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a  b  s  t  r  a  c  t

Comparative  studies  revealed  that  surface  plasmas  developing  along  a solid–gas  interface  are significantly
more  effective  and  energy  efficient  for remediation  of toxic  pollutants  in  air than  conventional  plasmas
propagating  in  air.  Scaling  of the  surface  plasma  reactors  to large  volumes  by operating  them  in  parallel
suffers  from  a  serious  problem  of adverse  effects  of  the  space  charges  generated  at  the  dielectric  surfaces  of
the  neighboring  discharge  chambers.  This study  revealed  that  a conductive  foil  on  the  cathode  potential
placed  between  the dielectric  plates  as a shield  not  only  decoupled  the  discharges,  but  also  increased
eywords:
caling of reactor
itric oxide
on-thermal plasma
urface-plasma
lue gas treatment
O removal

the  electrical  power  deposited  in the  reactor  by a factor  of  about  forty  over  the  electrical  power  level
obtained  without  shielding  and  without  loss  of  efficiency  for  NO  removal.  The  shield  had  no  negative
effect  on  efficiency,  which  is  verified  by the  fact  that  the energy  costs  for 50%  NO  removal  were  about
60  eV/molecule  and  the energy  constant,  kE, was  about  0.02  L/J  in  both  the  shielded  and  unshielded  cases.

© 2012 Elsevier B.V. All rights reserved.
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. Introduction

Atmospheric pressure, nonthermal plasma channels (stream-
rs) are formed when high voltage pulses of short duration and
hort rise time are applied to electrodes which generate highly
onuniform fields, such as wire-to-cylinder or wire-to-plate elec-
rodes. The streamers originate from the thin wire electrode and
ropagate toward the counter electrode. The presence of any
ielectric surface in the path of the streamers causes a redistri-
ution of the electric fields in such a way that the streamers attach
o the surface and propagate along the solid–gas interface, as in the
ase of surface-flashover [1,2]. The plasma generated by streamers
n the gas (not in contact with dielectric materials) is called volume
lasma; the plasma generated by streamers at a solid–gas interface

s called surface plasma in this report.
One application for pulsed corona discharges and other non-

hermal atmospheric pressure plasmas, such as dielectric barrier
ischarges, is air pollution abatement [3–5]. Our previous studies
evealed that surface plasma is more effective and energy efficient
han volume plasma for destruction of toxic volatile organic com-

ounds (VOCs) [6] and conversion of nitric oxide (NO) from air [7,8].
he increased efficiency of surface plasmas was assumed to be due
o surface-mediated reactions. This assumption was supported by

∗ Corresponding author.
E-mail address: MArifMalik@gmail.com (M.A. Malik).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.01.024
the observation that the streamer propagation in the surface dis-
charges and the NO removal efficiency are dependent on the type of
dielectric [2,7]. In the case of NO conversion, such surface-mediated
reactions are adsorption and stabilization of atomic oxygen fol-
lowed by the reaction of the adsorbed radicals with NO to form NO2
[9].  Our results are in agreement with the results reported by other
researchers for similar experimental conditions. For example, more
energy efficient destruction of VOCs [10], conversion of NO [11], and
ozone synthesis [12] has been reported for nonthermal discharges
where the electrodes were in contact with the dielectric surface
(surface plasma) compared to the cases where the electrodes were
separated from the dielectric surface (volume plasma).

Nitric oxide (NO) to nitrogen dioxide (NO2) conversion by non-
thermal plasmas is being developed as part of a system for the
abatement of nitrogen oxides (NOx) from flue gases and diesel
engine exhausts [3,13–20]. NO2 would, in this case, be removed by
another technique, e.g., by selective catalytic reduction [3,13,14],
adsorption [15,16],  or dissolution in water followed by reduction
[17,18]. Selective catalytic reduction of NO  with ammonia is pos-
sible, but this technique is more effective when NO and NO2 are
in 1–1 molar ratio [21]. Based on lower energy cost, the surface
plasma reactor is considered to be a prime candidate for the NO
into NO2 conversion in an integrated abatement system.
Scaling of the surface plasma reactors to large volumes by oper-
ating them in parallel suffers from a serious problem of adverse
effects due to the formation of surface charges at the surface of the
dielectric which separates the chambers [22]. This study revealed

dx.doi.org/10.1016/j.jhazmat.2012.01.024
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:MArifMalik@gmail.com
dx.doi.org/10.1016/j.jhazmat.2012.01.024
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Fig. 1. Schematics of the experimental setup: 1 is the voltage probe, 2 is the current
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robe, 3 are needle valves, 4 are gas flow meters, 5 are pressurized gas bottles, 6 is
he  anode (wire), and 7 is the cathode.

hat electrical shielding between the discharge reactors is required
o avoid the adverse effects. The shield not only decoupled the
eighboring plasmas, it increased input electrical power by a factor
f about fifty. The factors responsible for these positive effects of
he shield are described.

. Experimental

The schematic of the experimental setup is illustrated in Fig. 1.
igh voltage pulses of positive polarity were delivered by a

Compact Pulsed Power Modulator MPC3000S-OP1” (Suematsu
lectronics Co., Ltd., Japan) to the wire electrode (anode). The pulse
epetition rate was varied in the range of 1–500 Hz, with an applied
eak voltage of 30 kV in all experiments except when mentioned
therwise. The setup for the voltage and current diagnostics and the
rocedure for estimating the power consumption were the same as
escribed in Refs. [6–8], using a Tektronix TDS 3052 oscilloscope, a
ektronix P6015A voltage probe and a Pearson Electronics Current
onitor, Model 110A. The instant power was calculated from the

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

∫
VI dt)  of the power. The

isplacement current was measured by reducing the applied volt-
ge to values below that required for the discharge breakdown or
lasma formation. The typical values of the electrical parameters
re listed in Table 1.

Two surface plasma reactors employed in this study are shown
n Fig. 2. The two reactors (unshielded Fig. 2b and shielded Fig. 2c)
re identical, except that in the case of the shielded reactor the
wo cathodes are connected through aluminum foil (shield) which
overs the entire area of the glass sheet onto which, on the opposite
ide, the anode wire is placed. In some experiments two discharge
hambers were stacked and operated in parallel as shown in Fig. 2d.

The electric potential distribution in the two reactors was  mod-
led by a 3-D electrostatic Poisson equation solver, Amaze-3D
Field Precision, Albuquerque, NM). A voltage of 1 kV was  applied
etween the wire and ground electrodes. In the modeling, the diam-

ter of the wire is not the same as in the real reactors, so the result
oes not show an exact potential distribution but a qualitatively
imilar picture.

able 1
lectrical characteristic of high voltage pulses employed in this study.a

Reactor Peak current (A) Energy per pulseb (mJ)

Without shield (Fig. 2b) 5 1.6 ± 0.2
Without shield two parallel 5 1.4 ± 0.1
Shielded (Fig. 2c) 70 64 ± 1
Shielded two parallel (Fig. 2d) 105 92 ± 1

a Peak voltage ∼30 kV, rise time of the voltage (10–90%) ∼50 ns and pulse width
t  half maximum ∼100 ns were common in all the cases.
b Average values ± standard deviations.
aterials 209– 210 (2012) 293– 298

Gases, i.e., N2, O2 and NO, were supplied from gas cylinders. The
flow rates of the gases were controlled by needle valves and mon-
itored with ball-float flow meters. The process gas was ∼300 ppm
NO balance air with 20.1% oxygen at one atmosphere of pressure
and 25 ◦C, flowing at a rate of 1 liter per minute (L/min) through
the discharge chamber, except when mentioned otherwise. Two
discharge chambers were operated in parallel electrically and the
gas flow was  also parallel, i.e., 1 L/min through each chamber with
a total flow rate of 2 L/min.

The concentrations of O2, and NO were monitored by a NOx ana-
lyzer (ENERAC Model 500), equipped with O2, and NO sensors. The
resolution of the O2 and NO sensors was 0.1%, and 1 ppm, respec-
tively, and their accuracy, as specified by the manufacturer, was
0.2%, and 4% of the reading, respectively. Laboratory testing with
N2/O2, NO/N2, and NO/NO2/N2 mixtures show the accuracies for
O2 and NO measurements were well within the limits specified
by the manufacturer. To get stable inlet NO concentration (NOin),
the process gas was allowed to flow for one hour before the dis-
charge was switched ON. The outlet NO concentrations (NOout)
were monitored inline and recorded for 3 min  duration after 15 min
of discharge ON. The standard errors during the 3 min  of measure-
ments are not shown in the figures as error bars because they were
smaller than the size of the symbols shown in the figures.

Conversion of NO is expressed as a percentage (%) calculated by
means of the formula:

NO Conversion = 100
(

NOout

NOin

)
, (1)

where NOout and NOin are the NO concentration at reactor outlet
and inlet, respectively, both are given in ppm. The power consumed
in the reactor (W)  in J/s was  calculated by means of the formula:

W = Epf, (2)

where Ep is the energy per pulse in Joules (J) and f is frequency
or repetition rate in Hertz (Hz). The specific input energy (SIE) in
joules per liter (J/L) was  calculated by using the formula:

SIE = W

Q
, (3)

where Q is flow rate of the 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 [23]:

EC = 250(SIE)
NOin − NOout

, (4)

The energy constant (kE in units of L/J) under the condition SIE
<60 eV/molecule was  calculated as a slope of the curve from the
following equation [8,24]:

ln
(

NOout

NOin

)
= −kE(SIE). (5)

3. Results

Four arrangements of discharge chambers, i.e., a single and two
chambers in parallel without any electric shield, and a single and
two chambers in parallel, but shielded, were compared. The energy
per pulse in the single discharge chamber without a shield was
1.6 mJ.  Contrary to an expected increase, the energy per pulse in the
dual discharge chambers without shielding was  almost the same as
in the single discharge chamber without shielding. The energy per
pulse increased to 64 mJ  in a shielded single discharge chamber and
to 92 mJ  in the shielded dual discharge chamber. The specific input

energy increased sharply in the shielded discharge chamber com-
pared to the cases without shield, when the pulse repetition rate
and applied voltage was  increased as shown in Fig. 3. The experi-
ments in the single shielded discharge chamber were repeated in
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Fig. 2. Surface discharge chamber between two glass sheets with wire-to-strip-shaped electrodes stretched on one of the glass sheet surfaces (a) is a partially expanded view,
(b)  is a view of the assembled device (reactor without shield), (c) is the view of the same assembled device as in ‘b’ with the area of the aluminum foil which is used for the
cathodes being extended by wrapping it on the outer sides of glass sheets# 2 and 4 (shielded reactor), (d) is the shielded reactor having two discharge chambers operated in
parallel (layers: 1-shield-2-3-4-shield-2-3-4-shield-5), (e) is an image of one discharge chamber without shield, and (f) is image of two-parallel discharge chambers without
shield. The components are: 1 and 5 are top and bottom Plexiglas sheets used to hold the dielectric layers and electrodes; 2 and 4 are top and bottom dielectric layers
(soda-glass sheets), 22 cm × 13 cm × 0.3 cm; 3 is a Teflon spacer of 0.2 cm thickness and 2.5 cm stripe on each side; 6 are gas inlet/outlet; 7 are holes for nuts and bolts; 8 are
t th (w
4 inum
p

a
d
c

d

F
c

wo  cathodes made of aluminum foil of 150 �m thickness and 13 cm effective leng
 cm;  9 is stainless steel wire anode of 150 �m diameter; and 10 is a grounded alum
rohibited by using silicon sealant.

 second, identical shielded reactor. Fig. 3a shows that the repro-

ucibility of the results was reasonably good for our experimental
onditions.

Fig. 4 shows the comparison of NO conversion in the various
ischarge chambers. The NO conversion at a pulse repetition rate

ig. 3. Specific input energy (energy density) curves with respect to (a) pulse repetition ra
hamber without shield (crosses) and a shielded chamber (triangles, circles and squares)
rapped around the sides of the spacer) and separated from the anode by a gap of
 foil of 13 cm width wrapped on the outer sides of the glass sheets. Gas leakage was

of 40 Hz was ≥80% in the single-shielded and dual-shielded dis-

charge chambers. The result is significantly higher than the ≤10%
conversion by the single discharge and the dual discharges without
shielding under the same experimental conditions. The maxi-
mum  NO conversion achieved without the shield was ∼60% in the

te at 30 kV peak voltage and (b) peak applied voltage at 40 Hz, for a single discharge
.
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ig. 4. NO conversion versus pulse repetition rate curves for single and two-parallel
ischarge chambers with and without shielding. Peak voltage was  ∼30 kV and NO
oncentration was  ∼300 ppm.

ingle discharge chamber and ∼40% in the dual discharge chambers
t a pulse repetition rate of 500 Hz. Plasma treatment converts NO
n dry air mainly into NO2 [13–20].  However, NO2 concentrations
re not shown because the accuracy of NO2 analysis by the NOx

nalyzer employed in this study was poor.
Fig. 5 shows that NO conversion is mainly determined by specific

nput energy which is in accordance with the conclusion drawn
rom reviews of earlier literature [24]. The energy cost at 50% NO
emoval (EC50) was ∼60 eV/molecule in all cases compared in this
tudy. These results show that the plasma reactor with or without
hielding and operated in single-chamber or dual-chamber mode
s almost equal with respect to rates of NO conversion and energy
ost for NO conversion.

Fig. 6 shows that Eq. (5) provided a good fit to the measured
ata under the condition of the specific input energy being <60 L/J,
hich is in accordance with earlier studies [24]. The coefficient of
etermination (R2) was 0.96 which is close enough to 1 to con-
rm that the equation provided a good fit. The energy constant kE
ndicates the efficiency of the reactor: higher kE means better effi-
iency. The kE was ∼0.02 L/J in all cases in this study, which is the
ame value as in the case of surface plasma [8] and better than the

ig. 5. NO conversion versus specific input energy curves for single and two-parallel
ischarge chambers with and without shielding. Flow rate of the process gas was

 L/min except in the case of the single shielded discharge chamber where both
 L/min and 2 L/min were employed. Other experimental conditions were the same
s in Fig. 4.
Fig. 6. Semi-log plot of data based on Eq. (5) for different conditions shown in Fig. 5
under the condition: specific input energy <60 J/L.

kE of 0.011 L/J [24] reported in earlier literature where volume plas-
mas  were formed by positive pulsed corona discharges for the same
concentration of NO (300 ppm) in dry air.

Fig. 7 shows modeling results of the electric potential distri-
bution in the two discharge chambers. The potential distribution
in the discharge chamber without shielding is shown in Fig. 7a.
The potential lines spread not only into the electrode gap, but
also leak through the glass dielectric, coupling to a second reactor
placed below the glass. On the other hand, in the shielded discharge
chamber, adding an aluminum foil confines all the potential lines
within the reactor, thereby totally decoupling it from the neigh-
boring reactor, as shown in Fig. 7b. It should be noted that when
we modeled the potential distribution, because of symmetry rea-
sons, only half of the reactor was modeled. In the real structure, a
glass sheet is placed on top of the modeled reactor also. This glass,
however, will affect the potential distribution only slightly, since it
is further removed from the dielectric on which the electrodes are
placed. In the modeled structure of the shielded reactor (Fig. 7b),
it is obvious that adding a top ground electrode will confine all the
potential lines and, consequently, the electric field, entirely within
the reactor.

4. Discussion

The electrode configuration with the center steel wire (anode)
and the two strips (cathodes) at the opposite sides generates dis-
charges which are only slightly influenced by the presence of the
dielectric beneath the electrodes. The pulsed dc discharge plasma
will generate a positive surface charge on the dielectric surface
[25] and consequently create a normal component of the electric
field that accelerates the electrons toward the surface. However,
the redistribution of the electric field is still less than in the case
where the cathodes are connected by a conductive layer (shield)
on the rear side of the dielectric layer. In this case, even without
surface charge, the electrode arrangement causes a strong increase
in the component normal to the surface of the dielectric that can
be inferred from Fig. 7. The effect is strongest at the wire where the
electric field intensity is highest, as shown in Fig. 7b. This fosters
the ignition of breakdown and a more homogeneous distribution
of the streamers. In addition, the streamer plasma generates, as in

any surface discharge, a positive space charge on the dielectric [25].
The application of electric fields in the presence of the conductive
layer polarizes the dielectric and creates surface charges that lead
to a strong electric field component normal to the surface.
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ig. 7. Side views of electric potential distribution of rectors compared in this stud

The normal field component accelerates free electrons to the
urface and keeps the plasma attached to the surface. It results in
ncreased rates of secondary electron emission through thermionic
mission or photoemission from the surface [1].  This effect explains
he increase in electrical power deposited in the plasma and the
ncrease in rates of chemical reactions in the presence of the shield,
s compared to the case without a shield. These results are in
ccordance with a similar increase in input energy and efficiency
eported in the literature, in the case of the laser pumping applica-
ion of sliding surface discharges [26].

It is known that the surface plasma in one discharge chamber
as an adverse effect on the plasma formation in the neighboring
ischarge chamber operating in parallel [22]. The effect is proba-
ly due to the space charge layer on the dielectric surfaces, which

nduces charges of opposite polarity on the opposite side of the
ielectric surface. This hypothesis explains the lack of an increase

n electrical power when two surface plasma rectors sharing a com-
on  dielectric layer are operated in parallel, as compared to single

eactor. By placing the conductive layer around the discharge gap,
he space charge effects are eliminated. The two reactors are com-
letely isolated from each other even though they share the same
round, which makes it possible to stack a large number of reactors
ithout electrically interfering with each other. This can be con-

luded from the modeling results of electric potential distribution
n the two reactors as shown in Fig. 7.

Surface plasma reactors, such as those employed in this study,
ave an additional advantage over the conventional volume plasma
eactors due to the increased role of surface-mediated reactions
7,8]. For example, recent literature shows that atomic oxygen is
dsorbed and stabilized on dielectric surfaces and it becomes avail-
ble for reactions with NO for hours after the adsorption through
he following surface-mediated reactions [9]:

 → Oads, (6)

ads + NO → NO2. (7)

imilarly, the adsorption and stabilization of atomic nitrogen fol-
owed by its utilization in surface mediated reactions has also been
eported in recent literature [27].

The surface plasma concentrated at the dielectric surfaces favors
urface-mediated reactions. It also results in a more homogeneous
istribution of the plasma and better mixing of the reactants in the
ischarge gap compared with coaxial electrodes in conventional
olume-plasma reactors [10]. Introduction of the shield results in a
tronger attachment of the plasma with the surface [26] that may
romote the surface mediated reactions. Another advantage of the
urface plasma reactor is that there is no change in NO conver-

ion with increase in energy per pulse by shielding but keeping
he same specific input energy. In conventional volume plasma the
ncrease in energy per pulse without varying specific input energy
rastically decreases the rate of NO removal [28].

[

 a discharge chamber without shield and (b) is a shielded discharge chamber.

Further improvements in the surface plasma reactors employed
in this study can be expected when the surface area of the dielec-
tric in contact with the plasma is increased, e.g., by depositing a
layer of a porous ceramic on the dielectric layer. This will allow the
full realization of the benefits of adsorption and stabilization of the
chemically active species on the surface. As a further control over
the plasma chemistry, catalysts can be used which can be supported
on the porous ceramic layer.

5. Conclusion

It is clear from the results that the electric shielding in the sur-
face plasma reactors allows a significant increase in specific input
energy without losing efficiency for NO conversion. Higher spe-
cific input energy is desirable for practical applications, since it
allows treatment of larger volumes of the process gas in a given vol-
ume  of the discharge chamber. Furthermore, the shielded reactor
is scalable by stacking and operating multiple discharge chambers
in parallel.
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