 96.2 1.1 2.6
2p10 2.47�107 6.79�108

¯ 3.5 96.5 ¯

2p9 3.26�107 1.09�109 9.38�106 2.9 96.3 0.8
2p8 3.27�107 1.09�109 9.38�106 2.9 96.3 0.8
2p7 3.31�107 2.61�109

¯ 1.3 98.7 ¯

2p6 3.40�107 1.22�109 1.02�107 2.7 96.5 0.8
2p5 4.10�107 1.60�109 1.02�107 2.5 96.9 0.6
2p4 3.41�107 1.19�109

¯ 2.8 97.2 ¯

2p3 3.45�107 1.05�109
¯ 3.2 96.8 ¯

2p2 3.53�107 6.45�108
¯ 5.2 94.8 ¯

2p1 4.61�107 1.36�109 1.59�107 3.2 95.6 1.1

aReferences 34–38.
bReferences 19–22.
cReferences 39 and 40.

113302-5 Zhao, Argyle, and Radosz J. Appl. Phys. 99, 113302 �2006�

Downloaded 15 Dec 2011 to 128.187.73.9. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



action of Ar�3P0�, Ar2�1�u
+�, has a short natural radiation

lifetime of 4 ns �Ref. 25� and hence it predominantly relaxes
to the ground state without contributing appreciably to NOx

reactions. The net yield of Ar�3P0� contributing to NOx con-
version is 34.4%, as shown in Table II.

Of the ten excited states of Ar with 3p5 4p configura-
tions, Ar�2p1�, Ar�2p5�, Ar�2p6�, Ar�2p8�, and Ar�2p9� are
predominantly quenched by Ar. Although there are no reports
of the reaction rate constants of NOx with Ar�2p2�, Ar�2p3�,
Ar�2p4�, Ar�2p7�, and Ar�2p10�, these rate constants are as-
sumed to be similar to the reported values for the other five
states �listed in Table II� because of their similar excitation
energies.10 Therefore, the ten 3p5 4p Ar configurations prob-
ably do not contribute to NOx conversion; the five reported
values of Sr,NOx

are all less than �1%. These results suggest
that the Ar excited states, except for Ar�3P2� and Ar�3P0�, do
not contribute to NOx conversion. They are predominantly
quenched by Ar and CO, or emit natural radiation, if they are
formed in the nonthermal plasma.

With 1.01% CO, at 141 kPa and 300 K, the concentra-
tions of 600 ppm NO, 1.01% CO, and balance Ar are 3.38
�10−8, 5.70�10−7, and 5.58�10−5 mol cm−3, respectively.
Table III shows the selectivities of consumption of the 14
excited states of Ar by the four parallel processes of radia-
tion, quenching, NOx conversion, and CO dissociation �Eqs.
�5a�–�5d�� obtained by an analysis similar to that used to
develop Table II. With 1.01% CO, none of the electronic
excited states of Ar, except Ar�3P2� and Ar�3P0�, exceeds
13% selectivity for CO dissociation �Table III�. At lower
�ppm� CO concentrations, none of the Ar excited states con-
tribute significantly to CO dissociation.

This analysis indicates that only two Ar excited states,
Ar�3P2� and Ar�3P0�, contribute to NOx conversion and CO
dissociation. However, previous investigations20,21,28–32 have
shown that the yield of Ar�3P0� produced by the electron
collision reaction is 10%–15% of the yield of Ar�3P2�. More-
over, without CO, virtually all Ar�3P2� contribute to NOx

conversion, compared to only about 1 /3 of Ar�3P0�, as dis-
cussed in the context of Table II. The lower Ar�3P0� concen-
tration and the smaller Ar�3P0� contribution to NOx conver-
sion justify the use of the reaction rate constant for Ar�3P2�
alone without a serious error, given the similarity of the
Ar�3P2� and Ar�3P0� reactions. This result suggests that a
single electron collision reaction,

e + Ar → Ar�3P2� + e , �9��

may be used to model all NOx reactions in Ar and in NOx

plus CO in Ar. This conjecture is confirmed by the following
modeling investigation.

C. Mechanism and kinetics

Numerous series and parallel reactions among active
species and stable species are possible following the electron
collision reactions. Without CO, a total of 43 reactions ��9�–
�51� shown in Table IV� are selected to simulate NOx con-
centration, based on a rough selectivity analysis to determine
the controlling reactions, assuming that the slowest reaction
among series reactions is the controlling step, whereas the
fastest reaction among parallel reactions is the controlling
step. These 43 reactions involved in NOx conversion are
used to analyze the NO/Ar and N2O/Ar reaction systems.

A previously developed lumped kinetic model6 is used to
describe the concentrations of all species as a function of
power input. The important model parameters embodying the
rate of electron collision reactions are � and �, as shown in
the following equation:

k�e� = �� 1

�P
W0.75 exp�−

�P

W
	 , �10��

where k is the rate constant of the electron collision reaction
�with units of cm3 mol−1 s−1�, �e� is the electron concentra-
tion �mol cm−3�, P is the system pressure �atm�, and W is the
power input �J s−1�. This expression, based on a Maxwellian

TABLE III. Initial selectivity of active species consumption in nonthermal argon plasma with 1.01% CO by
radiation, quenching, NO conversion, and CO dissociation.

Ar excited
states

KI
a

�s−1�
kqCAr

b

�s−1�
krCNOx

c

�s−1�
kdCCO

c

�s−1� SI �%�
Sq,Ar

�%�
Sr,NOx
�%�

Sd,CO

�%�

3P2 2.63�10−2 6.97�106 4.47�106 4.75�106 �0 43.1 27.6 29.3
3P1 1.05�108 9.44�106 6.53�106 1.76�107 75.8 6.8 4.7 12.7
3P0 2.23�10−2 9.75�106 5.11�106 4.41�107 �0 16.5 8.7 74.8
1P1 4.00�108 4.73�106 1.10�107 2.89�107 90.0 1.1 2.5 6.5
2p10 2.47�107 6.79�108

¯ ¯ 3.5 96.5 ¯ ¯

2p9 3.26�107 1.09�109 9.38�106 1.70�108 2.6 83.7 0.7 13.0
2p8 3.27�107 1.09�109 9.38�106 1.70�108 2.6 83.7 0.7 13.0
2p7 3.31�107 2.61�109

¯ ¯ 1.3 98.7 ¯ ¯

2p6 3.40�107 1.22�109 1.02�107 8.49�107 2.5 90.4 0.8 6.3
2p5 4.10�107 1.60�109 1.02�107 9.17�107 2.4 91.8 0.6 5.3
2p4 3.41�107 1.19�109

¯ ¯ 2.8 97.2 ¯ ¯

2p3 3.45�107 1.05�109
¯ ¯ 3.2 96.8 ¯ ¯

2p2 3.53�107 6.45�108
¯ ¯ 5.2 94.8 ¯ ¯

2p1 4.61�107 1.36�109 1.59�107 3.73�107 3.2 93.2 1.1 2.6

aReferences 34–38.
bReferences 19–22.
cReferences 39 and 40.
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TABLE IV. Reactions and rate constants for NOx and CO in nonthermal Ar plasma.

Chemical reaction
Rate constant

�cm3 mol−1 s−1� Source Equation

e+Ar→Ar�3P2�+e

k5 =
�

�e�
� 1

�P
W0.75 exp�−

�P

W
	 This work �9�

Ar�3P2�+NO→Ar+N+O 1.44�1014 Ref. 40 �10�
Ar�3P2�+NO2→Ar+NO+O 3.91�1014 Ref. 40 �11�
Ar�3P2�+N2O→Ar+N2�B�+O 2.65�1014 Ref. 41 �12�
Ar�3P2�+O2→Ar+O+O 1.32�1014 Ref. 40 �13�
Ar�3P2�+N2→Ar+N2�C� 2.17�1013 Ref. 39 �14�
Ar�3P2�+Ar→Ar+Ar 1.30�109 Ref. 21 �15�
Ar�3P2�+2Ar→Ar2�3�u

+�+Ar 2.17�1015�Ar� Ref. 42 �16�
Ar2�3�u

+�→Ar+Ar+h	 3.17�105 Ref. 25 �17�
Ar2�3�u

+�+Ar→Ar+Ar+Ar 6.02�109 Ref. 26 �18�
Ar2�3�u

+�+NO→2Ar+N+O 1.87�1014 Ref. 27 �19�
Ar2�3�u

+�+NO2→2Ar+NO+O 5.08�1014 Estimated �20�
Ar2�3�u

+�+N2O→2Ar+N2+O 3.31�1014 Ref. 27 �21�
Ar2�3�u

+�+N2→2Ar+N2�B� 7.22�1012 Ref. 26 �22�
Ar2�3�u

+�+O2→2Ar+O+O 1.57�1014 Ref. 27 �23�
N+NO→N2+O 1.87�1013 Ref. 43 �24�
N+NO2→N2O+O 1.81�1012 Ref. 43 �25�
N+NO2→N2+O2 4.21�1011 Ref. 44 �26�
N+NO2→N2+2O 5.48�1011 Ref. 44 �27�
N+NO2→2NO 1.38�1012 Ref. 44 �28�
N+N+Ar→N2+Ar 1.59�1015�Ar� Ref. 45 �29�
N+O+Ar→NO+Ar 3.77�1015�Ar� Ref. 45 �30�
O+NO+Ar→NO2+Ar k0=2.43�1016�Ar�

k
=1.81�1013

Fc=0.85

Refs. 46 and 47 �31�

O+NO2+Ar→NO3+Ar k0=3.26�1016�Ar�
k
=1.32�1013

Fc=0.80

Ref. 47 �32�

O+NO2→NO+O2 5.85�1012 Ref. 47 �33�
O+NO3→NO2+O2 1.02�1013 Ref. 47 �34�
O+O+Ar→O2+Ar 3.79�1014�Ar� Ref. 48 �35�
N2�A�+NO→N2+NO 3.85�1013 Ref. 49 �36�
N2�A�+NO2→N2+NO+O 7.83�1012 Ref. 49 �37�
N2�A�+N2O→N2+N2+O 3.73�1012 Ref. 49 �38�
N2�A�+O2→N2+2O 1.51�1012 Ref. 50 �39�
N2�A�+O2→N2O+O 4.70�1010 Ref. 44 �40�
N2�A�+O2→N2+O2 7.77�1011 Ref. 44 �41�
N2�C�→N2�B�+h	 2.73�107 Ref. 51 �42�
N2�C�+Ar→N2�B�+Ar 8.19�1011 Ref. 52 �43�
N2�B�→N2�A�+h	 2.00�105 Ref. 53 �44�
N2�B�+NO→N2�A�+NO 1.44�1014 Ref. 44 �45�
N2�B�+N2O→N2+N2+O 9.63�1013 Ref. 54 �46�
N2�B�+O2→N2+O+O 1.81�1014 Ref. 44 �47�
N2�B�+N2→N2�A�+N2 1.81�1013 Ref. 55 �48�
N2�B�+Ar→N2�A�+Ar 9.63�1011 Ref. 56 �49�
NO+NO3→2NO2 1.57�1013 Ref. 47 �50�
2NO+O2→2NO2 7.25�109 Ref. 47 �51�
CO+Ar�3P2�→Ar+C+O 1.62�1013 Ref. 24 �52�
CO+Ar2�3�u

+�→2Ar+CO 9.63�1013 Ref. 27 �53�
CO+N2�A�→N2+CO 9.63�1011 Ref. 49 �54�
CO+N2�B�→N2�A�+CO 5.12�1013 Ref. 54 �55�
CO+N2�C�→N2�B�+CO 1.44�1014 Ref. 57 �56�
CO+O+Ar→CO2+Ar 6.61�1011�Ar� Ref. 58 �57�
CO2+Ar�3P2�→Ar+CO+O 3.37�1014 Ref. 59 �58�
CO2+Ar2�3�u

+�→2Ar+CO+O 4.09�1014 Ref. 27 �59�
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distribution function for the electron velocity, semiempiri-
cally describes the rate of electron collision reactions
through a pseudo-first-order rate constant by combining the
true rate constant with the electron concentration.33 The pa-
rameters � and � are determined from experimental data
using a previously presented optimization method.6 This
means that two model parameters are needed to describe the
single important electron collision reaction with Ar �9�.
There are 14 components �Ar, Ar�3P2�, Ar2�3�u

+�, NO, NO2,
NO3, N2O, N2, O2, N, O, N2�A�, N2�B�, and N2�C�� in this
reaction system, as shown in Table IV. Therefore, there are
14 equations for each of the seven power inputs, which leads
to a total of 98 equations used to determine the two param-
eters �� and �� for 314 ppm NO in Ar at 3.45
�10−4 m3 s−1 and 141 kPa using the previously reported op-
timization method.6 The concentrations of N2 and O2 at the

outlet of the reactor are obtained using the material balance
of nitrogen and oxygen. The values of �1 and �1 for

e + Ar → Ar�3P2� + e �9��

are found to be 4.90 J−0.25 s−0.75 and 1.63�10−5 J atm−1 s−1,
respectively.

Figure 3�a� shows the measured and correlated NO,
NO2, and N2O concentrations for the experiment used in
fitting �1 and �1. The correlated curves in Fig. 3�a� reason-
ably represent the experimental data because these data have
been used for fitting. The same �1 and �1 values are used
without further fitting to predict the concentrations obtained
at two other experimental conditions: 414 ppm NO in Ar and
570 ppm NO in Ar �Figs. 3�b� and 3�c��. All predicted data
match the experimental data �except for the experimental

TABLE IV. �Continued.�

Chemical reaction
Rate constant

�cm3 mol−1 s−1� Source Equation

CO2+N2�A�→N2+CO+O 1.20�1010 Ref. 49 �60�
CO2+N2�B�→N2+CO+O 1.20�1014 Ref. 55 �61�
CO2+N2�C�→N2+CO+O 2.33�1014 Ref. 60 �62�
C+NO→CN+O 3.35�1013 Ref. 61 �63�
C+NO→N+CO 2.10�1013 Ref. 61 �64�
C+N2O→CN+NO 5.12�1012 Ref. 62 �65�
C+O2→CO+O 2.83�1013 Ref. 63 �66�
C+CO→C2O 7.83�1010 Ref. 62 �67�
C2O+NO→NCO+CO 2.81�1013 Ref. 64 �68�
C2O+NO→CN+CO2 4.20�1012 Ref. 64 �69�
C2O+NO2→NCO+CO2 4.15�1013 Ref. 64 �70�
C2O+O2→CO+CO+O 2.44�1011 Ref. 65 �71�
C2O+O→CO+CO 3.01�1013 Ref. 58 �72�
C2O+N→CN+CO 3.31�1014 Ref. 66 �73�
CN+NO→N2+CO 2.23�1013 Ref. 67 �74�
CN+NO2→NCO+NO 4.85�1013 Ref. 68 �75�
CN+NO2→CO+N2O 4.27�1012 Ref. 68 �76�
CN+NO2→CO2+N2 3.13�1012 Ref. 68 �77�
CN+O2→NCO+O 1.16�1013 Ref. 69 �78�
CN+O2→CO+NO 3.46�1012 Ref. 69 �79�
CN+O→N+CO 8.74�1013 Ref. 61 �80�
CN+N→N2+C 6.02�1013 Ref. 70 �81�
NCO+NO→CO+N2O 8.73�1012 Ref. 69 �82�
NCO+NO→CO2+N2 1.11�1013 Ref. 69 �83�
NCO+NO2→NO+NO+CO 9.05�1011 Ref. 68 �84�
NCO+NO2→N2O+CO2 1.00�1013 Ref. 68 �85�
NCO+O2→NO2+CO 3.01�109 Ref. 69 �86�
NCO+O→NO+CO 1.99�1013 Ref. 69 �87�
NCO+NCO→N2+CO+CO 1.81�1013 Ref. 71 �88�
NCO+N→N2+CO 3.31�1013 Ref. 72 �89�

FIG. 3. Comparison of experimental
data and calculated data for the con-
version of NO in Ar at a flow rate of
3.45�10−4 m3 s−1 and 141 kPa: �a�
314 ppm NO in Ar, �b� 414 ppm NO
in Ar, and �c� 570 ppm NO in Ar. Ex-
perimental data: ��� NO, ��� NO2,
and ��� N2O; calculated data: �—�
NO, �---�, NO2, and �-·-� N2O.
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N2O concentrations that are reported as 0 because they are
below the experimental detection limit of 5 ppm�. This con-
firms that a single set of �1 and �1 values derived from a
single set of experimental data can predict the PCDR product
compositions obtained at other gas inlet concentrations using
the set of 43 reactions shown in Table IV. Previous
investigations9,14,15 have shown that the lumped model accu-
rately describes power input and gas residence time effects
as well as inlet concentration.

A previous investigation14 also showed that gas pressure
affects the rate of electron collision reactions. At 189 kPa,
for e+Ar→Ar�3P2�+e �9� at 314 ppm NO in Ar at 4.01
�10−4 m3 s−1, the model parameters �2 and �2 are found to
be 4.60 J−0.25 s−0.75 and 1.32�10−5 J atm−1 s−1, respectively.

The same �2 and �2 values are used without further
fitting to predict the concentrations obtained at 414 and
570 ppm NO in Ar. Figures 4�a�–4�c� show that all corre-
lated and predicted data match the measured experimental
data, which further confirms the reaction mechanism involv-
ing 43 reactions for NO conversion in Ar. Comparison of the
model parameters obtained for reaction �9� at 141 and
189 kPa shows that the � parameters are approximately the
same for both pressures, while �2 at 189 kPa is lower than
�1 at 141 kPa. This is consistent with our previous results14

that showed � decreases with increasing pressure.
Again, N2O is not detected by FTIR for NO conversion

in Ar. All calculated data in Figs. 3 and 4 show that the N2O
concentration at the outlet of the PCDR is less than 2 ppm,
which is consistent with the experimental observation of
N2O concentrations below the 5 ppm FTIR detection limit.

In our previous work,11 we used Ar+ as the only active
species that contributes to NO or N2O conversion in Ar. As a
result, that work required two different sets of � and � pa-
rameters for electron collision reactions to predict NO and
N2O conversions, which implied that the rate of electron
collision reactions with Ar to form Ar+ is different for NO in
Ar compared to N2O in Ar. That result is difficult to ratio-
nalize and suggests that Ar+ may not actually be involved.

In the present study, therefore, we drop the hypothesis
that Ar+ species are involved and instead assume that
Ar�3P2� is the only active species involved. As a result, the
model using the same parameters for NO conversion in Ar
��1 and �1, and �2 and �2, determined at 141 and 189 kPa,
respectively� also accurately predicts the observed N2O con-
centrations in Ar, as shown in Figs. 5�a� and 5�b�. The accu-
rate estimate of both the NO and N2O experimental data
using the same model parameters on the basis of Ar�3P2�
alone confirms that the true active species contributing to
NOx conversion are the excited neutral states of Ar, and
hence, that the contribution of Ar+ is negligible.

With CO, the reaction mechanism is more complex be-
cause of the dissociation of CO by Ar�3P2� to form atomic
C,24 which leads to the formation of radicals, such as CN,
C2O, and NCO. These radicals can also react with NOx.
Therefore, with CO present, 38 additional reactions ��52�–
�89� in Table IV� are selected through a similar selectivity
analysis to form a model with a total of 81 reactions for the
NO/CO/Ar and N2O/CO/Ar reaction systems.

For low �ppm� concentrations of CO at 3.45
�10−4 m3 s−1 and 141 kPa, Fig. 6 shows the predicted data

FIG. 4. Comparison of experimental
data and calculated data for the con-
version of NO in Ar at a flow rate of
4.01�10−4 m3 s−1 and 189 kPa: �a�
314 ppm NO in Ar, �b� 414 ppm NO
in Ar, and �c� 570 ppm NO in Ar. Ex-
perimental data: ��� NO, ��� NO2,
and ��� N2O; calculated data: �—�
NO, �---� NO2, and �-·-� N2O.

FIG. 5. Comparison of experimental data and predicted data for the conversion of N2O in Ar �a� at a flow rate of 3.45�10−4 m3 s−1 and 141 kPa.
Experimental data: ��� 290 ppm N2O in Ar, ��� 217 ppm N2O in Ar, ��� 103 ppm N2O in Ar, and ��� 47.6 ppm N2O in Ar; calculated data: �—� 290 ppm
N2O in Ar, �---� 217 ppm N2O in Ar, �-·-� 103 ppm N2O in Ar, and �¯¯� 47.6 ppm N2O in Ar; and �b� at a flow rate of 4.01�10−4 m3 s−1 and 189 kPa.
Experimental data: ��� 217 ppm N2O in Ar, ��� 103 ppm N2O in Ar, and ��� 47.6 ppm N2O in Ar; calculated data: �—� 217 ppm N2O in Ar, �---� 103 ppm
N2O in Ar, and �-·-� 47.6 ppm N2O in Ar.
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using model parameters �1 and �1 determined for NO con-
version in Ar in the absence of CO at 141 kPa and the ex-
perimentally measured NO, NO2, and N2O concentrations as
a function of power input. Figure 6�a� is for 396 ppm NO
plus 435 ppm CO in Ar, Fig. 6�b� is for 411 ppm NO plus
203 ppm CO in Ar, and Fig. 6�c� is for 426 ppm NO plus
619 ppm CO in Ar. The calculated results are found to be
consistent with the experimental results, including N2O,
which remains below the experimental detection limit.

Figure 7�a� compares the predicted and the measured
concentrations of NO, NO2, and N2O as a function of power
input for 1.01% CO concentrations with 575 ppm NO in Ar
at 3.45�10−4 m3 s−1 and 141 kPa. The same model param-
eters ��1 and �1� determined for NO conversion in Ar with-
out CO at 141 kPa are used to calculate the concentrations of
NO, NO2, and N2O in Fig. 7�a�. Figures 7�b� and 7�c� com-
pare the predicted and measured concentrations of NO, NO2,
and N2O as a function of power input at 4.01�10−4 m3 s−1

and 189 kPa for 1.01% CO with 440 and 577 ppm NO in Ar,
respectively. The same model parameters ��2 and �2� deter-
mined for NO conversion in Ar without CO at 189 kPa are
used to calculate the concentrations of NO, NO2, and N2O in
Figs. 7�b� and 7�c�. The results of Fig. 7 show that all ex-
perimental data can be predicted using the same reaction
mechanism �81 reactions shown in Table IV� and a single
electron collision reaction �9�, even at higher concentrations
�such as 1.01%� of CO. This result supports our conjecture
that electron collision reactions with CO at high CO concen-
trations are not significant because the active CO species are
quenched by Ar or CO.

Figures 8�a�–8�c� compare the predicted and measured
N2O concentrations as a function of power input at low
�ppm� CO concentrations in various N2O concentrations in
Ar at 3.45�10−4 m3 s−1 and 141 kPa using the �1 and �1

determined for NO conversion in Ar at 141 kPa. Figure 9
compares the predicted and measured N2O concentrations as
a function of power input with high �1.01%� CO concentra-
tions in several N2O concentrations in Ar at 4.01
�10−4 m3 s−1 and 189 kPa using the �2 and �2 determined
for NO conversion in Ar at 189 kPa. All N2O concentrations
with CO present are predicted, which further confirms the 81
reaction mechanism shown in Table IV.

The results in Figs. 3–9 demonstrate two points: �1� a
single electron collision reaction �9� for Ar�3P2� can predict
NO, NO2, and N2O concentrations without and with CO and
�2� at a given pressure, the same model parameters � and �
can be used to predict NO, NO2, and N2O concentrations
without and with CO. These results cannot be obtained with
Ar+ as the active species responsible for plasma reactions, as
demonstrated recently.11

D. Effect of CO on NO and N2O conversions

The model prediction results shown in Figs. 6–9 suggest
that the mechanism of NO or N2O conversion with CO in Ar
plasma �shown in Table IV�, combined with the lumped
model parameters ��1 and �1 at 141 kPa or �2 and �2 at
189 kPa�, captures the effect of CO on NOx concentrations.
Therefore, this reaction mechanism and this kinetic model
are used to investigate the effect of CO concentration on NO
or N2O conversion in Ar plasma.

An example is shown in Fig. 10. The calculation is con-
ducted for an inlet concentration of 600 ppm NO in Ar with
variable CO concentration, from 0 to 12 000 ppm �mole
fraction of 1.2%�, at 4.01�10−4 m3 s−1, 189 kPa, and a con-
stant power input of 60 W, using model parameters �2 and
�2. Similar results were obtained for other conditions. Figure
10�a� shows the NO, NO2, and N2O concentrations as a

FIG. 6. Comparison of experimental data and predicted data for NO conversion in Ar with low �ppm� CO concentrations at a flow rate of 3.45
�10−4 m3 s−1 and 141 kPa: �a� 396 ppm NO+435 ppm CO in Ar, �b� 411 ppm NO+203 ppm CO in Ar, and �c� 426 ppm NO+619 ppm CO in Ar.
Experimental data: ��� NO, ��� NO2, and ��� N2O; calculated data: �—� NO, �---� NO2, and �-·-� N2O.

FIG. 7. Comparison of experimental data and predicted data for NO conversion in Ar with 1.01% CO concentrations: �a� 575 ppm NO+1.01% CO in Ar at
a flow rate of 3.45�10−4 m3 s−1 and 141 kPa, �b� 440 ppm NO+1.01% CO in Ar, and �c� 577 ppm NO+1.01% CO in Ar at a flow rate of 4.01
�10−4 m3 s−1 and 189 kPa. Experimental data: ��� NO, ��� NO2, and ��� N2O; calculated data: �—� NO, �---� NO2, and �-·-� N2O.
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function of CO concentration. With increasing CO concen-
tration, NO concentration initially increases, reaches a maxi-
mum at around 2400 ppm CO, and then decreases. NO2 con-
centration follows a similar trend, but the range of NO2

variation is only around 12 ppm. N2O concentration linearly
increases with increasing CO concentration. At CO concen-
trations less than 3200 ppm, the predicted N2O concentra-
tions are below the experimental detection limit of 5 ppm,
which is consistent with the observed experimental results
�Figs. 1�a�, 3, 4, and 6�.

The variation of NO and NO2 concentrations with in-
creasing CO concentration indicates that NO conversion ini-
tially decreases, reaches a minimum, and then increases with
increasing CO concentration, as shown in Fig. 10�b�. NO
conversion decreases sharply with increasing CO concentra-
tion from 0 to 2400 ppm, while NO conversion increases
slowly with increasing CO concentration from
2400 to 12 000 ppm. When CO concentration is about
1.01% �10 100 ppm�, concentrations of NO and NO2 �Fig.
10�a�� and NO conversions �Fig. 10�b�� are approximately
the same as those without CO. The results in Fig. 10 emulate
the experimental observations that CO concentrations of
200–600 ppm inhibit NO conversion and N2O is not detect-
able �Figs. 1�a� and 1�b��, whereas 1.01% CO has no effect
on NO conversion, but N2O is detected �Figs. 1�c� and 1�d��.

The results presented in Fig. 10 can be explained by the
reaction mechanism shown in Table IV. During electrical
discharge in the PCDR, the active species Ar�3P2� is pro-
duced, which initiates the subsequent chemical reactions be-
tween the pulses. Ar�3P2� mainly contributes to NO disso-
ciation in �10�, formation of the excited state Ar2�3�u

+� in
�16�, and CO dissociation in �52� as follow:

Ar�3P2� + NO → Ar + N + O,

k = 1.44 � 1014 cm3 mol−1 s−1 �10��

Ar�3P2� + 2Ar → Ar2�3�u
+� + Ar,

k = 2.17 � 1015 cm6 mol−2 s−1 �16��

Ar�3P2� + CO → Ar + C + O,

k = 1.62 � 1013 cm3 mol−1 s−1. �52��

Ar2�3�u
+� further contributes to NO dissociation in �19� and

quenching with CO in �53� as follow:

Ar2�3�u
+� + NO → 2Ar + N + O,

k = 1.87 � 1014 cm3 mol−1 s−1 �19��

Ar2�3�u
+� + CO → 2Ar + CO,

k = 9.63 � 1013 cm3 mol−1 s−1. �53��

At low CO concentrations ���2400 ppm�, the selectivity of
Ar�3P2� to NO dissociation �Sr,NOx

� by �10� is low �39.1%
without CO, as shown in Table II� and decreases with in-
creasing CO concentration �ultimately becoming 27.6% at
1.01% CO, Table III�. The Ar�3P2� selectivity to CO disso-
ciation �Sd,CO� by �52� is low because the CO concentration
is low and the rate constant of �52� is about one order of
magnitude lower than that of �10�. Therefore, most Ar�3P2�
�60.9% at zero CO concentration, Table II� forms Ar2�3�u

+�
by the three-body reaction �16�. Although Ar2�3�u

+� contrib-
utes to NO dissociation �19�, Ar2�3�u

+� is quenched by CO
in a parallel reaction �53�. Therefore, at low CO concentra-
tions, the quenching rate of Ar2�3�u

+� with CO �53� in-
creases with increasing CO concentration at the expense of
NO conversion, which leads to less NO dissociation by
Ar2�3�u

+� by �19� and explains the initial decrease of NO

FIG. 8. Comparison of experimental data and predicted data for N2O conversion in Ar with low �ppm� CO concentrations at a flow rate of 3.45
�10−4 m3 s−1 and 141 kPa: �a� 293 ppm N2O+197 ppm CO in Ar, �b� 292 ppm N2O+305 ppm CO in Ar, and �c� 273 ppm N2O+389 ppm CO in Ar.
Experimental data: ��� N2O; calculated data: �—� N2O.

FIG. 9. Comparison of experimental data and predicted data for N2O con-
version in Ar with 1.01% CO at a flow rate of 4.01�10−4 m3 s−1 and
189 kPa. Experimental data: ��� 215 ppm N2O plus 1.01% CO in Ar, ���
103 ppm N2O plus 1.01% CO in Ar, and ��� 50.7 ppm N2O plus 1.01%
CO in Ar; calculated data: �—� 215 ppm N2O plus 1.01% CO in Ar, �---�
103 ppm N2O plus 1.01% CO in Ar, and �-·-� 50.7 ppm N2O plus 1.01%
CO in Ar.
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conversion with increasing CO concentrations below
�2400 ppm.

With further increases in CO concentration above
�2400 ppm, CO dissociation �52� gradually becomes promi-
nent, resulting in increasing NO conversion through atomic
C. C is a very active radical that can convert NO to form the
radicals, CN �63� and N �64�, and reacts with CO to form
C2O �67�. CN converts NO in �74� and reacts with NO2 to
form NCO �75�, while N converts NO in �24�. C2O reacts
with NO to form additional CN �69� and NCO �68�. Finally,
NCO converts NO in reactions �82� and �83�. The net result
is that one atomic C radical can convert three NO molecules,
which causes NO conversion to increase from the minimum
at CO concentrations of �2400 ppm.

The rate of increase in NO conversion is low for the
following reasons. �1� As noted above, with increasing CO
concentration, additional Ar2�3�u

+� formed by �16� is largely
quenched by CO �53� and hence does not contribute to NO
conversion �19�. For example, NO conversion selectivity
�Sr,NOx

� decreases from 39.1% without CO �Table II� to
27.6% at 1.01% CO �Table III�. �2� Similarly, the contribu-
tion of Ar�3P2� to NO dissociation �10� also decreases with
increasing CO concentration, as noted previously. �3� Al-
though one atomic C radical can convert three NO mol-
ecules, the effect just slightly exceeds the decreasing rate of
NO dissociation through �10� because the rate constant of
CO dissociation �52� is nearly one order of magnitude lower
than the rate constant of �10�. As a result, NO conversion
slowly returns from the minimum reached at �2400 ppm
CO to approximately the same level at 1.01% CO concentra-
tion as the NO conversion observed in the absence of CO �as
shown in Figs. 1�c� and 1�d� and Figs. 10�a� and 10�b��.

The linear increase in N2O concentration with increasing
CO concentration �Fig. 10�a�� occurs because C radicals con-
tribute to NCO formation through �68�, �70�, �75�, and �79�
and NCO reacts with NO to form N2O �82�. The destruction
rate of N2O by �12�, �21�, �38�, and �65� is very slow because
the N2O concentration is low �less than 26 ppm, as shown in
Fig. 7�.

Figure 11 shows a calculated example of the effect of
CO on 200 ppm N2O conversion in Ar for CO concentra-
tions ranging from 0 to 12 000 ppm, at a total flow rate of
4.01�10−4 m3 s−1 and 189 kPa, constant power input of
60 W, and the same model parameters �2 and �2. Similar
results are obtained at other conditions. Figure 11 suggests
that N2O concentration increases with increasing CO con-

centration, corresponding to decreasing N2O conversion with
increasing CO concentration. Therefore, CO inhibits N2O
conversion, which is consistent with the experimental obser-
vation shown in Figs. 2�a� and 2�b�. N2O conversion de-
creases toward an asymptotic value with increasing CO con-
centration.

Although the effects of CO on NO conversion and on
N2O conversion are qualitatively different �Figs. 10 and 11�,
the N2O conversion trends in Fig. 11 can be explained by the
same reaction mechanism as that used to explain the NO
conversion trend �Table IV�; that is, both Ar�3P2� and
Ar2�3�u

+� contribute to N2O conversion in the absence of
CO as follows:

Ar�3P2� + N2O → Ar + N2�B� + O,

k = 2.65 � 1014 cm3 mol−1 s−1 �12��

Ar2�3�u
+� + N2O → 2Ar + N2 + O,

k = 3.31 � 1014 cm3 mol−1 s−1. �21��

At low CO concentrations, most Ar�3P2� form Ar2�3�u
+� by

the three-body reaction �16� �Table II� discussed previously,
which further contributes to N2O dissociation in �21�. How-
ever, Ar2�3�u

+� is quenched by CO in �53�. Therefore, at low
CO concentrations, N2O conversion decreases quickly with
increasing CO concentration. With further increases in CO
concentration, the CO dissociation reaction �52� gradually
becomes prominent. Atomic C can dissociate N2O in �65�.
Therefore, N2O conversion initially decreases rapidly, and
then above approximately 5000 ppm CO, N2O conversion

FIG. 10. Model prediction of CO ef-
fect on NO conversion at a flow rate of
4.01�10−4 m3 s−1 and 189 kPa.
Power input: 60 W; inlet NO concen-
tration: 600 ppm. �a� NO, NO2, and
N2O concentrations as a function of
CO concentration: �—� NO, �---� NO2,
and �-·-� N2O. �b� Conversion of NO
and NO2 as a function of CO
concentration.

FIG. 11. Model prediction of CO effect on N2O conversion at a flow rate of
4.01�10−4 m3 s−1 and 189 kPa. Power input: 60 W; inlet N2O concentra-
tion: 200 ppm. �—� N2O concentration; �---� N2O conversion.
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decreases slowly with increasing CO concentration, as
shown in Fig. 11. However, unlike NO conversion, the radi-
cals resulting from atomic C, such as CN, C2O, and NCO, do
not convert N2O. As a result, the reaction rate of atomic C
with CO �67� increases with increasing CO concentration
and fewer C radicals are available to dissociate N2O, leading
to the continued decrease of N2O conversion with further
increases in CO concentration.

IV. SUMMARY

CO concentrations of 200–600 ppm inhibit NO conver-
sion in nonthermal Ar plasma. N2O is not detectable. CO
concentrations of 1.01% have no effect on NO conversion,
but N2O is detected. N2O conversion in Ar plasma decreases
with increasing CO concentration. Selectivity analysis of the
Ar excited states likely to contribute to NOx conversion
without and with CO suggests that Ar�3P2� rather than Ar+ is
the only active species that contributes significantly to NOx

conversion and CO dissociation. Other excited states of Ar
are predominantly quenched by Ar and CO, or radiatively
decay to ground states. A kinetic model including 43 reac-
tions is required to model NO or N2O conversion in Ar with-
out CO, whereas 81 reactions are required to model NO or
N2O conversion in Ar with CO. At constant gas pressure, a
single set of model parameters can predict both NO conver-
sion and N2O conversion without and with CO. The analysis
explains all experimental observations on the effect of CO on
NO and N2O conversions in nonthermal Ar plasma. Reaction
mechanisms including Ar+ cannot provide a reasonable ex-
planation for these experimental data.11 The experimental re-
sults can be explained by invoking the reaction mechanism
including the excited states of Ar, which supports the conclu-
sion that cations have a negligible contribution to the non-
thermal plasma reaction.
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