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Abstract

The combination of pulsed positive streamer corona discharge with a platinum–rhodium catalyst was investigated for removal of toluene,
acetonitrile, and nitrogen oxides. The reactor used consisted of two parallel disks made from reticulated vitreous carbon, with the downstream
disk coated with platinum and rhodium. Removal of contaminants was measured with and without plasma over a range of temperatures, and
several interesting phenomena were observed which differed between the three species. Results indicate that the catalyst is capable of both
reduction of nitrogen oxides and oxidation of hydrocarbons. In addition, the combination of the active catalyst with the plasma discharge was
found to either enhance or interrupt catalyst activity depending on which contaminant was considered and the catalyst temperature.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Heterogeneous catalysts have been used to treat com-
bustion exhaust gases and the emissions from numerous
other air pollution sources for many years[1]. More re-
cently, non-thermal plasma processes have been under
intensive investigation for the removal of nitrogen oxides,
sulfur dioxide, and many organic compounds (e.g., toluene,
trichloroethylene, vinyl chloride) and other inorganic
species (e.g., mercury) from industrial and commercial gas
phase sources[2]. These processes include pulsed corona
discharge[3,4], dielectric barrier discharge (DBD)[5–8]
and electron beam processes[9–11]. Although the electrode
surfaces in such systems may have very large tempera-
tures, and, in some select applications, products may form
and react on the surface of the electrode, typically the key
chemical transformations in conventional plasma processes
for waste control occur in the bulk gas.

Recent studies of DBD and corona technologies have con-
sidered the interaction of non-thermal plasma with catalysts
[12–29]. It has been suggested in these studies that the ad-
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dition of a heterogeneous catalyst in or near to the plasma
discharge can have a synergistic effect on contaminant re-
moval, although rigorous investigation of possible mecha-
nisms for such an effect have only recently begun[22,29].

The present study focuses on a platinum–rhodium catalyst
supported on reticulated vitreous carbon (RVC), a material
that may be used as an electrode material in pulsed corona
discharge reactors[15,30,31]. The removal of acetonitrile,
nitrogen oxides, and toluene are studied with plasma, cat-
alyst, and combined plasma–catalyst treatments. Nitrogen
oxides and toluene were chosen based on the availability of
data for comparison in the literature. Acetonitrile was in-
teresting in that it has an ionization energy higher than that
of oxygen, a property that has been shown to be important
for plasma treatment[32]. An ionization energy higher than
that of oxygen means that charge transfer reactions between
oxygen and acetonitrile are not allowed, and so any removal
would be due to radical reactions. Other compounds with
higher ionization energies than oxygen such as sulfur diox-
ide and methane have been shown in[32] to be more diffi-
cult to remove under plasma treatment in oxygen rich gases
than other compounds, the majority of which have lower
ionization potentials than that of oxygen.

Several studies have demonstrated plasma-enhanced
catalysis. Among the studies discussed below, and others,
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there are wide variations in catalyst type, reactants, plasma
generation type, temperature, plasma reactor/catalyst ge-
ometry, and other factors affecting the plasma–catalyst
interaction.

Roland et al.[22] discuss evidence for two types of
plasma-enhanced catalysis. Evidence for the first type arises
from a set of experiments withn-eicosane (C20H42), immo-
bilized on the catalyst (�-alumina,�-alumina, silica gel, and
quartz). These experiments provide evidence that the im-
mobilized hydrocarbon is degraded by oxygen radicals and
is unaffected by ozone. Another result is that the�-alumina
catalyst degrades ozone, forming oxygen radicals, again
leading to the degradation of the adsorbed hydrocarbon. In
the second type of plasma-enhanced catalysis, Roland et al.
[22] found that pretreatment of a catalyst with plasma can
alter the surface concentration of the oxidizing species such
as atomic oxygen.

Studies with DBD combined with a proprietary catalyst
by Hoard and Balmer[17] showed significant removal of
total NOx from diesel exhaust. Further studies by the same
group demonstrated the effect of multiple plasma and cat-
alyst stages and the effect of catalyst temperature and hy-
drocarbon levels on NOx conversion toward N2O and HCN,
and by inference N2. This group points out a target energy
efficiency for such a process and is approaching that value
in their latest studies[33].

Ogata et al.[25] present evidence of plasma-enhanced
surface reactions for the removal of gas phase benzene. Key
findings of these experiments are that adsorbed benzene is
oxidized only when the catalyst is in close proximity to the
plasma and that the plasma somehow changes the adsorp-
tion of benzene to the catalyst, perhaps by creating new ad-
sorption sites.

Other studies have found that the presence of a catalyst
may affect properties of the plasma[34]. In addition, mul-
tiple plasma and catalyst reactors in series[33] and the ad-

Fig. 1. Schematic representation of the heated plasma–catalyst reactor. The catalyst disk may be replaced by an uncoated carbon disk for control
experiments.

dition of ammonia to the system[16,35] have been studied.
In addition to the variables discussed above, gas composi-
tion, catalyst temperature, and plasma energy density are
important variables in the investigation of plasma–catalyst
interactions.

The present study follows work performed using RVC as
an electrode material in pulsed corona discharge[15,31].
Data from that work suggested an interaction between ni-
trogen oxides and the carbon electrodes that was caused by
the plasma discharge. This possible interaction provided a
rationale for adding catalytic materials to the pulsed corona
reactor RVC electrodes.

2. Experimental

The experimental setup for the present study consists of
upstream gas flow control and measurement, a heated pulsed
streamer corona reactor, and downstream gas composition
analysis. The heated pulsed streamer corona reactor can be
operated with and without a catalyst disk used as the down
stream grounded electrode. Earlier experimental work on
NOx removal using the same power supply has been reported
[31,36].

2.1. Pulsed streamer corona reactor

A schematic of the heated pulsed streamer corona reactor
is shown inFig. 1. The reactor body is constructed of glass.
The plasma discharge occurs between two RVC (Ultramet,
Pacoima, CA) disks 10 cm in diameter and 1 cm thick. Teflon
is used as both a gasket and to prevent the discharge from
propagating along the glass walls of the reactor, thereby
creating homogeneously distributed streamers in the center
of the reactor. The area of the electrodes not blocked by
the Teflon gasket is 20 cm2, and the RVC disks are placed
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2 cm apart, giving a total plasma volume of approximately
40 cm3.

The reactor is heated using resistive heating tape wrapped
on the exterior of the reactor and insulated with a layer of
fiberglass ribbon. Temperature measurements are made us-
ing a thermocouple that is placed in contact with the down-
stream side of the catalyst disk. Measurement of tempera-
ture was not possible when the plasma was on due to RF
noise created by the pulsed power supply.

2.2. Electrode materials

In all experiments, the high voltage electrode was a RVC
disk with 10 pores per inch (ppi) obtained from Electrosyn-
thesis Inc. (Lancaster, NY). The structure of the RVC disk
is such that there are many sharp edges and points along the
plane of the electrode facing the discharge region. Stream-
ers are observed to consistently form at these points during
the plasma operation. The grounded electrode used was ei-
ther a 10 ppi disk similar to the high voltage electrode, or a
100 ppi disk with catalytic coating obtained from Ultramet
Inc. (Pacoima, CA).

The catalyst disk was prepared by Ultramet Inc. by
using 100 ppi RVC as a substrate and first applying a
graphitic layer that increased surface area to approximately
50–70 m2/g, and thereafter applying platinum and rhodium
with a 5:1 ratio onto the graphitic coat, a ratio recommended
by Ultramet Inc. for lean NOx catalysis. The graphitic coat
on the RVC is stable to at least 250◦C, while the RVC itself
is stable up to 500◦C. The maximum temperature that this
catalyst can withstand for extended periods is not known.
The amount of metal applied to each disk was estimated
by Ultramet Inc. to be approximately 1–2 g. Images of
the surface of this material made with a scanning electron
microscope are shown inFig. 2.

The plasma discharges for the two cases of the 10 ppi
non-catalytically coated RVC disk and the catalyst coated
RVC disk as grounded electrodes were found to be similar
as determined by current and voltage waveforms and visual
observations.

Fig. 2. SEM of catalyst disk surface. Islands of metal can be seen on the carbon support.

2.3. Gas composition and analysis

Gas flow is controlled with mass flow controllers (MKS
Instruments, Andover, MA). The gases are supplied from
either a high purity gas cylinder or, as in the case of toluene
and acetonitrile, by bubbling nitrogen through liquid organic
in a gas wash bottle. The carrier gas for the VOC experi-
ments (toluene and acetonitrile) was dry synthetic air. For
the NOx experiments,∼130 ppm NO/10% O2/balance N2
gas was used. For all experiments presented here, a gas flow
rate of 1 l/min was used giving a residence time of 2.4 s in the
plasma zone between electrodes and∼1.2 s in the catalyst
of the downstream RVC electrode. It should be noted here
that the addition of water vapor to the gas would likely have
significant effects on the chemistry of both plasma and cat-
alyst, and that water would be present in most applications.

Gas sampling cells are located both up and downstream
of the reactor. Samples are taken from these cells us-
ing a Hamilton 250�l syringe and injected into a Perkin
Elmer Autosystem XL gas chromatograph equipped with
a flame ionization detector and thermal conductivity de-
tector. Compounds measured or detected using the GC in
this work included toluene, acetonitrile, ethylene, carbon
dioxide, nitrous oxide, and a few unknown byproducts of
the degradation of those compounds. Carbon monoxide and
carbon dioxide are measured using a MultiRAE CO/CO2
monitor (RAE Systems Inc., Sunnyvale, CA). This monitor
measures CO2 using IR absorbance and CO using a propri-
etary non-IR method. Certain compounds such as hydrogen
and ethylene interfere with CO measurements made by
this device. Nitrogen oxide and nitrogen dioxide are mea-
sured using a chemiluminescence NOx Model 42H monitor
(Thermo-Environmental Instruments).

2.4. Pulsed power supply and electrical characteristics

The electrical system used is similar to the one used in
our previous work[15,31,36]. The electrical discharge pro-
duced by this circuit in the RVC reactor had rise time on
the order of 20 ns, pulse width of 500 ns, and energy of
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∼40 mJ/pulse. The experiments are conducted at a constant
frequency of 60 Hz and an applied voltage of∼33–36 kV.
The resulting energy density applied to the gas in this work
is ∼140–150 J/l.

2.5. Methods for measurement of catalyst activity and
plasma–catalyst interaction

The catalyst disks are characterized for their activity in
the absence of plasma toward removal of the contaminant
compounds through temperature ramp experiments. In these
experiments, the temperature of the reactor is increased and
the outlet concentration of the contaminant is monitored over
a range of temperatures.

After determination of the temperature window under
which the catalyst is active in the removal of the compound
of interest, combined plasma–catalyst experiments are per-
formed in that temperature range. For plasma–catalyst ex-
periments, the reactor is held at constant temperature. Once
the outlet concentration of the contaminant and observed
byproducts are steady, the pulsed streamer corona discharge
is turned on and the concentrations of reactants and prod-
ucts are monitored for a specific time interval, typically 20
or 40 min. After the plasma is switched off, the outlet con-
centrations and reactor temperature are monitored until they
stabilize to their initial values.

3. Results and discussion

3.1. Acetonitrile removal

Acetonitrile (CH3CN) is a volatile organic compound
with vapor pressure of 0.11 bar at standard conditions.

Fig. 3. Light off curve for acetonitrile in dry synthetic air with Pt/Rh disk at total gas flow rate of 1 l/min.

The ionization potential of acetonitrile is 12.20 eV, com-
pared with 12.06 for the oxygen molecule.Fig. 3 shows
acetonitrile removal as a function of temperature with the
platinum–rhodium catalyst. Acetonitrile removal begins at
about 160◦C, and the amount of removal increases until al-
most total removal occurs at 250◦C. A summary of data for
both catalyst and plasma–catalyst removal of acetonitrile is
shown inFig. 4. The removal of acetonitrile by plasma alone
is roughly the same at room temperature and at 210◦C. At
this temperature, the catalyst alone removes roughly 70% of
the inlet acetonitrile. When plasma is turned on in the region
adjacent to the catalyst disk, another∼50 ppm of acetoni-
trile is removed. This is the same amount removed by the
plasma when the catalyst is not present. Thus, acetonitrile
removal for this case appears to be the linear combination
of the removals observed for plasma and catalyst treatment
alone. Carbon dioxide and nitrous oxide byproducts were
measured for acetonitrile removal. Again, the production
of byproducts is the linear combination of the combination
of the two processes. For this reactor geometry, the contact
area between plasma and catalyst is at maximum 20 cm2.
It was considered that synergy might be observed at higher
flow rates because of higher transport from the plasma to
the interior of the catalyst, but an experiment at 10 l/min
showed the same linear combination discussed above.

It is not clear if the ionization potential of acetonitrile has
an effect on its behavior under combined plasma–catalyst
treatment. However, it should be noted that the plasma treat-
ment is not as effective for acetonitrile as for toluene un-
der similar conditions, an observation which agrees with
the hypothesis of Krasnoperov discussed inSection 1 [32].
The G-value (one unit for energy efficiency of contami-
nant removal) calculated for acetonitrile removal at room
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Fig. 4. Histogram of acetonitrile data for plasma, catalyst, and combined plasma–catalyst treatment at 210◦C.

temperature is∼0.09 mol/100 eV, a value which falls near
to the 0.1 mol/100 eV delineation proposed by Krasnoperov
between the two categories of compounds defined by their
ionization potentials relative to the oxygen molecule.

3.2. NOx removal

A summary of data for nitrogen oxide removal is shown
in Fig. 5. A reducing agent such as ethylene is necessary
for the catalyst to be active toward reduction of nitrogen
oxides as shown in the reaction scheme (R1)–(R5) taken
from the review by Kaspar et al.[37]. Asterisks represent
surface-bound species. The reaction set (R1)–(R5) demon-

Fig. 5. Histogram of NO/ethylene removal for catalyst, plasma, and combined plasma catalyst treatment at 140◦C.

strates the necessity of a reductant, such as HC, to free sur-
face sites, O∗ to S, for NO adsorption. In the present ex-
periments with the Pt/Rh catalyst in the absence of ethylene
there was little or no NO conversion. As Kaspar points out,
NO conversion typically reaches a maximum at the temper-
ature at which 100% hydrocarbon conversion is observed.
Above this temperature, NO is oxidized to NO2 by excess
oxygen:

HC + O∗ → CO2 + H2O + S (R1)

NO + S → NO∗ (R2)

NO∗ → N∗ + O∗ (R3)
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N∗ + N∗ → N2 + 2S (R4)

NO∗ + N∗ → N2O + 2S (R5)

The concentrations of NO, NO2, and ethylene for the cata-
lyst alone, plasma–catalyst combination, and plasma alone
cases are shown along with the feed concentrations inFig. 5.
The catalyst alone removes about 40% of the NO and 20%
of ethylene at 140◦C without producing any NO2. Subse-
quent experiments have shown that up to 40% of the re-
moved NO is converted to N2O. Molecular nitrogen was not
measured. When the plasma is turned on with catalyst at
140◦C, ethylene removal doubles, but the concentration of
NO rises slightly, and about 15 ppm NO2 is emitted. In the
plasma alone case, NO is converted completely into NO2,
and ethylene is removed at a rate similar to the combined
plasma–catalyst case. The fate of the removed ethylene was
measured in follow-up experiments and it was found that for
both the catalyst and the plasma–catalyst experiments, con-
version to CO2 was between 95 and 100%. In the plasma
alone case, however, the selectivity toward CO2 was much
lower—as little as 10%. It is likely that in this case the fate
of the majority of the removed ethylene is to partially oxi-
dized hydrocarbons or carbon monoxide, but these have as
yet to be identified or measured.

The interactions between the plasma and this catalyst for
NOx removal can be partially explained as follows. Up-
stream of the catalyst ethylene is removed or partially oxi-
dized by the plasma. The resulting lower level of ethylene
exposed to the catalyst leads to lower NO conversion by
reducing the number of surface sites available for NO ad-
sorption, i.e. lowering the rate of reaction (R1). The above
argument does not explain the lower level of NO2 in the
plasma–catalyst case compared to the plasma alone case.
Plasma alone has the effect of converting NO to NO2, while
in the plasma–catalyst case, significantly less NO2 is seen at

Fig. 6. Time-course data for catalyst only treatment of NO/ethylene at 140◦C showing NO2 desorption upon removal of ethylene from the feed gas.

the outlet than in the plasma alone case. The catalyst there-
fore is converting the NO2 produced in the plasma back to
NO. It is presently unclear whether this reaction is promoted
by the plasma through reduction with the partially oxidized
hydrocarbon, or if the catalyst is active toward the NO2 →
NO reaction in the absence of plasma.

Other evidence suggests that NO2 may play a role in the
surface reactions for the catalytic removal of NO/ethylene.
When the supply of ethylene to the catalyst is set to zero
under conditions similar to those shown inFig. 5 for the
catalyst alone case, NO2 is desorbed from the catalyst and
NO removal returns to zero much more slowly than the time
required for ethylene levels in the reactor to reach zero as
shown in Fig. 6. This suggests that NO is oxidized first
to NO2 upon being adsorbed onto the metal (R6), or that
adsorption occurs via an adsorbed oxygen atom leading to
surface-bound NO2 (R7). When ethylene is present in the
gas, no NO2 is detected at the reactor outlet, suggesting that
the surface phase NO2 is reduced by the hydrocarbon as in
(R8):

NO∗ + O∗ → NO2
∗ (R6)

NO + O∗ → NO2
∗ (R7)

NO2
∗ + HC → N∗ + CO2 + H2O (R8)

Further characterization of this catalyst is necessary to fully
understand the interaction of plasma and catalyst for NOx

removal. Experiments using NO2 as the feed gas can elicit
some information about the activity of the catalyst for con-
version of NO2 to NO, which is indirectly implied by the
data using NO as the feed gas.

The experiments on nitrogen oxides leave many questions
on the mode of plasma–catalyst interaction in this system.
The results imply that the catalyst reduces NO2 to NO when
combined with the plasma. Further work using NO2 as an
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Fig. 7. Toluene concentration vs. temperature for catalyst, plasma, and combined plasma–catalyst treatment.

inlet gas and reversing the orientations of the electrodes rel-
ative to the gas flow in the reactor (so that the catalyst is
upstream of the plasma) will be done to elicit more infor-
mation on this system.

3.3. Toluene removal

Data on toluene removal by the catalyst alone, plasma
alone, and combined plasma–catalyst treatment as functions
of catalyst temperature are shown inFig. 7. Over the tem-
perature range of 130–160◦C, plasma treatment removed
40–50% of the inlet toluene. At 130◦C, the catalyst removes

Fig. 8. Time-course data for toluene removal showing time needed for catalyst to return to original activity after plasma is turned off.

about 25% of toluene. When plasma is applied in combi-
nation with the catalyst at this temperature, the toluene re-
moval increases roughly to that observed for plasma alone.
In contrast to the apparent linear combination of removal of
acetonitrile for plasma and catalyst, the toluene removal at
130◦C is less than the linear combination of the two indi-
vidual processes. At 140◦C, removal of toluene by the cat-
alyst increases to about 70%, the combined plasma–catalyst
treatment results in roughly the same removal as observed
at 130◦C. At 150 and 160◦C, the plasma–catalyst treat-
ment approaches that of the catalyst alone and exceeds the
removal due to plasma treatment alone. The removal for
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Fig. 9. CO2 concentration at reactor outlet for catalyst, plasma, and combined plasma–catalyst treatment of toluene.

plasma–catalyst treatment at all temperatures studied, how-
ever, is always less than the linear combination of the plasma
alone and catalyst alone treatments.

Some insight into the interaction between the catalyst and
plasma can be seen in the time-course data for a single ex-
periment. InFig. 8, the first 10 min of data represents toluene
removal by the catalyst alone. When plasma is turned on,
the toluene concentration increases, with a corresponding
decrease in CO2 concentration. After the plasma is turned
off, toluene concentration first increases, and then slowly
returns to the level seen for the catalyst alone case after ap-
proximately 30 min. This implies that the plasma somehow
interrupts the normal operation of the catalyst. This inter-
ruption is a function of temperature. At 160◦C, the time for
toluene concentration to return to the level seen before the
plasma was turned on is less than the time resolution of the

Fig. 10. CO concentration at reactor outlet for catalyst, plasma, and combined plasma–catalyst treatment of toluene.

experiment, and at 150◦C, that time is less than 5 min. In
the plasma–catalyst experiments, the removal of toluene by
the plasma is presumably equivalent to that removed in the
plasma alone experiments since the plasma is located up-
stream of the catalyst. If this assumption is true, then the
plasma, or products of toluene degradation in plasma, com-
pletely interrupts all reactions on the catalyst which lead to
toluene removal for catalyst alone experiments in the 130
and 140◦C experiments. At 150 and 160◦C, higher rates of
adsorption, desorption and surface reaction are able to com-
pensate somewhat for the inhibiting effect of the compounds
produced in the plasma.

Another important aspect of the toluene experiments is the
fate of the removed toluene.Figs. 9–11show the concentra-
tions of CO2, CO, and an unknown byproduct, respectively;
these data correspond to experiments for the toluene data
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Fig. 11. Unknown byproduct data at reactor outlet for catalyst, plasma, and combined plasma catalyst treatment of toluene. This or some other byproduct
of toluene degradation could be responsible for catalyst deactivation.

shown inFig. 7. The level of CO2 seen in some of these
experiments exceeds that which is expected from the sto-
ichiometry of the removed toluene. There is no evidence
that the elevated CO2 arises from reactions of the RVC with
the plasma since control experiments without the addition
of organic produce no CO2 at any temperature. In addition,
without plasma CO2 is not detected at the reactor outlet up
to 260◦C with synthetic air (no organic or CO2) as the feed
gas. However, the elevated levels of CO2 are observed only
when organic is present at high temperature with catalyst.
Thus, the possibility remains that reactions of toluene and/or
toluene byproducts on the catalyst surface lead to oxidation
of the carbon substrate, thereby elevating the outlet CO2
level. Despite the issues regarding the CO2 levels, the rela-
tive amounts of CO2 and CO observed in the different exper-

Fig. 12. Selectivity toward CO2 defined as CO2/(CO+ CO2) for catalyst, plasma, and combined plasma–catalyst treatment of toluene.

iments are notable. Under plasma only operation, CO levels
exceed those of CO2 significantly, and the selectivity toward
CO2 for the catalyst and plasma–catalyst cases greatly ex-
ceed that of the plasma alone case, as seen inFig. 12.

Another aspect of the plasma alone experiments is the
fact that some portion of the removed carbon ends up in the
form of a solid brown-colored deposit in the reactor. The
amount of this material produced and the carbon content
have not been measured, and so an adequate carbon balance
for the plasma alone experiments is not possible at this
time. Presumably, this material is oxidized in the combined
plasma–catalyst experiments because a higher percentage
of the carbon from the removed toluene is detected as car-
bon dioxide in these experiments. The formation of a solid
byproduct was also observed by Demidiouk et al.[38], who
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saw at most 20% of the removed toluene converted to CO2.
Another study by Li et al.[39] showed some synergy of
corona treatment of toluene with TiO2 photocatalyst, but
made no mention of solid byproduct or inhibition of catalyst
activity. Parissi et al. report in[2] some details of the solid
material formed and of the size range of aerosols they mea-
sured in the treatment of toluene by DBD plasma. Infrared
analysis shows the presence of carbonyl and carboxylic acid
groups in the deposit and they report that aerosols observed
are similar to those observed in conventional combustion
processes.

4. Conclusions

Experiments using plasma, platinum–rhodium coated
RVC catalyst electrodes, and combined plasma–catalyst
treatments of three different gas mixtures showed widely
different behavior depending upon the species under con-
sideration. In the absence of plasma, this catalyst is active
at higher temperatures in the degradation of toluene and
acetonitrile. In the presence of plasma and catalyst, toluene
appears to form byproducts that reduce the activity of the
catalyst while the removal of acetonitrile by catalyst is un-
affected by the plasma. Acetonitrile is partially removed by
the plasma, however, the removal in the combined plasma
catalyst case is a linear combination of the removal in the
two individual cases. The effect of the plasma catalyst com-
bination on NO removal suggests that a more complicated
interaction is at work wherein the plasma oxidizes NO to
NO2 and the downstream catalyst then reduced some of the
NO2 back to NO. Future work on this topic will consist
of concentration variation for rate law determination, the
reversal of flow in the reactor, and separation of the catalyst
from the plasma region.
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