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a  b  s  t  r  a  c  t

Nitric  oxide  (NO)  conversion  has  been  studied  for two  different  types  of  atmospheric-pressure  pulsed-
corona  discharges,  one  generates  a  surface-plasma  and  the  other  provides  a  volume-plasma.  For  both
types of  discharges  the energy  cost  for  NO  removal  increases  with  decreasing  oxygen  concentration  and
initial  concentration  of NO.  However,  the  energy  cost  for  volume  plasmas  for  50%  NO  removal,  EC50,
from  air  was  found  to be 120  eV/molecule,  whereas  for  the  surface  plasma,  it  was  only  70  eV/molecule.  A
smaller  difference  in energy  cost,  but a higher  efficiency  for  removal  of  NO  was obtained  in  a pure  nitrogen
atmosphere,  where  NO formation  is  restricted  due  to  the lack  of  oxygen.  For  the  volume  plasma,  EC50
on-thermal plasma
urface-plasma
lue gas treatment
ulsed power
Ox removal

in  this  case  was  measured  at  50 eV/molecule,  and  for the  surface  plasma  it  was  40  eV/molecule.  Besides
the higher  NO  removal  efficiency  of  surface  plasmas  compared  to  volume  plasmas,  the  energy  efficiency
of surface-plasmas  was  found  to  be  almost  independent  of  the  amount  of  electrical  energy  deposited  in
the discharge,  whereas  the  efficiency  for volume  plasmas  decreases  considerably  with  increasing  energy.
This indicates  the  possibility  of operating  surface  plasma  discharges  at  high  energy  densities  and  in more

nven
compact  reactors  than  co

. Introduction

Atmospheric-pressure nonthermal plasmas with low gas tem-
eratures, such as those generated by pulsed corona discharges
nd dielectric barrier discharges, are increasingly being used for
ir pollution control [1–3]. Such discharges are usually filamentary,
omprising thin plasma channels (streamers) which propagate in
he gas between the electrodes. Such plasmas are referred to as
volume-plasmas” in this report. The streamers can also propagate
long solid–gas interfaces, as in surface-flashover, in creeping or
liding discharges [4,5]. They are referred to as “surface-plasmas” in
his report. Interest in the application of surface-plasmas for envi-
onmental air pollution control is growing, particularly because
f their energy efficiency which exceeds that of volume-plasmas
6–10]. This advantage in energy efficiency has been reported for
he destruction of toxic volatile organic compounds (VOCs) [6,7],
he oxidation of nitrous oxide (NO) to nitrogen dioxide (NO2) [8,9],
nd the synthesis of ozone (O3) [10]. The reason for the higher
nergy efficiency of surface-plasmas is assumed to be the more

fficient mixing of reactive species, and the consequently higher
eaction rates, due to the ionic-wind effect and surface mediated
eactions.
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E-mail address: MArifMalik@gmail.com (M.A. Malik).

1 On leave from Institute of Electrical Engineering, Chinese Academy of Sciences,
eijing 100190, PR China.

304-3894/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jhazmat.2011.09.079
tional  volume  discharges.
Published by Elsevier B.V.

Particularly environmentally harmful species are the nitrogen
oxides (NOx). They are present in diesel engine exhaust and in
flue gases. About ninety percent of NOx exist as NO. In order to
remove NO from diesel exhaust or flue gases, it needs to be con-
verted into NO2 which is easier to remove. Removal of NO2 can
be achieved either by selective catalytic reduction [11–14],  by
adsorption [15,16], or by dissolution in water followed by reduc-
tion [17,18].  Oxygen based active species produced in the plasma,
like ozone and atomic oxygen (O), are essential in converting NO
into NO2 [19,20].

Preliminary results under a limited set of experimental con-
ditions show that the surface plasma is more efficient than the
volume plasma for the conversion of NO into NO2 [8,9]. It is desir-
able to test the surface plasma reactor under a broad range of
experimental conditions. This manuscript reports the results of
a more comprehensive study on the energy efficiency of surface-
plasma and volume-plasma for NO conversion under a broad range
of experimental conditions. The NO removal rate was measured
as a function of the initial NO concentration and oxygen concen-
tration, and on the specific input energy [21]. The study revealed
new information that are of academic interest and important with
respect of practical application of the technique.
2. Experimental

The schematic of the experimental setup is shown in Fig. 1. High
voltage pulses of positive polarity (up to 30 kV and 500 Hz)  were

dx.doi.org/10.1016/j.jhazmat.2011.09.079
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:MArifMalik@gmail.com
dx.doi.org/10.1016/j.jhazmat.2011.09.079
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Fig. 1. Schematics of the experimental setup: 1 is the voltage probe, 2 current probe,
3  needle valves, 4 gas flow meters, and 5 pressurized gas bottles. The center line in
the  reactor depicts the wire anode and the bold lines on top and bottom, the two
cathodes.

Table 1
Typical values of electrical parameters in this study.

Reactor Parameter Value

Volume plasma Peak voltage 30 kV
Voltage pulse width at half maximum 100 ns
Voltage rise time (10–90%) 45 ns
Energy per pulse 10 mJ

Surface plasma Peak voltage 30 kV
Voltage pulse width at half maximum 90 ns
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Voltage rise time (10–90%) 45 ns
Energy per pulse 2 mJ

elivered by a “Compact Pulsed Power Modulator MPC3000S-OP1”
Suematsu Electronics Co., Ltd., Japan). The voltage and current
iagnostics and energy calculations were the same as in our ear-

ier study [6,9] using Tektronix TDS 3052 oscilloscope, Tektronix
6015A voltage probe and Pearson Electronics Current Monitor,
odel 110A. The instant power was calculated from the product

VI)  of the measured pulse voltage (V) and current (I). The energy per
ulse (Ep) is the time integral (

∫
VI dt) of the power. The displace-

ent current was measured by reducing the applied voltage to
alues below that required for the discharge breakdown or plasma
ormation. The typical values of the electrical parameters are listed
n Table 1.

Two plasma reactors, i.e., a volume-plasma reactor (Fig. 2) and
 surface-plasma reactor (Fig. 3), were employed in this study.
he cylindrical electrode in the volume-plasma reactor was  kept

.5 cm away from end-fittings made of acrylic, which minimized
he probability that a surface plasma would be generated along the
nd-fittings. The surface-plasma reactor comprises a wire to two
arallel-plate electrodes stretched on the surface of a glass sheet

ig. 2. Coaxial electrodes enclosed in an acrylic container were used for generating
 volume-plasma. The components are: 1 is an acrylic cylinder of 4.5 cm ID, 5.1 cm
D,  and 15 cm length; 2 are acrylic end-fittings; 3 is a cylindrical cathode of 4.5 cm
D,  10 cm length, made of stainless steel mesh; 4 is a stainless steel wire anode of
50  �m diameter stretched along the axis of the cylinder; and 5 are gas inlet/outlet.
 Materials 197 (2011) 220– 228 221

with a second glass sheet parallel to the first one, with a spacer
separating the two  dielectric sheets.

Flow rates of nitrogen (N2), oxygen (O2) and NO from gas cylin-
ders were controlled by needle valves and monitored with ball-float
flow meters. Conditions of one atmospheric pressure, room tem-
perature (25 ◦C), 1 liter per minute (L/min) flow rate, and 30 kV
applied voltage were maintained in the experiments, except when
mentioned otherwise. The concentration of oxygen and NO were
monitored by an NOx analyzer (ENERAC Model 500) equipped
with oxygen and NO sensors. The resolution of the oxygen and
NO sensors was 0.1%, and 1 ppm, respectively, and their accuracy,
as specified by the manufacturer, was 0.2%, and 4% of the read-
ing, respectively. Laboratory tests with nitrogen + oxygen mixture,
NO + nitrogen, and NO + NO2 + nitrogen mixtures show the accura-
cies for oxygen and NO measurements were well within the limits
specified by the manufacturer.

In order to get stable inlet concentration of NO the process gases
were allowed to flow for 1 h before the discharge was switched ON.
The NO concentration at outlet was  measured after 15 min  of dis-
charge ON. Three readings were averaged and each reading was an
average of 3 min  online monitoring. Error bars are not shown in
figures because they were smaller than the size of symbols repre-
senting the experimental values.

Ozone (O3) was  estimated by two methods: (i) indirectly from
the amount of NO consumed when the latter was mixed with the
exhaust gases and (ii) directly by means of UV-spectroscopy using
a UV-Ozone Analyzer model gFFOZ from In USA Incorporated.

The specific input energy (SIE) in units of Joule/liter (J/L) was
calculated by using the formula:

SIE = Epf

Q
(1)

where f is pulse frequency and Q is flow rate of process gas in liters
per second (L/s).

The energy cost (EC) in units of electron-volts per NO molecule
(eV/molecule) was  calculated using the formula [22]:

EC = 250SIE
NOin − NOout

(2)

where NOin is the NO concentration at the inlet of the reactor and
NOout is the NO concentration at the outlet of the reactor, both in
ppm.

The energy yield (EY) in units of the mass (in units of g) of NO
removed per kWh  input (g/kWh) is being calculated by using the
formula:

EY = 1120
EC

(3)

where the constant 1120 is calculated on the basis of the fact
that 1 eV = 1.602 × 10−19 J, 1 kWh  = 3.6 × 106 J, 1 mol  = 6.02 × 1023

molecule, and 1 mol  of NO = 30 g.

3. Results

A review of the scientific literature on volume-plasmas con-
cludes that the NO removal rate is mainly determined by the
specific input energy (SIE) [21]. The NO concentration and the cor-
responding energy cost values have therefore been expressed in
terms of the SIE in the following figures. Fig. 4 shows that the NO
concentration from air decreases with an increase in SIE. In this
case the SIE was controlled by varying the pulse frequency and/or
flow rate of the process gas. The energy cost was  found to be almost
independent of the flow rate, even for different pulse frequencies.

In other words, the energy cost is only weakly, if at all, dependent
on the pulse frequency under our experimental conditions.

The set of experiments with a flow rate of 1 L/min in a volume-
plasma (circles in Fig. 4) was repeated (crosses in Fig. 4) to check
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Fig. 3. Wire-to-plate electrodes stretched on a glass sheet surface and enclosed by another glass sheet are used for the generation of a surface-plasma: (a) is a partially
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xploded  view, and (b) is a view of the assembled device. The components are: 1 an
hickness and 2.5 cm stripe on each side; 4 is stainless steel wire anode of 150 �m 

round  the sides of the spacer); 6 are gas inlet/outlet. The whole assembly is enclos

he reproducibility of the results. The results shown in Fig. 4 indi-
ate that the reproducibility of the results is reasonable under our
xperimental conditions. Similarly the trends shown in this and in
he following figures were verified by repeat experiments. It should
e mentioned that the inlet NO concentration in the repeat experi-
ent were slightly different. This is because the NO concentration
as allowed to stabilize for 1 h before the discharge was  switched
N. The stable concentration differed by ∼10% from the value ini-

ially set as shown in Fig. 4c for the case of 2.0 L/min flow rate. The
ffect of inlet NO concentration are discussed later in this section.

For the purpose of comparison, the curves in this and in the fol-

owing figures are drawn to the same scale both for volume-plasma
nd surface-plasma. Comparison of Fig. 4a with Fig. 4c shows that
he surface-plasma is more efficient in removing NO compared to
olume-plasma at the same specific input energy.

ig. 4. NO concentration in the treated gas (filled symbols) and pulse frequency (open sym
f  the process gas. The SIE was  varied by varying the pulse frequency. The peak applied v
 top and bottom glass sheets, 22 cm × 13 cm × 0.6 cm;  2 is a Teflon spacer of 0.2 cm
ter; 5 are two cathodes made of aluminum foil of 13 cm effective length (wrapped
two  acrylic sheets and sealed by silicon sealant.

Fig. 5 shows changes in NO concentration and energy cost
dependent on SIE, which in this case was controlled by the applied
voltage. Again, the NO concentration decreases and the energy
cost increases with an increase in SIE. However, the energy cost
increases more strongly with increasing SIE in the case of volume
plasma than in the case of surface plasma. The increase in SIE was
due to the increased energy per pulse in this case, which had an
adverse effect on NO removal in the volume plasma. This adverse
effect was mitigated in the case of surface plasma.

Fig. 6 shows the effect of oxygen concentration in the ambient
gas on NO removal. Again, the NO concentration decreases and the

energy cost increases with an increase in SIE. However, the decrease
in NO concentration was found to be strongly dependent on the
oxygen concentration. A gradual reduction of oxygen concentration
from 20 to 5% resulted in a gradual reduction of NO removal rate

bols) (‘a’ and ‘c) and the energy cost (‘b’ and ‘d’) versus SIE for different flow rates
oltage was  30 kV and the process gas was  NO + air mixture (20% oxygen).
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Fig. 5. NO concentration in the treated gas (filled symbols) and applied voltage (open symbols) ‘a’ and the energy cost ‘b’ versus SIE. The SIE was varied by varying the
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pplied  voltage. The pulse frequency was  40 Hz in the case of volume-plasma, 250
urface-plasma with NO + nitrogen.

or the same SIE. However, the trend was found to be reversed at
% oxygen, i.e., the NO removal rate from NO + nitrogen jumped to

 maximum value. The reasons for the behavior of NO removal rate
ith respect to oxygen concentration are explained in the following
iscussion section.

The results of measurements on the effect of the initial NO
oncentration from NO + nitrogen system is shown in Fig. 7. The
nergy cost for NO removal decreases as the initial NO concentra-
ion increases at the same SIE. The effect of flow rate of the process

as is shown in Fig. 8. The energy cost for NO removal remains the
ame at the same SIE in the range of flow rate of the process gas
rom 1 L/min to 2 L/min.

ig. 6. NO concentration (solid symbols, pulse frequency (open symbols) (‘a’ and ‘c’) and en
f  oxygen in the ambient gas. The SIE was  varied by varying the pulse frequency.
 the case of surface-plasma with NO + air (20% oxygen), and 500 Hz in the case of

Another way  of comparing the performance of nonthermal
plasma reactors is to use energy constant (kE in units of L/J) from
the following equation [3,21,23]:

ln
(

NOin

NOout

)
= −kE(SIE) (4)

Higher value of kE means higher NO removal efficiency. Eq. (4) was
a good fit to the data of Fig. 7a and b as shown in Fig. 7d and e,
oxygen was present in the process gas the equation was a good fit
to the data under the condition of “SIE < 50 J/L”, which was in accor-
dance with the conclusions from earlier studies on NO removal by

ergy cost (‘b’ and ‘d’) in the treated gas versus SIE for different initial concentrations
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Fig. 7. NO concentration (solid symbols), pulse frequency (open symbols) (‘a’ and ‘b’), energy cost (‘c’ and ‘d’), and semi-long plot of data based on Eq. (4) (‘e’ and ‘f’) in the
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reated  gas versus SIE for different initial concentrations of NO in nitrogen. The SPI 

onthermal plasma [21]. The kE values along with coefficient of
etermination (R2) values obtained by fitting Eq. (4) to the data
nder the conditions mentioned above are summarized in Table 2.
he R2 values are reported because they are a statistical measure
f how well the regression line approximates the real data points.
he R2 varies from 0.0 to 1.0, where 0.0 indicates that the regression
ine does not fit and 1.0 indicates that it perfectly fits the data.

A summary of the results of the studies depicted in Figs. 4–8 is
iven below.

The NO removal rate increases with increase in specific input

energy. Pulse frequency, flow rate of the process gas, and applied
voltage determine the specific input energy.
The energy cost for removal of NO increases with increase in
specific input energy.
aried by varying the pulse frequency.

• The energy cost for removal of NO shows a parabolic curve with
respect to oxygen concentration with a maximum at small con-
centration of oxygen (5% in the present case).

• Surface plasma is more effective in NO removal and more energy
efficient than volume plasma, particularly at low oxygen concen-
tration in the ambient gas.

• The increase in energy per pulse for surface plasma has a less
adverse effect on the energy cost than for volume plasma.

4. Discussion

The high voltage pulses of short rise time and short duration, as

used in the present study, cause a shift in the electron energy distri-
bution in the nonthermal (streamer) plasma to higher energies. This
shift results in increased dissociation, excitation, and ionization
rates [19,20]. The dissociation of ambient gas molecules produces
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Fig. 8. NO concentration (solid symbols), pulse frequency (open symbols) (‘a’ and ‘c’) versus SIE and semi-long plot of data based on Eq. (4) (‘b’ and ‘d’) for different flow
rates  of process gas. The SIE was varied by varying the pulse frequency. The process gas was NO + nitrogen.

Table 2
Values of energy constant (kE) and coefficient of determination (R2) obtained by fitting Eq. (4) to the data from the present study under different oxygen (O2), nitric oxide
(NO),  flow rates (Q), applied voltage (V) and plasma type.

O2 (%) NO (ppm) Plasma Q (L/min) V (kV) kE (L/J) R2

Effect of flow rate (Q) of the process gas
20 ∼300 Volume Variable: 1–2 30 0.016 0.93
20 ∼300  Surface Variable: 1–2 30 0.020 0.90

0  ∼300 Volume Variable: 1–2 30 0.021 0.98
0 ∼300  Surface Variable: 1–2 30 0.030 1.0
Effect  of applied voltage (V)

20 305 Volume 1.0 Variable: 20–30 0.015 0.96
20  358 Surface 1.0 Variable: 20–30 0.026 0.99

0  339 Volume 1.0 Variable: 20–30 0.015 0.96
0  315 Surface 1.0 Variable: 20–30 0.020 1.0
Effect  of oxygen concentration in the process gas

20  324 Volume 1.0 30 0.013 0.93
20  336 Surface 1.0 30 0.018 0.95
10  315 Volume 1.0 30 0.009 0.88
10  328 Surface 1.0 30 0.015 0.97

5  328 Volume 1.0 30 0.007 0.89
5  321 Surface 1.0 30 0.015 0.99
0  300 Volume 1.0 30 0.022 1.0
0  306 Surface 1.0 30 0.031 1.0
Effect  of initial NO concentration
0 550 Volume 1.0 30 0.011 1.0
0  553 Surface 1.0 30 0.018 1.0
0  300 Volume 1.0 30 0.022 1.0

f
a

e

e

0  306 Surface 1.0 

0 115 Volume 1.0 

0  122 Surface 1.0 

ree radicals and other chemically active species by reactions such

s the following:

 ∗ + O2 → e + 2O (4)

 ∗ + N2 → e + 2N (5)
30 0.031 1.0
30 0.056 1.0
30 0.064 1.0

O + O2 + M → O3 + M (6)
The chemically active species react with NO:

O + NO + M → NO2 + M (7)
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3 + NO → NO2 + O2 (8)

 + NO → N2 + O (9)

At high SIE, more reactive species are produced. That, in turn,
llows the removal of more NO molecules from the gas. It explains
he observation that NO removal increases with an increase in SIE.

Some of the chemically active species react with each other:

 + O3 → 2O2 (10)

 + O → O2 (11)

 + N → N2 (12)

 + O → NO (13)

The chemically active species are inhomogeneously distributed,
nitially localized in and around the thin plasma channels [24]. They
ave a very short life time. Therefore, at high SIE, the local concen-
ration of the chemically active species increases which favors their

utual reactions. This explains why the energy cost increases with
n increase in SIE.

Metastable excited-state nitrogen atoms (N*) lead to an unde-
ired reaction with oxygen forming NO:

∗ + O2 → NO + O (14)

The NO removal by ground state atomic nitrogen (reaction (9)) is
ainly countered by NO formation by the metastable excited-state

itrogen atoms (reaction (14)) [20].
Atomic oxygen is also involved in an undesired reaction with

O2, forming NO:

 + NO2 → NO + O2 (15)

The NO removal by oxygen based active species (reactions (7)
nd (8))  is partially countered by the NO formation reaction (reac-
ion (13)) and the reverse reaction (reaction (15)) [20].

The concentration of N* and NO2 is increased under high SIE.
onsequently, the rates of reactions (14) and (15) are increased, an
ffect which contributes to the higher energy cost under higher SIE.

In the absence of oxygen, the NO is removed by reaction (9)
nd NO formation (reactions (13)–(15)), does not take place that
xplains lower energy cost compared to the presence of any amount
f oxygen. Due to the lower energy requirement, the adsorption of
O followed by its thermal desorption into nitrogen and removal
y plasma techniques, is being developed [15,25].

In the presence of oxygen, the nitrogen-based active species
o not play a role in NO removal as reaction (9) of N is mainly
ountered by the effect of N* in reaction (14). The NO removal by
xygen-based active species (reactions (7) and (8))  is only par-
ially countered by the reverse reaction (reaction (15)) or other
O formation reactions. Therefore, oxygen-based active species are

he main contributors to NO removal when oxygen is present in
he ambient gas [20,25]. The concentration of oxygen-based active
pecies increases as the oxygen concentration increases. It explains
he decrease in energy cost with an increase in oxygen concentra-
ion. The NO2 builds up as SIE is increased resulting in a dominant
ole of reverse reaction (15). Increased rate of loss of radicals by
eaction (15) and other radical loss reactions under high SIE makes
he first order kinetics (Eq. (4))  a poor fit as observed in the present
tudy as well as in the earlier reports [21,26].

Dry air in absence of NO was fed to the reactor to estimate NO
ormation by reactions such as reactions (13) and (14). The NO was
ot detected in the exhaust gas. This is because the plasma reactors
re good sources of O and O3, which oxidize NO into NO2 by reac-

ions (7) and (8).  If NO is mixed with the exhaust gas, one mole of
O is converted to NO2 by one mole of O3 by reaction (8) [27]. The
3 formed with dry air feed was estimated based on this princi-
le and it was verified by direct O3 estimation by UV-spectroscopy.
s Materials 197 (2011) 220– 228

The energy yield for ozone production was  ∼90 g/kWh in the case
of surface-plasma and ∼128 g/kWh in the case of volume-plasma,
which is comparable to ∼110 g/kWh reported in literature for case
of volume-plasma reactor based on pulsed corona discharges [28].
The volume plasma reactors are expected to remove NO with a
lower energy cost compared to surface plasma based on energy
yield for ozone production. Results of this study do not agree with
this prediction, indicating that some species other than O3 also have
a significant contribution in NO removal.

Recent literature shows that atomic oxygen and atomic nitro-
gen in plasma are adsorbed and stabilized on dielectric surfaces.
They become available for reactions with NO through the following
surface mediated reactions [29,30]:

O → Oads (15)

N → Nads (16)

Oads + NO → NO2 (17)

The lifetime of the adsorbed atomic oxygen (Oads) and adsorbed
atomic nitrogen (Nads) extends to hours [29,30]. The adsorption and
stabilization of the chemically active species is favored in a surface
plasma reactor due to close proximity of the plasma to the surface
compared to volume plasma. It explains lower energy cost for NO
removal in surface plasma compared to volume plasma. This holds
particularly for low oxygen concentrations where the supply of O
becomes the bottle neck in the NO conversion reactions.

Any increase in energy per pulse, e.g., by an increase in applied
voltage in our experiments, results in an increased concentration of
the chemically active species in and around the plasma channels. It
favors mutual reactions of reactive species, like reactions (10)–(13).
That is why the increase in energy per pulse is commonly associ-
ated with a significant increase in energy cost for NO conversion
in volume plasmas [31,32]. For example, Khacef et al. reported 25%
NOx removal at 35 mJ/pulse. At 195 mJ/pulse the NOx removal was
reduced to zero, under the same experimental conditions and at
the same SIE of 30 J/L [31]. This adverse effect on the NO removal
rate, caused by an increase in energy per pulse is, for surface plas-
mas, mitigated by the adsorption and stabilization of the chemically
active species at the dielectric surface. It explains the observation
that an increase in energy per pulse has a less adverse effect on
the energy cost for NO conversion in the case of surface plasma
compared to volume plasma.

It should be mentioned here that only selected chemical reac-
tions are listed in the above discussion. These are the ones which
help to explain the main observations in this study. A compre-
hensive list of reactions and their rate constants are given in
earlier literature [20,33]. The NO conversion in plasmas is usu-
ally explained on the basis of free radical reactions as in the above
discussion. However, the possibility of NO removal through ionic
reactions, particularly those that may  be initiated by the oxidation
of NO to NO+ cannot be ruled out [34]. It is well known that cations
are adsorbed on the dielectric surfaces [35], which may  favor sur-
face mediated reactions of the ions. The surface mediated reactions
of ions may  also be a factor in the energy efficient NO removal in
the case of surface plasma compared to volume plasma.

The energy costs for NO conversion, estimated from the scien-
tific literature, vary over a wide range, from 3 to 500 eV/molecule
[22]. This is due to the fact that the energy cost depends on multi-
ple factors, such as the presence of catalysts [11–13],  hydrocarbons
[36–39], and ammonia [40,41],  the pressure [42], temperature [38],
material of construction of electrodes [43], and electrical gas dis-
charge parameters [44]. To narrow the range, we  have compared

the energy cost for 50% NO removal (EC50) found in this study, with
that reported in literature, where the EC50 values were listed for
NO + nitrogen in the absence of additives at atmospheric pressure
and room temperature. Even under those conditions, the energy
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osts still vary from 40 eV/molecule [36] to 200 eV/molecule [45],
ost likely the variations are due to different electrical parame-

ers. For example, the energy cost decreases with a decrease in
ulse duration [46,47],  decrease in current [46], decrease in applied
oltage [47], decrease in energy per pulse [31], and an increase in
oltage rise time [48].

The EC50 we measured was ∼50 eV/molecule in volume-plasma
nd ∼40 eV/molecule in surface-plasma. This is significantly less
han the 175 eV/molecule in the case of volume-plasma, and
lightly less than the 50 eV/molecule in the case of surface-plasma
btained in our earlier study [9]. In this earlier study, the pulse
enerator was a Marx bank. In the present study it was  replaced by

 “Compact Pulsed Power Modulator MPC3000S-OP1”. The major
hange with the change of the pulse generator was the energy per
ulse which was reduced from 80 mJ/pulse in the case of the Marx
ank [9] to 10 mJ/pulse for the pulsed power generator presently
sed. The change in the EC50 from 175 to 50 eV/molecule can there-
ore be explained by the decrease in energy per pulse, in accordance
ith the literature [32,47,49].  Based on EC50 being at the lower end

f the range of reported values (40–200 eV/molecule), it can be said
hat the volume plasma reactor in this study is comparable to the
ptimized plasma reactors reported in literature.

For the case of surface-plasma, the energy per pulse was
educed from ∼20 mJ/pulse for the experiments with Marx bank
9], to ∼2 mJ/pulse with the presently used pulsed power gener-
tor. It resulted in a decrease in EC50 from ∼50 eV/molecule to
40 eV/molecule. This observation supports our conclusion that

he adverse effect of an increase in energy per pulse is mitigated in
he case of surface plasma. This is desirable because a higher energy
er pulse allows for the treatment of larger volumes of process
ases, required for practical applications. It should me  mentioned
ere that the surface plasma reactor was optimized earlier with
espect to the factors that have significant effect on energy cost for
OCs removal [6].

It  is well known that different plasma regimes have different
nergy efficiency for destruction of toxic VOCs [6,7,50–52].  The
O removal from air has been compared in volume plasma and

urface plasma rectors based on dielectric barrier discharges [8].
he EC50 calculated from the reported data [8] is 288 eV/molecule
n the case of volume plasma and it reduced to 135 eV/molecule
n surface plasma. The corresponding EC50 values for the case
f pulsed corona discharges in this study are significantly lower:
20 eV/molecule is volume plasma and 70 eV/molecule in surface
lasma for NO removal from air. In some of the comparative stud-

es [51,52] the electrode geometries were exactly the same in
he compared reactors. These parameters were different in this
tudy due to differing requirements to produce predominantly vol-
me  plasma in one case and predominantly surface plasma in the
ther. It should be mentioned that the effect of electrode geome-
ries may  also have contributed to the results compared in this
tudy [53].

. Conclusions

The energy efficiency for NO removal is dependent on the con-
entration of oxygen in ambient gas. The lowest energy cost for
emoval of NO was observed in mixtures of NO with nitrogen at
igh initial NO concentration.

Surface-plasma reactor has lower energy cost and higher energy
onstant kE than volume-plasma reactor employed in this study,
articularly for low oxygen concentrations, and under high specific
nput energy conditions.
The adverse effect of the observed increase in applied volt-

ge/energy per pulse on the energy cost for NO removal is mitigated
y replacing volume plasma reactor with surface plasma reactor.
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