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Reduction of nitrogen oxide in N 2 by NH3 using intermittent dielectric
barrier discharge
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NO in N2 gas was removed by injecting ammonia radicals, which were externally generated by
flowing the NH3 gas diluted with Ar gas through dielectric barrier discharge with a one-cycle
sinusoidal-wave power source. The NO reduction for changes in both the applied voltage and the
repetition rate was well correlated with the discharge power, which was proportional to the total
discharge time per unit time. There was an optimum NH3 concentration in the narrow concentration
window for the energy efficiency of NO reduction at a fixed discharge power. The maximum energy
efficiency was obtained at small values of the NH3 concentration and the discharge power. The low
NH3 concentration effectively increased the energy efficiency by drastically decreasing the
discharge-firing voltage. ©2001 American Institute of Physics.@DOI: 10.1063/1.1394902#
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I. INTRODUCTION

The thermal reduction and elimination of the nitrog
oxide (NOx) from postcombustion gases via ammon
(NH3) addition1 have been used in burning technolog
Modeling results of the thermal de-NOx process are particu
larly sensitive to the branching ratio:

NH21NO→N21H2O, ~1!

NH21NO→NHN1OH. ~2!

Equation~1! gives a termination reaction, while Eq.~2! in-
dicates a source of OH as well as H~from NHN dissocia-
tion!. These radicals are key to sustaining the ch
reaction.2,3 Recently, nonthermal plasma processes4–13 were
proposed to use for the NOx removals at lower temperature
The plasma processes have attracted attention becau
their low instrumental costs and simple process, where
plasma-induced radicals efficiently convert NOx into harm-
less gases such as N2, O2 , and H2O. Nonthermal plasmas
can be produced either by electron-beam irradiation12,13 or
by electrical discharge method.4–11,13 Concerning electrica
discharge methods, the dielectric barrier discharge~silent
discharge!,8,11 the corona discharge,4–7,11and the surface dis
charge have been reported. This study used the diele
barrier discharge at atmospheric pressure. The dielectric
rier discharge is driven by self-extinguishing very sh
pulses of high voltage, thus creating short-lived discha
plasmas that consist of energetic electrons, which efficie
produce the radicals for the NOx removal. Additional advan-
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tages of the dielectric barrier discharge are that a low-c
treatment is possible without using the vacuum system,
that the durable years of the apparatus are prolonged,
cause the materials which are inert to NOx , ammonia, and its
radicals can be used as dielectric materials.

In the usual electrical discharge methods, the plasm
produced in the discharge volume, where the reaction
such as ammonia is mixed with NOx . This study used the
method of radical injection,5–7,9–11where the ammonia radi
cals were externally generated in a separate chamber
small volume through electron-impact dissociation and io
ization, and were injected in NOx gas to reduce/or oxidize
the NOx molecules. Therefore, the method of radical inje
tion is efficient in large-scale NOx removal.

This study concerns the removal via reducti
process,9–11 while the reported studies have mainly co
cerned about the NOx removal via oxidation process.4–8 Ki-
netic modeling by Zhouet al.9,10 indicated that the NH2 radi-
cals, which are externally generated and injected into fl
gas, were capable of reducing a large amount of NOx at
temperatures well below the limit of the thermal de-NOx

process. In their experiments NOx was reduced by injecting
ammonia radicals, which were externally generated by flo
ing the NH3 gas diluted with Ar gas through inductivel
coupled plasma system. Penetranteet al.11 compared the
electrical energy consumption of different kinds of nonth
mal plasma reactors with regards to the electron-impact
sociation of N2 and the subsequent reduction of NO by t
nitrogen atom. They showed that the energy cost for red
tion of NO, 240 eV, was simply the energy cost for produ
tion of N radical.

In this study, NO in N2 gas was reduced by the ammon
2 © 2001 American Institute of Physics
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radicals, which were generated by flowing the NH3 gas di-
luted with Ar gas through dielectric barrier discharge with
one-cycle sinusoidal~OCS!-wave power source. Ar gas wa
used to minimize generation negative ions near the disch
zone and to maximize electron impact ammon
dissociations.7 The ammonia radicals were injected to a r
action chamber, and were mixed with the NO gas dilu
with N2 . Among the ammonia radicals, NH2, NH, and N,
the NH2 radical is considered the primary reducing age
The NO reduction and its energy efficiency are discus
based on the experimental results for wide ranges of the
monia concentration and the discharge power of the plas

II. EXPERIMENT

Figure 1 shows schematic diagrams of the nitric ox
~NO! reduction system and the radical injector. The syst
consists of two chambers: one used as an unheated ra
injector for producing ammonia radicals, and the other a
heated reaction chamber for decomposing the NO gas
mixing it with the ammonia radicals generated in the radi
injector. In this system, the ammonia radicals were produ
from ammonia gas without directly exposing the NO gas

FIG. 1. Schematic diagrams of~a! experimental apparatus and~b! radical
injector with its dimensions.
Downloaded 19 Jun 2007 to 130.54.110.22. Redistribution subject to AIP
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the plasma. The NO removal reaction was initiated by inje
ing the ammonia radical into the reaction chamber.

The electrodes are coaxial in configuration with qua
glass tubes as dielectric materials. The outer glass tube i
mm in diameter and 2 mm thick, while the inner glass tube
50 mm in diameter and 2 mm thick. Thus, the gap betwe
the outer and inner glass tube is 1.5 mm. The dielectric b
rier discharge occurred at the gap. The metallic electro
covered both the outer side of the outer glass tube and
inner side of the inner glass tube. The grounded outer e
trode is made of a mesh steel sheet, and the inner electro
made of stainless steel. The inner electrode can be coole
tap water during the application of the high voltage. In th
study, however, the cooling of the electrode was not nee
because of the use of the intermittent power source.

NO gas was diluted with nitrogen, and ammonia w
diluted with argon gas. The concentration and flow rate
NO and NH3 were adjusted in the gas blender by mixin
with nitrogen and argon gas. The NO concentration w
1000 ppm by volume, and the gas flow rates were 1.5, 2,
4 l/min. The NH3 concentration was in a range of 0.1%–3
by volume, and the gas flow rates was 0.5 l/min. The
justed NO gas was fed in the reaction chamber of 50 mm
diameter and 1.3 m long, and the adjusted NH3 gas was fed
to the radical injector. The concentrations of NO, NO2, and
O2 were measured before and after plasma processing.
concentration of the de-NOx gas after flowing through the
reaction chamber was measured with a NOx meter ~Shi-
madzu NOA-7000! set at the exit. The data were single poi
measurements. The NO reduction is defined as the rati
NO reduced to the initial concentration of NO.9 During the
experiment, the reaction temperature was kept constant in
range of 350–600 °C. The temperature was measured a
mixing area.

The dielectric barrier discharge was produced with
intermittent power source. Figure 2~a! schematically shows
the waveform of the applied one-cycle sinusoidal volta
The repetition rateRR is defined as the reciprocal of th
repetition timeT1 of the discharge.T0 was approximately 10
ms, andRR was 5–50 kHz. That is, the one-cycle sinusoid
voltage was intermittently applied to the gap for a durati
of 10 ms at a repetition rate of 5–50 kHz.

Figure 2~b! shows a schematic diagram of the elect
circuit for producing a dielectric barrier discharge and f
measuring electric characteristics. The output peak-to-p
voltage of the power supply was 5–20 kV. The voltage w
raised by a pulse transformer~winding ratio of 1:15!. The
accumulated charge was obtained from the voltage acro
series capacitor~16 nF! that was connected on the side of th
ground in a circuit. The energy input during one cycle of t
dielectric barrier discharge was estimated from the accu
lated charge and voltage across the output windings of
transformer using theV–Q curve of the Lissajous figure
The time evolutions of source voltage, current, and accum
lated charge were simultaneously monitored with an osci
scope.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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III. RESULTS AND DISCUSSION

A visual observation of the plasma in the radical injec
showed no feature of the filamentary discharge, and the
rent waveform observed with the oscilloscope showed
series of spikes, which is characteristic of the filament
discharge. These facts strongly suggest that the plasma
diffused glow-like discharge. Figure 3 shows theV–Q curve
of the Lissajous figure for the discharge at an applied volt
of 10 kV and at a NH3 concentration of 1%. The slope of th
curve represents the composite capacitance of both the

FIG. 2. One-cycle sinusoidal power source.~a! Waveform of voltage sup-
plied from a one-cycle sinusoidal power source, and~b! circuit for measure-
ments of electric characteristics.

FIG. 3. V–Q Lissajous figure.
Downloaded 19 Jun 2007 to 130.54.110.22. Redistribution subject to AIP
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electric material and the gap. Thus it becomes small w
discharge occurs. During the cycle starting fromA, the dis-
charge occurs only duringB–C, D –E, and F –A in one
cycle. The figure is not like a parallelogram, which is a typ
cal form for dielectric barrier discharge. This is because
voltage wave is not ac but intermittent one cycle sinusoi
of a period of 10ms. Figure 4 shows the total discharge tim
and the energy input per one cycle of sinusoidal as a func
of the applied voltage. The total discharge time increa
with increasing applied voltage, and hits the ceiling of abo
8 ms at above 12 kV. The energy input per one cycle
creases with increasing the applied voltage. Thus, the
crease in energy input is attributable to the increase of t
discharge time at an applied voltage below 12 kV due t
fixed value of energy input per one pulse of discharge,
cause the voltage applicable to the gap during discharg
fixed by the dielectric electrodes. When the applied volta
was further increased from 18 kV, the shining lines we
frequently observed to occur in plasma, and the discha
became unstable. Thus, under the experimental condition
this study~the applied voltage is below 18 kV! the excitation
intensity of plasma is not changed, and the energy input
one cycle is increased by increasing the total discharge ti

Figure 5~a! shows the discharge power at 10 kV as
function of NH3 concentration. The discharge power is a
proximately constant, i.e., about 23 kW, showing a we
dependence on NH3 concentration. Figure 5~b! shows the
discharge-firing voltage as a function of NH3 concentration.
The measured discharge-sustain voltage was a little less
the discharge-firing voltage. For pure Ar gas, the dischar
firing voltage is 6.8 V. When a small quantity of NH3 is
mixed with Ar gas, the discharge-firing voltage drastica
decreases to 2 kV at NH3 concentrations of 0.1%–0.3%, an
then slowly increases with increasing NH3 concentration.
Thus, the low concentration of NH3 is effective to decrease
the discharge power of radical injector. This fact is attrib
able to the Penning ionization. That is, the excited Ar ato
in metastable state~4 3P2 and 43P0! ionize NH3 molecules,
because the excitation energies~11.55 and 11.72 eV! of
Ar(4 3P2) and Ar(43P0) are larger than the ionization en
ergy~10.85 eV! of NH3. It is expected that the dischargeab
voltage can be further lowered by the additional mixing o
small quantity of other gas.

FIG. 4. Discharge time and input energy as a function of applied volta
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Figure 6 shows the NO reduction as a function of re
tion temperature. NO is not reduced at a temperature be
500 °C. It is partly reduced at a temperature above 500
and is completely reduced at about 600 °C. When the
charge was switched off, NO was not reduced at these t
peratures. It is noted that the electron impacts efficiently d
sociate NH3 at a low temperature, although NH3 is not
thermally dissociated at a temperature below 900 °C. T
measured low temperature indicates that the NO reduc
reaction of this study is triggered only by plasma effect. T
following results were obtained at a reaction temperature
600 °C.

FIG. 5. Discharge characteristics:~a! discharge power as a function of NH3

concentration, and~b! discharge-firing voltage as a function of NH3 concen-
tration.

FIG. 6. NO reduction as a function of reaction temperature.
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Figure 7 shows the NO reduction for two kinds of N
gas flow rates as a function of the NO concentration. The
reduction decreases with increasing NO concentration,
reduction for 4 l/min being lower than that for 2 l/min. A
the data, except for that at 1000 ppm for 4 l/min, are w
correlated with the solid lines, which show a constant vo
metric NO reduction rate of 1.2 cm3/min. That is, the molar
NO reduction rate is constant, i.e., 5.3631025 mol/min, for
the NH3 flow rate of 22.331025 mol/min and is independen
of the flow rate and the concentration of NO gas. Thus
NO reduction is not limited by the chemistry of the proce
but rather by the ability to generate ammonia radicals eff
tively and to provide favorable conditions for the introdu

FIG. 8. NO reduction and its energy efficiency as functions of~a! applied
voltageVpp and ~b! repetition rate.

FIG. 7. NO reduction as a function of NO concentration.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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tion to NO gas flow and mixing with it. The following dis
cussions are based on the results, obtained at the
concentration of 1000 ppm and at gas flow rates of 1.5 an
l/min.

Figure 8 shows the NO reduction and its energy e
ciency at a NH3 concentration of 1% as a function of applie
voltageVpp and repetition rateRR , respectively. The energ
efficiency is defined as the mass flow rate of reduced NO
input electrical power. The results obtained by changing b
the applied voltage and repetition rate the show the sa
trend, showing optimum conditions of the discharge for
decomposition of NH3 into the radicals, which reduce NO
efficiently. That is, the NO reduction shows the maximu
values at a repetition rate of 20 kHz and at an applied volt
of 16 kV, while the energy efficiency shows the maximu
values at a repetition rate of 8 kHz and at an applied volt
of 12 kV. Thus, the optimum repetition rate and the optimu
applied voltage for the energy efficiency of NO reduction a
lower than the corresponding for the NO reduction.

These results for the NO reduction and energy efficie
were replotted as a function of the discharge power in Fig
The NO reduction and the energy efficiency are well cor
lated with the discharge power. This fact can be explained
follows. The discharge power increases in proportion to
repetition rate, and it increases linearly with increasing
plied voltage at a constant repetition rate, as shown in Fig
The former is due to a fixed value of energy input per o

FIG. 9. Discharge power dependencies of~a! NO reduction and~b! energy
efficiency.
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pulse, and the latter is attributable to the increase in the n
ber of discharge, because the voltage applicable to the
during discharge is fixed in dielectric barrier discharge.
other words, the NO reduction is determined by the to
discharge time, because the discharge power is proporti
to the total discharge time for changes in both the app
voltage and the repetition rate. Figure 9~b! shows that the
energy efficiency increases with decreasing the discha
power and that the maximum value is obtained near the l
est discharge power. This fact has been reported also fo
NOx removal via oxidation process,4–8 and it is generally
known that the energy efficiency in plasma chemical proce
such as the conventional NO reduction system, ozoni
etc., decreases with increasing the power.5 Therefore, the am-
monia radicals should be produced by the electron-imp
dissociation of NH3, which is the most energetically efficien
way for producing the radicals.

Figure 10 show the NO reduction and its energy e
ciency at applied voltagesVpp of 4, 8, and 12 kV as a func
tion of NH3 concentration. At each applied voltage, the N
reduction and the energy efficiency depend strongly on N3

concentration, showing the maximum values at the sa
value of NH3 concentration. The NH3 concentration win-
dows of effective NO reduction is narrow, suggesting that
fraction of the ammonia radicals~NH2, NH, and N!, which
are produced by electron-impact dissociation of NH3, de-

FIG. 10. NH3-concentration dependencies of~a! NO reduction and~b! its
energy efficiency at applied voltagesVpp of 4, 8, and 12 kV.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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pends on the concentration of NH3, and that the fraction of
the primary reducing agent, NH2 radical, is larger at the ef
fective NH3 concentration. The maximum value of NO r
duction at each optimum NH3 concentration decreases b
the maximum value of energy efficiency increases with
creasing applied voltage, indicating that a lower applied v
age shows the maximum energy efficiency in a way sim
to that for a constant NH3 concentration as shown in Fig
9~b!. Figure 11 shows the optimum NH3 concentration for
the energy efficiency of NO reduction as a function of d
charge power. The optimum NH3 concentration weakly de
pends on discharge power, and decreases with decrea
discharge power, indicating that a lower NH3 concentration
is optimum for a lower discharge power.

The highest energy efficiency, 24 g/kWh, was obtain
at a NH3 concentration of 0.3%, at an applied voltage of
kV, and at a repetition rate of 2.5 kHz. The correspond
specific energy consumption is 46.6 eV per NO molecu
Penetranteet al.11 reported the specific energy consumpti
of 240 eV per NO molecule; the larger value is attributable
the larger dissociation energy of N2 compared to that of

FIG. 11. Optimum NH3 concentration for energy efficiency of NO reductio
as a function of discharge power.
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NH3. A similar value of the energy efficiency, 20 g/kWh, ha
been reported for the NO removal via oxidation process
NO-air mixture using corona discharge,4 although the disso-
ciation energy of O2 is low compared to those of NH3.

IV. CONCLUSIONS

NO in N2 gas can be removed by injecting ammon
radicals, which were externally generated by flowing t
NH3 gas diluted with Ar gas through dielectric barrier di
charge with a one-cycle sinusoidal-wave power source.
NO reductions for changes in both the applied voltage a
the repetition rate are well correlated with the discha
power, which is proportional to the total discharge time p
unit time. There is an optimum NH3 concentration in the
narrow concentration window for the energy efficiency
NO reduction at a fixed discharge power. The maximum
ergy efficiency is obtained at small values of the NH3 con-
centration and the discharge power. The low NH3 concentra-
tion effectively increases the energy efficiency by drastica
decreasing the discharge-firing voltage.
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