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The fundamental aspects of decomposition of NO with atmospheric pressure low-temperature plasmas have
been systematically investigated in this study. A charge-coupled device detector has been employed to record
the emission spectra of plasma-induced reactions for mechanistic analyses. Specific energy consumption for
the process (kilojoules per mole of converted NO) has been defined and discussed in detail. Variables such
as initial NO concentrations ([NO]0), space velocities, and input voltages are all important in decomposition
of NO using plasmas. Additives such as O2, carbon, CO, CO2, water vapor, and hydrocarbons also produce
significant effects. Effective direct decomposition of NOx of 250-10000 ppm has been achieved using novel
all-quartz tubular plasma reactors, which show good activity and excellent stability, especially in the presence
of water. The relatively lower initial activity and very good stability with all-glass reactors relative to metal-
electrode reactors (which deactivate markedly) suggest that NO decomposition with plasmas in quartz reactors
is noncatalytic while catalytic effects are involved with metal-electrode reactors. In addition, the all-quartz
reactors have much higher energy efficiency for NOx decomposition than metal reactors. The kinetic equation
of NOx decomposition can be expressed as-d[NOx]/dt ) k[NOx]1/4 for a 1% NO/He system. An Arrhenius
correlation has been established between the rate constantk and the measured voltage during plasma reaction.
The addition of CO, ethane, or carbon species considerably increases the conversion of NO by reducing NOx

into COx and N2. The conversion of NOx may be enhanced by the addition of O2 and is inhibited by the
presence of water vapor or CO2. Conversion of NOx decreased on increasing the concentration of H2O or
CO2. A mechanism based on the interaction between excited species of carrier gas and NO (comprising the
participation of radicals such as N‚, O‚, ‚OH, and H‚) has been proposed on the basis of emission spectroscopic
data.

I. Introduction

During the past decade the removal of NOx has become a
central scientific concern1-5 because of its key role in many
global environmental problems such as acid rain, photochemical
smog formation, and the Greenhouse effect. Current measures
for NOx removal include the catalytic reduction of NOx and
direct decomposition of NOx. The former requires reductants
such as ammonia and hydrocarbons to react with NOx. Some
difficult technological efforts are required to add external
reductants, as in the SCR (selective catalytic reduction) process
or to use extra gasoline to maintain a reducing atmosphere in
such systems.2,3,6 The direct decomposition of NOx into nitrogen
and oxygen can avoid the drawbacks of current methods of NOx

removal. As a result, increasing attention has been paid to the
direct decomposition of NOx in the presence of oxygen owing
to economic considerations and technical simplicity.12-14

Many types of catalysts have been tested for NOx removal.
Among these catalysts metal-modified zeolites such as
Cu-ZSM-5 and Co-ZSM-5 have been extensively
examined.7,12-14,17-22 Modified Fe-ZSM-5 was recently re-
ported19,36to be tolerant to steaming conditions; however, almost
all the currently tested catalysts suffer from such problems as
easy catalyst deactivation, poor thermal and hydrothermal
stability, and unsatisfactory activity.

Plasmas may provide an alternative approach for NOx

removal. Plasma technologies have been applied to destroy
atmospheric pollutants, such as CFC’s.23-26 The removal of
SOx and NOx in flue gases using radio-frequency, microwave,
electron beam, or barrier discharge plasmas in the presence of
reductants such as NH3 and oil were also reported.27-32,38-40

However, few studies have yet been published on the basic
kinetics and mechanisms for decomposition of NOx in plasmas.
In these published studies, metal electrodes in plasma reactors
may also act as catalysts, which makes distinguishing the role
of the effects of plasmas and catalysis by metal electrodes very
difficult.

Optical emission spectroscopy (OES) has been widely used
in studies of material processing with plasmas owing to
convenience in monitoring excited species in a plasma system.
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A charge-coupled device (CCD) detector has very high sensitiv-
ity and very low noise, which makes it ideal for detection of
excited species of different concentrations in plasmas and direct
monitoring of the chemical processes that occur during NO
decomposition with plasmas.

In the past few years, deNOx processes for simulated exhaust
and flue gases using different types of low-temperature plasma
reactors have been studied by us. We report here the funda-
mental kinetic and mechanistic features of NOx decomposition
(mainly using NO/He as reactants) with systematic studies of
NOx decomposition in all-quartz plasma reactors, in which metal
electrodes are not present. These model reactions involve a
He diluent. We have carried out other experiments in air with
the addition of water and CO2, simulating air-rich exhaust gas
and flue gas conditions, and have found similar trends. A rate
equation for NOx decomposition has been obtained, with a
correlation between the rate constant and input voltage. The
dependence of NO decomposition on input voltages (or energy),
space velocities, the presence of additives, and concentrations
of NO was studied in detail. The results were compared with
some metal-electrode plasma reactors, where catalytic effects
of metal-electrode surfaces have been observed. Interactions
between excited helium species and NO have been investigated
to obtain mechanistic information.

In addition to the direct decomposition of NOx, considerable
research is now focused on the removal of NOx using reductants
such as hydrocarbons, alcohols, CO, H2, and carbonaceous
species over various catalysts.7,8,14,34 The effects of reductants
such as predeposited carbon, ethane, and CO on NOx decom-
position in plasmas have been examined here. NOx is generated
in flue gases from power plants and as exhaust from motor
vehicles, always with the coproduction of high concentrations
of water and CO2. Therefore, effects of additions of water
vapor, oxygen, and carbon oxides on conversion of NOx have
also been investigated.

II. Experimental Section

A. Reactors, Electrical Circuits, and Apparatus. A
tubular type all-glass reactor and several metal-electrode reactors
were used in this research. A basic tubular reactor consists of
a stainless steel rod coated with a specific metal cathode (8.0
mm i.d.) and an encircling glass tube (9.5 mm i.d.), which is
wrapped with aluminum foil (60 mm wide), which serves as
an anode. Reactants flow through the gap between the glass
tubing and the metal rod, which could also act as a catalyst
during reactions. In an all-glass tubular reactor a copper rod
of 7 mm is inserted into glass tubing (8.0 mm external diameter)
and only acts as an electrode. The reactant does not contact
any metal part in this reactor, and it is therefore referred to as
an all-glass tubular reactor.

An electrical circuit diagram is shown in Figure 1. High
voltage necessary for producing plasmas is provided by an
uHV-10 ac (alternative current, 8.1 kHz) power supply. The
reactor and resistors are connected as shown in the electrical
circuit diagram. The voltage of the reactor during reactions is
determined using a high-voltage probe. The corresponding
current is determined using a 100Ω resistor and a low-voltage
probe. Current and voltage measurements of the reactor during
reactions are recorded from their waveforms and monitored with
a DL-1540 Yokogawa Oscilloscope.

B. Reactant Preparation and Analyses of Reaction
Products. Certified standard gas mixtures of nitric oxide (1.0%
and 0.45% NO in He, 1.0% NO in N2) were obtained from
MG Industries Gas Products. Gases of 10% O2 in He, 10%

CO2 in He, 5% CO in He, and ethane were from Connecticut
Airgas, Inc. Mixtures of different compositions and concentra-
tions were prepared from the above-mentioned gases using a
gas mixing panel.

Water vapor concentrations of 1.3%, 3.2%, 5.2%, and 12.3%
were introduced into the reactor by using He to flow through a
bubbler containing water. For concentrations of 5.2% and
12.3% the bubbler, lines, and reactor were placed in an isotemp
oven set at 50°C so that water vapor will not condense in the
lines or reactor. The downstream gas was condensed by an
ice-cold trap to remove most of the water vapor before GC
analysis.

Analyses of N2, O2, NO, CO, CO2, and H2O are done on-
line with an HP-5990 A GC (gas chromatograph) equipped with
a TCD (thermal conductivity detector), an HP 3395 integrator,
and a 25 ft packed Carboxcen 1000 column, using He as GC
carrier gas for the analyses of oxygen, nitrogen, nitric oxide,
carbon monoxide, and carbon dioxide, whose concentrations
are determined by external standard calibration methods. Rela-
tive errors for these GC analyses are within 5%. Two GC runs
are needed for each analysis. For the analyses of oxygen and
nitrogen, column temperatures of 60°C and head pressures of
30 psi were used. For the analyses of NO, CO, and CO2, a
combination of 120°C and 40 psi was employed.

An MKS-UTI PPT Quadrupole Residual Gas Analyzer Mass
Spectrometer system (with a Faraday Cup detector and a variable
high-pressure manifold) was used to detect nitrogen oxides such
as nitrogen dioxide (NO2), nitrous oxide (N2O), dinitrogen
trioxide (N2O3), and dinitrogen tetraoxide (N2O4), as well as
HNO2, HNO3, and O3. Since quantitation using a quadrupole
MS is not very accurate, the concentrations of NO2 have been
obtained from calculations (eq 10).

C. Optical Emission Spectroscopic Studies of NO De-
composition. Emission spectra of the plasmas were obtained
in the range of 200-900 nm with a 270 M Spex liquid nitrogen-
cooled CCD detector. Helium of ultrahigh purity (99.999%)
was used first to determine the excitation temperature of plasmas
at different input voltages. Reactants of NO of different
concentrations and additives were then used for studies of
plasma-induced reactions. Experimental setups and reaction
conditions are identical to those described above except that
several holes (2 mm in diameter) are made in the aluminum
foil to allow light from plasmas to be collected and directed to
the monochromator through a fiber optic with a microscope
objective lens. Relative errors in determining peak areas are
within 2%. Excitation temperatures of plasmas (which are close
to electron temperatures for near-atmospheric pressure plasmas)

Figure 1. Diagram of the electric circuit of the plasma reactor and
related apparatus.
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are obtained from a Boltzmann plotting method from the He
emission lines as described in ref 9.

D. Definitions and Calculations. The peak voltage (Vp)
and current (Ip), root-mean-square voltage (Vrms), current (Irms),
and power (P) read from the waveforms are parameters for both
the reactor and plasma. The power and voltage is further
corrected for the reaction (referred to as plasma voltage and
plasma power,V′ and P′, respectively) after measuring the
impedance of the quartz reactor. Energy consumption levels
for the reaction (specific energy consumption, usually given as
kilojoule per mole of converted NO) are thus obtained. These
data are more conveniently shown as electronvolt per converted
NO molecule as given in eq 1.

where the Faraday constant, 96487 C/mol of electrons was used.
Another specific energy consumption,E(2), which is in terms
of N2 produced, is also used (kilojoule per1/2 mole produced
N2). Only the energy consumption in the reactor was considered
because this represents energy needed in chemical reactions.
The energy consumption of the HV-10 power supply is an
ancillary energy requirement and can be optimized by proper
design of electronic components. The input voltage is referred
to as a lower voltage if it is not higher than 3.25 kV. Data of
P′, V′, Irms, andVrms at different input voltages are listed in Table
1.

The volume of the plasma region (Vred, 1.24 mL, as calculated
from the length of aluminum foil, the interior diameter of the
outer glass tube, and the diameter of the inner glass tube or
metal electrode) is defined as plasma space or reaction space.
Residence time (tred) is defined as the retention period (in
seconds) of gas mixtures in the plasma space and is obtained
from eq 2

whereF is the flow rate of the gas mixture (in mL/min). The
gas hourly space velocity (GHSV, h-1) for a reaction is obtained
from eq 3:

Conversions of NO (ø) are calculated from the concentrations
of NO before ([NO]0) and after ([NO]) reaction as given by eq
4:

In the plasma reaction NO2 is also produced and decomposed,
especially when O2 is added into the reactant. The definition

of total NOx decomposition is given in eq 5:

Total NOx decomposition is a more important parameter for
NOx conversion since it reflects the degree of direct decomposi-
tion of NO into N2/O2. The conversion of NO may lead to the
partial formation of NO2, which is also toxic.

Concentrations of products were obtained by GC analysis
except those of NO2 ([NO2]), which were calculated from the
conversion of NO and the concentration of N2 ([N2]) as given
below in eq 10. Since N2, O2, NO, and NO2 are related by eqs
7-9, only two of the concentrations are independent ([N2] and
[NO] are chosen). In addition to the form of vol %, the
concentration is also presented as mol/L as given in eq 6 (the
reaction was done at 22°C):

III. Results

A. Variation of Plasma Parameters with Input Voltages.
In the all-quartz reactor, plasmas are generated at a minimum
input voltage of 1.60 kV. Experiments of NO decomposition
started at 1.75 kV. When input voltage increases, the peak
voltage, peak current, and discharge time all increase. The
plasma peak voltage, however, increases first as the input voltage
is increased to 3.25 kV, above which it begins to decrease. The
plasma peak voltage, current, and plasma power at different
input voltages are listed in Table 1. These plasma parameters
are mainly controlled by adjusting the input voltage, changing
little even with additions of H2O, O2 or air, CO2, CO, and C2H6

in the ranges of concentration employed in this study. As shown
in Table 1, the ratio of plasma power (P′) to the total power of
both the reactor and plasma (P) decreases as the input voltage
increases, when the density of charged particles (and therefore
the current) increases, leading to less impedance of the plasma.

The excitation temperatures (Texc) of plasmas calculated from
the Boltzmann plotting method9 are shown in Table 1. The
temperature increases from 3600 to 5300 K when the input
voltage is increased from 1.75 to 4.25 kV. A thermometer was
placed on the aluminum foil, showing that the temperature is
below 35 °C at all voltages. Thermocouples placed in the
reactor under a He flow indicate a maximum temperature after
2 h of about 70°C. This result indicates that the reactions here
are not thermal reactions induced by high gas temperatures.

B. Decomposition of NO/He in All-Quartz Reactors. 1.
Dependence of NO ConVersion on Input Voltages and Residence
Times. The variations of NO conversion and concentration of
N2 formed with residence time at different input voltages for
1% NO in He are shown in Figures 2 and 3, respectively. The
conversion increases as the input voltage and/or residence time
increases. High conversions of NO of over 90% at 3.75 kV
and tred can be maintained for at least 3 days, showing good
stability of the all-quartz reactor for NO decomposition.

The variation of selectivity to NO2 with residence time at
different input voltages is shown in Figure 4. At low conver-
sions the main products are N2, O2, and NO2, indicating that
the main reactions at this stage are NO decomposition into N2/
O2 and NO2 formation from NO reacting with O2. As the
conversion increases with increasing residence time, the con-
centrations of N2 and O2 increase while NO2 concentration
increases first and then decreases. This indicates that at high
conversion (longer retention time) the decomposition of NO and
the formation and decomposition of NO2 are the main reactions.

TABLE 1: Variation of Electrical Parameters and Rate
Constants for NOx Decomposition with Input Voltage Using
an All-Glass Tubular Plasma Reactora

Vin

(kV)
Vp

(kV)
Vp′

(kV)
Ip

(mA)
P

(W)
P′

(W)
Texc

(K)
k (mol3/4

L-3/4 s-1)

1.75 1.38 0.46 17.3 0.696 0.232 3600 1.47× 10-4
2.25 1.83 0.67 13.2 1.20 0.439 3700 2.40× 10-4
2.75 2.38 0.93 12.8 2.03 0.794 3.52× 10-4
3.25 2.85 1.20 12.8 2.94 1.238 4600 4.23× 10-4
3.75 3.30 1.17 18.6 4.50 1.67 5100 7.55× 10-4
4.25 4.02 1.11 34.1 7.66 2.11 5300 14.8× 10-4

a Vin, input voltage;Vp, peak voltage;Ip, peak current;P, power;
Vp′, plasma peak voltage;P′, plasma power.

E(1):
1 kJ/mol NO) (1000/96 487) eV/NO) 0.0104 eV/NO

(1)

tred ) 60Vred/F ) 74.4/F (2)

GHSV ) 60F/Vred ) 48.4F (3)

ø, % ) (1 - [NO]/[NO]0) × 100% (4)

ø′, % ) (1 - 2[N2]/[NO]0) × 100% (5)

conc., mol/L) vol % ((1000 mL/L)× (273 K/295 K)×
(1 mol/22 400 mL) (6)
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The selectivity to NO2 reaches a maximum (ca. 30%) at different
residence times which decreases with increasing input voltage.
Effective conversion of both NO and NO2 can be achieved at
high voltages and longer residence times.

A quadrupole MS was used to detect products at trace levels.
When plasmas were generated, very low concentrations (<10-
12 mmHg) of N2O3 (m/z ) 76), N2O4 (m/z ) 92), and low
concentrations (<0.01%) of N2O (m/z of 30 and 44) and O3
(m/z ) 48) were observed. The signal of N2O might be
overlapped by CO2 (m/z ) 44). These nitrogen oxide species
might be intermediates in NO decomposition.

2. Variation of Specific Energy Consumption with Input
Voltages and Residence Time.The specific energy consump-
tion, an indication of the energy efficiency for the decomposition
of NO with plasmas, varies with both the input voltage and
residence time. At all input voltages, the specific energy
consumption in terms of NO conversion (E(1)) decreases first,
reaches a minimum, and then increases as the residence time is
increased (Figure 5). For a given GHSV, the energy consump-
tion usually exhibits a maximum at 2.75-3.25 kV. For 1%

NO in He, the energy consumption is usually in the range of
1400-4000 kJ/mol converted NO. This can exceed 5000 kJ/
mol NO (ca. 50 eV/NO) at high input voltages and short
residence times.

With only a few exceptions, the specific energy consumption
in terms of N2 formed (E(2)) increases on decreasing GHSV
and is usually 2-10 eV/NO larger than the corresponding
specific energy cost in terms of NO conversion. This specific
energy also exhibits a maximum at 2.75-3.25 kV for a GHSV
> 1700 h-1. At longer residence times the energy consumption
increases sharply and continuously as the input voltage increases
(Figure 6).

In general,E(2) is greater than the correspondingE(1). The
difference between the two energy consumption values is found
to be proportional to the selectivity to NO2. For a given input
voltage,E(1) exhibits a minimum at the residence time when
SNO2 is highest. The decrease inE(1) is due to oxidation of
some NO to NO2 by O2 that is initially produced.

C. Comparison between All-Quartz and Metal Reactors.
Results of NO decomposition with tubular metal plasma reactors
with rhodium and iron as electrodes are shown in Figure 7.
Much higher initial NO conversions are obtained with both metal
electrodes with respect to the all-quartz reactor, suggesting that

Figure 2. Variation of NO conversion with residence time at different
input voltages.

Figure 3. Variation of concentration of N2 formed with residence time
at different input voltages.

Figure 4. Dependence of selectivity to NO2 on residence time at
different input voltages.

Figure 5. Variation of specific energy consumption with respect to
NO conversion (E(1)) with input voltages and residence times.
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metal surfaces can catalyze the decomposition of NO. Con-
siderable deactivation was observed with both metal-electrode
reactors. At 3.25 kV and a GHSV of 2000 h-1, NO conversion
decreased from 85% att ) 30 min to 47% att ) 12 h in an
iron tubular reactor. After reaction, the surface of the iron
electrode became dark and rough. The deactivation of the
metal-electrode reactor is due to changes of the metal surface
(oxidized to metal oxides). Although the Rh reactor is much
more stable than the Fe reactor, the activity of the Rh decreased
to 53% att ) 60 h. The Rh electrode became much duller
after reaction. Under the same conditions, an all-quartz reactor
maintains an NO conversion of ca. 60% with almost no
deactivation. The quartz surface of the all-quartz reactor did
not change, even after reaction at much higher voltages for much
longer time. This very stable surface may account for the very
stable activity of the all-quartz reactor. The relatively lower
initial activity and very good stability suggest that the decom-
position of NO in plasmas in an all-quartz reactor may be
noncatalytic while catalysis is involved with metal-electrode
reactors, whose initial activity is higher but decreases in time.

Another advantage of the all-quartz reactor is its much higher
energy efficiency for NO decomposition than that for metal
reactors. Under our experimental conditions the specific energy

consumption for NO decomposition in an all-quartz reactor is
ca. 2.3× 103 kJ/mol NO (ca. 23 eV/NO), less than1/6 that of
metal reactors with Rh or Fe as electrodes. The specific energy
consumption for an all-quartz reactor is much smaller than that
for a similar deNOx process using a corona plasma reactor,
which is 200-1000 eV/NO.42

D. Effects of [NO]0 on NO Conversion, Selectivity to NO2

and Specific Energy Consumption. Reactions of NO of
different concentrations were studied using a fixed GHSV of
3000 h-1 at different voltages (Figure 8). As the concentration
decreases, NO conversion increases sharply. Complete decom-
position of NO is obtained at [NO]0 ) 1050 ppm, higher input
voltages (3.25 kV and higher), and GHSV of 3000 h-1 or lower.
For a reactant [NO]0 of 250 ppm, a 100% conversion of NO
was achieved at 2.25 kV and GHSV of 3000 h-1.

The production of NO2 is greatly reduced at lower [NO]0.
The maximum selectivity to NO2 decreases from over 35% at
[NO]0 ) 10 000 ppm to 10% at [NO]0 ) 1050 ppm. Selectivity
further decreases to less than 5% at [NO]0 ) 550 ppm. Almost
no NO2 can be detected in reactions of [NO]0 of 250 ppm.

The specific energy consumption for a 1% NO in He at
GHSV of 3000 h-1 is <2300 kJ/mol NO. While the conversion
of NO increases sharply on decreasing [NO]0, the energy
consumption increases in a similar manner, especially at high
input voltages, reaching 5.7× 104 kJ/mol NO at 3.25 kV and
[NO]0 of 250 ppm (1.2× 104 kJ/mol NO at 1.75 kV). Since a
conversion of NO of 100% can be easily achieved at low input
voltages (<2.25 kV) for low [NO]0, higher input voltages (and
therefore high energy consumption) are unnecessary.

E. Reaction of NO in the Presence of Additives.Reactions
discussed in this section are for a mixture of 0.45% NO in He
along with additives, which is prepared from 1% NO in He
and proper additives. The results are discussed as follows.

1. Effects of Addition of Reductants.Three types of
reductants, predeposited carbon, carbon monoxide, and ethane,
were used to test the effects of reductants on the decomposition
of NO. The results are shown in Figure 9.

The addition of carbon greatly increases the conversion of
NO, especially at lower input voltages. The conversion
increases further as the amount of carbon increases. Both CO
and CO2 are detected as products even at low voltages. As
reaction proceeds the concentrations of CO and CO2 decrease,
and the conversion of NO also decreases slowly. This suggests

Figure 6. Variation of specific energy consumption with respect to
N2 from decomposition (E(2)) with input voltages and residence times.

Figure 7. Variation of NO conversion with time-on-stream with Rh,
Fe, and all-quartz tubular reactors (input voltage, 3.25 kV; GHSV, 2000
h-1).

Figure 8. Variation of NO conversion with concentration of NO.
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that carbon deposits can react with NO or O2 produced from
NO, thus greatly increasing the conversion.

The addition of CO has similar effects to those of predepos-
ited carbon, with NO decomposition being greatly enhanced.
The conversion of CO itself is small at lower voltages (<10%
at 2.75 kV). CO conversion becomes important only as input
voltages increase over 3.25 kV, reaching ca. 40% at 3.75 kV.
CO2 appears to be the main product from CO. No carbon
deposits were observed after the reaction was stopped.

The addition of ethane greatly enhances NO conversion. As
shown in Figure 9, ethane is the most efficient reductant that
we studied that increased the conversion of NO. However,
several hydrocarbon species other than ethane are produced
besides CO and CO2, such as methane, ethene, acetylene, and
many higher hydrocarbons. The conversion of ethane is<30%
even at 4.25 kV.

2. Effects of Addition of O2 on NOx Decomposition.When
oxygen is added to the reactant, some NO is oxidized to NO2,
whose concentration depends on both [NO] and [O2]. The
reactants are actually a mixture of NO and NO2 (NOx). For
[NOx]0 of 4500 ppm, the fraction of NO2 in the feed increases
sharply as [O2] in the feed increases (being over 50% when
[O2] > 1.2%). At lower [NOx]0 (1050 ppm or less), the fraction
of NO2 is less than 25% even at [O2] of 10%.

At [NOx]0 ) 4500 ppm, the conversion of NO increases
greatly as oxygen is added, although a large fraction (up to 60%)
of NO goes to NO2. The total NOx decomposition is also higher
than that without addition of oxygen (Figure 10) (except at [O2]
of over 5% and higher input voltages), showing that the addition
of oxygen favors the decomposition of total NOx in this voltage
range. At higher [O2] and higher voltages, however, the total
NOx decomposition is slightly less than that without added
oxygen.

At [NOx] ) 1050 ppm, the conversions of both NO and total
NOx decrease with oxygen added at [O2] < 3%. At higher [O2],
the conversion of NO increases slightly at lower input voltages
(2.75 kV or less) but decreases considerably at higher voltages.
The total NOx decomposition always decreases with added
oxygen under all conditions that were employed.

3. Effects of Addition of Water and CO2. When the
concentration of water is small (1.3%), the conversion of NO

changes slightly at lower input voltages but decreases consider-
ably at higher voltages. Conversion of NO decreases greatly
as the concentration of water vapor in the reactant is further
increased to 3.2%, especially at higher voltages (Figure 11).
At [H2O] ) 12.3%, the conversion of NO is less than half that
of the water-free decomposition of NO at all input voltages,
dropping to only 38.1% even at 4.25 kV and a GHSV of 3000
h-1.

The conversion of NO was considerably decreased by addition
of CO2 (5.5% in the mixture, Figure 11), especially at higher
voltages and was further decreased when [CO2] was increased.
The concentration of CO2 shows almost no change at lower
input voltages but slightly decreases at higher voltages, with
considerable amounts of CO detected, showing that the decom-
position of CO2 into CO and O2 competes with NO decomposi-
tion. However, the conversion of CO2 is less than 9.0% even
at 4.25 kV.

As mentioned above, the presence of additives caused little
change in the required power of the plasma yet resulted in
considerable changes in conversion. The specific energy

Figure 9. Conversion of NO vs input voltage showing effects of
addition of carbon, CO, and C2H6 (4500 oom NO in He; GHSV, 2300
h-1).

Figure 10. Conversion of NO (a and c) and total NOx decomposition
(b and d) vs input voltage showing effects of addition of 5% O2 (GHSV,
2300 h-1; and b 4500 ppm NO in He alone; c and d, 5% O2 added).

Figure 11. Conversion of NO showing effects of addition of H2O and
CO2 (4500 ppm NO in He; GHSV, 2300 h-1).
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consumption, therefore, changes accordingly with change in NO
conversion. No detectable concentrations of HNO2, HNO3, or
H2O2 were observed with quadrupole MS when H2O was added.
The partial pressure of O3 did not show a marked increase
(<10-12 Torr) when O2 is added. These species probably
adsorb in the reaction lines and decompose before being detected
by the MS system.

F. Optical Emission Spectroscopic Studies of NO De-
composition by CCD Detector. 1. Spectroscopic Studies of
ConVersion of NO in He.Figure 12 shows the emission spectra
of plasmas of 1% NO in He at various input voltages. At low
input voltage and short residence time (1.6 kV and 0.4 s for
NO conversion< 2%) emission of NO (237 nm), N((747 nm),
O((777 nm), and N2/O2 were observed as well as emissions for
various He species. When input voltages increased, the intensity
of excited helium species (He, He+, etc.), those of excited
radicals such as N‚ and O‚, and those of excited N2 and O2 all
increased, along with a decrease in relative intensities of NO
emission lines. When the residence time increased, similar
trends were observed for NO, N2, and O2. The relative
intensities of radicals of N‚ and O‚ increased first, reached a
maximum, and then decreased. This clearly indicates that NO
decomposes to N2 and O2 with radicals of N‚ and O‚ as
intermediates.

Spectra were also taken along the axis of the reactor. The
intensities of He emission change slightly, but those of N‚ and
O‚ change considerably. Oscillations of the relative intensities
of N2, O2, and NO as well as radicals of N‚ and O‚ can be
observed along the axis (Figure 13). This suggests that
oscillatory reactions of NO along the reactor axis exist in the

plasma region. This oscillation can be observed at various
GHSV. Note that O‚ oscillations may not be so obvious because
the data are been normalized to the most intense He emission
(700 nm). Inhomogeneity of the plasma along the axis or
interactions between plasma species may account for the
oscillation of the relative species.

2. Studies of Effects of AdditiVes Via Optical Emission.
When O2 of <1% was added to the reactant, the emission
spectra did not change much except that O2 and O‚ species
increased considerably. The He species decreased in intensity
as [O2] increased, almost disappearing when the [O2] was over
5%. The addition of air has similar effects to those of O2.

The intensities of N‚, O‚, and N2/O2 decreased sharply when
water vapor was added to the 1% NO/He reactant even at [H2O]
of 0.4%. HO radicals with emissions at ca. 310 nm were
observed. Radicals of O‚ were also observable; however, the
intensities were much smaller than those of H2O-free systems
(Figure 14). When CO2 was added instead of H2O, species of
CO, CO2, and CO2

+ were observed, with a marked decrease in
intensities of the He series as compared to the NO/He-only
reactant, although the CO2-induced decrease was not as effective
as that of H2O.

Minor additives of CO or C2H6 (ca. 0.4% each) also led to
considerable decrease in the intensities of He emission, and
additional emission of CO (287 nm) and CO2 (485 nm) are
observed. Additional CH‚ radicals (430 nm) and CO, CO2 are
observed when C2H6 is used. Meanwhile, the emission of
O‚ radicals decreased. A mixture of (0.45% NO, 5% O2, 5%
CO2, and 3.2% H2O) in He or a mixture of similar composition
with N2 in place of He showed, only emission of oxygen,
nitrogen, and‚OH.

IV. Discussion

A. Kinetics Studies of NO Decomposition. From results
in section IV.A, some model reactions in the all-glass reactor
with 1% NO are those described in eqs 7-9:

Figure 12. Optical emission spectra of 1% NO in He at different input
voltages.

Figure 13. Variation of relative emission intensities (relative to
emission line of He at 700 nm) along the axis of the all-quartz plasma
reactor.

NO f 1/2N2 + 1/2O2 (7)

NO + 1/2O2 f NO2 (8)

NO2 f 1/2N2 + O2 (9)
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Since the amounts of nitrogen species other than NO, NO2, and
N2 are negligible, a nitrogen balance can be obtained from eq
10:

Two equations (eqs 11 and 12) can be derived from eq 10:

At shorter residence times [N2] and [NO2] increase linearly with
increasing residence times. At higher conversions, the concen-
tration of NO2 decreases with increasing residence time. These
data suggest that at low conversions the major reactions are
eqs 7 and 8. At high conversions (>50%) reactions 7-9 may
all be important.

The reaction of a mixture of 2% N2 + 2% O2 in He using an
all-glass plasma reactor was also carried out. No detectable
amounts of NOx were observed under conditions employed for
NOx decomposition. This indicates that the reverse reaction
for NOx decomposition is not important. A simplified reaction
scheme for NOx decomposition and a kinetic expression are
given in eqs 13 and 14, respectively (k is the NOx decomposition
rate constant):

where NO and NO2 are summed as total reactant, NOx. A
similar approach for simplifying the reaction system was
employed in kinetic studies of many important petrochemical

processes such as catalytic cracking of gas oil.41 From the
reaction rates of NO of different concentrations (10 000, 4500,
and 1050 ppm), the reaction order of NOx decomposition is
found to be 0.28, which for simplification leads to a reaction
order ofn ) 1/4. The corresponding differential kinetic equation
for NOx decomposition is given in eq 15:

A [NOx] versus time (t) formula is thus obtained by integrating
eq 14, as given in eq 16:

Substituting eq 11 into eq 15 leads to a relationship between
the rate of decomposition of NOx and the rate of formation of
N2, as given in eq 17

with which the rate constants at different input voltages are
obtained from linear regressions with [N2] data of Figure 3.
The rate constant (listed in Table 1) increases exponentially as
the input voltage increases, very similar to the variation of rate
constants of conventional reactions with reaction temperatures.

B. Mechanistic Description of NOx Decomposition in
Plasmas. The results of section IV.A show that peak voltage
and peak current remain relatively constant when NO or other
additives are present in the plasma system. The properties of
the plasma are mainly determined by the carrier gas at a given
input voltage. The interaction between high-temperature elec-
trons and He carrier gas (instead of reactant NO) is the main
initial energy transfer in the plasma. This may be justified
considering that the carrier gas is the predominant component

Figure 14. Optical emission spectrum of reaction of 0.45% NO in He with addition of 3.2% H2O at 3.75 kV and GHSV of 2300 h-1.

[NO] + 2[N2] + [NO2] ) [NO]0 (10)

[NO2] ) [NO]0 - [NO] - 2 [N2] ) ø[NO]0 - 2[N2] (11)

[NO] + [NO2] ) [NOx] ) [NO]0 - 2[N2] (12)

NOx f 1/2N2 + x/2O2 (13)

-d[NOx]/dt ) k[NOx]
n (14)

d[NOx]/dt ) k[NOx]
1/4 (15)

[NO]0
3/4 - [NOx]

3/4 ) 3/4kt (16)

[NO]0
3/4 - (1 - 2[N2])

3/4 ) 3/4kt (17)
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in the system. As shown in Table 2, the excitation temperature
of the plasma decreases markedly when NO and/or the additives
are presented, showing energy transfer between excited He
species and reactant molecules, which are activated by excited
carrier gas species and further undergo decomposition. CCD
studies show that NO decomposes to N2/O2 via N‚/O‚ inter-
mediates. On the basis of these results, a simple mechanism
for the decomposition of NO can be proposed as shown in eqs
18-26 that represent model reactions

where AE represents an active species that can activate the
reactants. These are high-energy state carrier gas molecules or
ions that are excited by high-temperature electrons (e-) in
plasmas. The starred species (NO*) are activated species.
When H2O is added, plasma-induced radicals of HO‚ and H‚
may participate in the reaction. Similarly, corresponding
plasma-induced species will participate when CO2, O2, C, CO,
C2H6, and air are added.

The concentration of N2O is very small at all residence times
in this system. Reaction 24 can be neglected. Reaction 23 is
also believed to be a minor pathway. The formation of NO2

should be mainly due to eq 25, a nonplasma reaction between
NO and molecular oxygen. At lower [NO]0 and therefore low
[O2], the formation of NO2 becomes insignificant.

As mentioned in section IV.B, the difference in the two types
of specific energy consumption is proportional to the selectivity
to NO2, which suggests that the reaction of NO with oxygen to
NO2 does not need energy from the plasma. Reaction 25 is
not plasma-induced, which is confirmed by the fact that a
fraction of NO is oxidized to NO2 by externally added oxygen
without the presence of a plasma.

The peak current of the plasmas increases as input voltage is
increased. More electrons with higher energy and therefore
more excited active species in the plasma are present that can
lead to a higher conversion of NO. The number of active
species is limited so that the conversion of NO is decreased
when the concentration of NO is increased.

C. Effects of Addition of Reductants and O2, CO2, and
Water. CO2 and water are always produced with the formation
of NOx in power plants and motor vehicles in the presence of
oxygen. Many studies suggest that the presence of water is
detrimental to catalysts, especially to zeolite-based catalysts,
owing to steam-induced dealumination at elevated tempera-
tures.14,35 The conversion of NO was also affected by the
addition of O2 and/or CO2 to different degrees.

The addition of molecules other than NO and the inert carrier
gas could scavenge active species in the plasma, leading to a

decrease in intensities of He emission and a decrease in the
conversion of NO. This explains the decrease in activity when
CO2 and water are present in the reaction. Considerable
amounts of carbon monoxide were detected at higher voltages
when CO2 was added. Similarly, H2 of very low concentration
was detected when water was added. This indicates that
reactions of the additives may compete with NOx decomposition
in the plasma. The consequence of the presence of competing
reactants is that fewer molecules of NOx may likely be activated,
thus leading to a decrease in the conversion of NOx. Although
activity is reduced when water is added, the very important
aspect of the all-quartz plasma reactor is that the conversion of
NOx is very stable. In comparison, almost all zeolite-based
catalysts suffer from severe deactivation owing to dealumination
by steaming with the presence of water vapor at elevated
temperatures.35 Metal-electrode plasma reactors also deactivate
rapidly owing to deterioriation of the electrode surface in the
presence of NOx and H2O in plasmas.

Some NO is oxidized to NO2 when O2 is added into the
reactant. In reactions with plasmas, the decomposition of NO2

is easier than that of NO. The addition of O2 can lead to an
increase in NO conversion and total NOx conversion at lower
input voltages. However, oxygen is one of the products of NOx

decomposition, whose presence will increase the rate of the
reverse reaction (NOx syntheses). In addition, oxygen could
also act as a scavenger or at least a competitive species. Such
oxygen species at higher input voltages will hinder the conver-
sion of NOx. At low initial [NO], only a small fraction of NO
is converted to NO2 in the presence of O2, when inhibiting
effects of O2 prevail.

Reductants, however, can reduce NO in plasmas. For
instance, carbon can react with NO to form CO and CO2, as
shown in eq 27

Carbon may also react with oxygen atoms formed from the
breakdown of NO (as indicated by the reduction of intensities
of O‚ emission), thus greatly facilitating the conversion of NO.
The enhancement of NOx conversion by carbonaceous species
with plasmas may find important applications in diesel engine
vehicles, which need simultaneous removal of both carbon-
aceous particles and NOx.34 CO and hydrocarbons have similar
effects. Some intermediate species, such as radicals of CHx‚
(as observed in this work) and CxHy‚,44 are formed in plasmas
when C2H6 or other hydrocarbons are used as a reductant. These
species may produce stronger reducing power than carbon and
CO leading to selective reduction of NOx.

Similar results have been observed for the reaction of NO in
N2 and simulated flue gases and exhaust gases, except that the
minimum input voltages for generating plasmas in these systems
are much higher than in the NO/He system.

V. Conclusions

Effective decomposition of NOx of different concentrations
(250-10000 ppm) can be achieved with very good stability
using an all-quartz tubular plasma reactor. NOx decomposition
in plasmas in an all-quartz reactor is noncatalytic and much
more energy efficient than that in metal reactors. Input voltages,
space velocities, NOx concentrations, and the presence of other
species all play an important role in the conversion of NOx.
Higher conversions can be obtained at higher input voltages,
smaller space velocities, and smaller initial concentrations of
NO. Addition of CO2 or water inhibits the conversion of NOx.

e- + A f AE (18)

NO + AE f NO* (19)

NO* f N‚ + O‚ (20)

2N‚ f N2 (21)

2O‚ f O2 (22)

NO + O‚ f NO2 (23)

NO + N‚ f N2O (24)

NO + 1/2O2 f NO2 (25)

NO2 + AE f NO* + O‚ (26)

C + NO f COx + N2 (27)
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The presence of reductants such as carbon, CO, and hydrocar-
bons enhances the conversion of NO. The addition of O2 can
facilitate NOx conversion at higher [NO]0 and lower input
voltages but decrease NOx conversion at lower [NO]0. The all-
quartz reactor is very stable in the presence of water vapor and
O2 and shows good activity in NOx decomposition. In the
plasma system, energy transfer occurs initially from electrons
to the carrier gas, whose excited species further transfer energy
to reactant molecules and additive molecules that undergo
activation and decomposition. The decomposition of NOx into
N2 and O2 with plasmas proceeds via N‚ and O‚ radicals.
Oscillations in the plasma have been observed. In addition,
two types of reactions are observed in the process including
plasma-induced reactions, such as the activation and decomposi-
tion of NOx into N2/O2, and nonplasma reactions, such as the
reaction of NO with produced O2 to form NO2.
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