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INTRODUCTION 

For the past few years, Lawrence Livermore National Laboratory has been 
conducting a comprehensive research program on the application of non- 
thermal plasmas for air pollution control and abatement. This program 
combines an extensive modeling effort with an experimental facility and test 
program. We believe that there are two major issues to be addressed in order 
to apply non-thermal plasma processing to air pollution control; these are 
electrical energy consumption and byproduct identification. The thrust of our 
work has been to understand the scalability of the non-thermal process by 
focusing on the energy efficiency of the non-thermal process and to identify 
the byproducts to ensure that effluent gases from a non-thermal processor are 
benign. We have compared different types of electrical discharge reactors both 
theoretically and experimentally. Our interests in the application of non- 
thermal plasmas vary from the destruction of volatile organic compounds 
(VOCs) to NOX reduction for mobile applications. This paper will discuss the 
processing of both NO, and VOCs by non-thermal plasmas at LLNL. 

IMPORTANCE OF THE ELECTRON MEAN ENERGY 

Non-thermal plasma processing operates by producing a plasma in which the 
majority of the electrical energy goes into the production of energetic 
electrons rather than into gas heating. Even though the electrons are short- 
lived and rarely collide with the pollutant molecules, they produce radicals 
through electron-impact dissociation and ionization of the background 
molecules. These radicals then react selectively with the pollutant molecules. 

Non-thermal plasmas can be produced either by electron beam irradiation or 
by electrical discharge techniques [I, 21. Electrical discharge techniques can be 
implemented in many ways, depending on the electrode configuration and 
electrical power supply (pulsed, AC or DC). Many electrical discharge devices 
achieve non-thermal conditions through the production of microdischarges 
known as streamers. Streamers are plasma filaments produced by highly 
localized space-charge waves. Streamers form when the density of electrons 
in an ionization avalanche has increased to the point where the space-charge 
of the avalanche starts to shield the plasma from the external field. The space- 
charge waves enhance the applied field in front of the wave and propagate 
because of electron avalanching in this high field. Within the short lifetime 
of the streamer, the ions do not experience significant movement and 
therefore do not contribute to the electrical energy consumption. The short 
lifetime of the streamer is accomplished with the use of very-short high- 
voltage pulses (pulsed corona discharge) and/or with the use of dielectric 
coatings on the electrodes (dielectric-barrier or silent discharge). In practice, 
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pollutant behavior in electrical discharge devices is determined by a large 
number of microdischarge, or streamer, pulses that are strongly 
inhomogeneous in space. 

The electron mean energy in a plasma reactor is very important because it 
determines the types of radicals produced in the plasma and the input 
electrical energy required to produce those radicals. Figure 1 shows the 
dissipation of the input electrical energy in a dry air discharge. Note that at 
low electron mean energies (e 5 eV) a large fraction of the input electrical 
energy is consumed in the vibrational excitation of N2. Electron mean 
energies around 5 eV are optimum for the electron-impact dissociation of 0 2 ,  
which is important for the production of 0 radicals. These oxidizing radicals 
play a key role in the initial decomposition of some types of VOCs. To 
implement the chemical reduction of NO to benign molecules such as N2 and 
0 2 ,  the important radical is the N radical, which is produced through the 
electron-impact dissociation of N2. High electron mean energies are required 
to efficiently implement the dissociation of N2. 

Both pulsed corona reactors and dielectric-barrier discharge reactors produce a 
non-thermal plasma through the forma tion of streamers. During the 
streamer formation phase, the electron number rises drastically. Due to field 
strength enhancement in the ionization wave, the highest electron energies 
occur during this phase. The mean electron energy reaches values of more 
than 10 eV - suitable for large dissociation and ionization of the gas. However, 
since this is a highly transient phase, and since the ionization wave covers 
only small parts of the gap at the same time, this phase seems to be less 
important in producing most of the active radicals. The microdischarge 
column during the main current flow is the region where the main portion 
of radicals is generated. This column covers a large part of the gap and lasts 
throughout the lifetime of the discharge. Thus, most of the radicals are 
produced in the streamer channel after the streamer head has crossed the 
electrode gap. The streamer plasma is space-charge shielded and the self- 
consistent field within the plasma is always close to the electrical breakdown 
threshold field. The streamer channel field dictates the electron mean energy 
that determines the radical production efficiency of the plasma reactor. For air 
discharges, the critical electric field corresponds to electron mean energies of 3 
to 4 eV. 

Because of space-charge shielding, the electron mean energy in the plasma 
channels weakly depends on the electrode structure, applied peak voltage, 
and whether the microdischarges are extinguished because of the short 
voltage pulse (as in pulsed corona) or because of the dielectric charging (as in 
silent discharge). The energy yield (eV per molecule) for a particular 
processing application would therefore be about the same for a pulsed corona 
and a silent discharge. Figure 2 shows the G-values for the dissociation of N2 
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and 0 2  as a function of the electron mean energy. Using various kinds of 
discharge reactors, we have done a series of experiments to measure the 
dissociation G-values. We have verified that the dissociation G-values for N2 
and 0 2  in N2/02 mixtures correspond to electron mean energies of 3 - 4 eV. 
This electron mean energy for discharge reactors is independent of external 
parameters such as reactor type, electrode geometry and voltage pulse 
parameters. 

TEST FACILITY 

The experimental apparatus consists of a gas manifold, an electrical discharge 
processor, and gas analyzers. The experiments were performed in a flow- 
through configuration. A schematic of the test stand is given in Figure 3. The 
gas blending manifold allows us to custom-make test gas streams consisting 
of various mixtures of gaseous compounds. We meter these gases through 
mass flow controllers that permit exact control of flow rate. We use pure gases . 
for mixing the major components, such as N2, and dilute calibrated mixtures 
to blend the pollutant, e.g. NO or TCE. This arrangement allows us to blend 
in small concentrations of the trace components using mass flow controllers 
of similar capacities. The nitrogen flow controller has a full range of 100 
standard liters per minute (slpm) while the other gas flow controllers have a 
maximum flow rate of 20 slpm. After mixing in the manifold the gas then 
passes through a series of three heaters. Thermocouples on the walls of the 
heater and processor provide feedback for active control of the temperature. 
Heater bands encircle the center section of the processor and insulators 
separate the gas flow from the pipe crosses at the ends of the processor. An air 
flow cools the current and voltage diagnostic monitors that are inside the end 
crosses. 

The two kinds of electrical discharge reactors investigated in this study are 
shown in Figure 4. In the pulsed corona reactor shown schematically in 
Figure 4(a), the reactor is driven by very short pulses of high voltage, thus 
creating short-lived discharge plasmas that consist of energetic electrons, 
which in turn produce the radicals responsible for the decomposition of the 
undesirable molecules. In a dielectric-barrier discharge reactor, one or both of 
the electrodes are covered with a thin dielectric layer, such as glass or 
alumina. Whereas in the pulsed corona method the transient behavior of the 
plasma is controlled by the applied voltage pulse, the plasma that takes place 
in a dielectric-barrier discharge self-extinguishes when charge build-up on the 
dielectric layer reduces the local electric field. The reactor shown in Figure 4(b) 
combines the fast-rising voltage pulse of a pulsed corona reactor and the self- 
extinguishing characteristic of a dielectric-barrier discharge reactor. In the 
reactor used , only the outer electrode was covered with alumina. 

The pulsed power supply system is flexible to accommodate different 
discharge reactor geometries. This power supply is a magnetic pulse 
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compression system capable of delivering up to 30 kV output into 200 ns 
pulses at variable repetition rates of up to 5 kHz range. This power supply is 
adjustable over a wide range of voltage and can operate into a short circuit 
without damage. Depending on conditions, current output can be as high as 
1000 A. LLNL determines the energy deposition into the gas by monitoring 
the electrical parameters associated with the discharge. To obtain pulse 
energies a digital oscilloscope ( Tektronix 540) records both the voltage and 
current profiles. We measure the total current which contains both the 
discharge current and the current associated with charging the capacitance of 
the reactor. To obtain the capacitor charging current, (C dV/dt), C is 
empirically determined by varying C until the calculated discharge current, (I- 
C dV/dt), profile is a normal shape. A computer data acquisition system 
(National Instruments LABVIEW) reads both profiles and integrates the 
product of the voltage and discharge current over the pulse duration to yield 
the pulse energy. In these experiments we vary the power input to the 
processor by changing either the pulse energy or pulse repetition frequency. 

We monitor the outlet gas composition with a chemiluminescent NO, 
analyzer (Teledyne Model 91 l), a Fourier Transform Infrared (FTIR) 
spectrometer (Nicolet Magna 550), and an electrochemical trace oxygen 
analyzer (VAC Model AO-326-C). For NO, determination the Teledyne uses a 
heated steel converter to reduce NO2 to NO prior to chemiluminescent 
detection. Because the converter operates at only 78% efficiency for 
converting NO2 to NO, readings are corrected to account for +this incomplete 
conversion. We also quantify NO2 and NO directly by their infrared 
absorbance. The FTIR spectrometer allows us to detect many compounds, 
which is important for determining the material balance and determination 
of byproducts. Because our gas samples contain water in other experiments to 
simulate flue gas, we heat the FTIR cell (6-m path White cell) to 120°C to 
avoid condensation. In addition, we use a heated sample gas dilution and 
conditioning unit (Therm0 Environmental Instruments Model 900) before 
the NO, and 0 2  analyzers. We use synthetic air (20% 0 2  80% N2) as a dilutent 
because 0 2  is necessary for converting NO2 to NO when using the NO, 
analyzer in NO, mode. 

TEST RESULTS NO 

We used a pulsed corona reactor consisting of a wire (1.5 mm diameter) in a 
300 mm long metal pipe with an inner diameter of 60 mm. The gas flow rate 
was 65 slpm. A blended gas mixture of 100 ppm NO in N2 was used. The 
voltage pulse repetition rate was varied up to 1000 Hz. We changed the input 
energy density either by varying the applied voltage and keeping the 
repetition rate fixed, or by keeping the applied voltage fixed and varying the 
repetition rate. For the same energy density was changed input, either 
method produced almost identical results. The concentrations of NO and 
NO2 as functions of the input energy density (in units of Joules per standard 
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liter) are shown in Figure 5. The gas temperature was maintained at 100OC. 
For the modeling results [3] in Figure 5, an N2 dissociation G-value of 0.21 
dissociations per 100 eV of input energy was used. This G-value corresponds 
to. an electron mean energy of 4 eV. For input energy densities below 100 
Joules/liter, the modeling is in good agreement with the experiment. The 
specific energy cost for NO reduction is around 1.05 ppm-liters/Joule, or 
238 eV per reduced NO molecule. For the input power densities used in the 
experiments, radical depletion due to radical-radical reactions are 
insignificant during the NO reduction phase. The removal of NO is 
dominated by the reduction reaction N + NO => N2 + 0; thus, the energy cost 
for reduction of NO is simply the energy cost for production of N radicals. At 
input energy densities above 100 Joules/liter, the experiments show 
significant NO production, presumably due to spurious gas heating within 
the streamer channels. 

We investigated whether it is possible to improve the processing efficiency by 
taking advantage of transient high electric fields during the formation of the 
streamer plasma. To do this, the voltage pulse should be very fast-rising, but 
with a pulse length short enough so that most of the radical production 
occurs only during streamer propagation. One way of achieving this 
condition is by combining the fast-rising, strongly non-uniform applied 
electric field of a corona reactor with the self-extinguishing microdischarge 
pulses of a dielectric-barrier discharge reactor. We therefore used a reactor 
shown schematically in Figure 4(b). The reactor consisted of a wire (1.5 mm 
diameter) in a 300 mm long dielectric (alumina) tube with inner and outer 
diameters of 28 mm and 35 mm, respectively. The middle 150 mm of the 
dielectric tube has aluminum foil coating the outside to form the outer 
electrode. All other conditions were identical to the previous pulsed corona 
experiments. The gas flow rate was 65 slpm, consisting of a blended gas 
mixture of 100 ppm NO in N2. The concentrations of NO and NO;! as 
functions of the input energy density are shown also in Figure 5. The gas 
temperature was maintained at the same gas temperature of 100°C. As one 
can see from Figure 5, the dielectric-barrier did not produce any improvement 
in the energy efficiency for NO reduction. The specific energy cost for NO 
reduction is also around 240 eV per N O  molecule. For input energy densities 
below 100 Joules/liter, the modeling is in good agreement with the 
experiment. At input energy densities above 100 Joules/liter, we again 
observed significant NO production which we attribute to spurious gas 
heating within the streamer channels. 

A comparison between pulsed corona and dielectric-barrier discharge 
processing of 100 ppm NO in 02/N2 mixtures is shown in Figure 6. The gas 
temperature in these experiments was 100°C and the gas flow rate was 65 
slpm. The concentrations of NO and NO2 are presented as a function of the 
0 2  concentration in the inlet gas, with the input energy density fixed at 50 
Joules/liter. At large 0 2  concentrations, the oxidation reaction 0 + NO + M => 
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NO2 + M becomes dominant. We determined the 0 2  dissociation G-value to 
be around 13 dissociations per 100 eV of input energy. The presence of 0, 
lowers the electron mean energy to 3 eV and consequently reduces the N2 
dissociation G-value to 0.12 dissociations per 100 eV. 

Earlier comparisons between modeling and experimental results showed a 
difference at  higher input energy densities particularly in the presence of large 
0 2  concentrations. We observed higher amounts of NO than calculated. We 
now believe the higher amount of NO observed in these cases can be 
explained by enhanced NO production at. elevated temperatures within the 
microdischarge channels. For lower input energy densities, space-charge 
shielding dominates so that we observe the same results regardless of reactor 
type. At high input energy densities, spurious localized heating can perturb 
"non-thermal" plasma results. For practical applications involving 0 2  as a 
primary constituent of the exhaust gas, the deleterious effect of localized gas 
heating could become more serious as NO production due to the reaction N + 
0 2  => NO + 0 becomes important. 

VOC TEST RESULTS 

Test Description 

Another application of non-thermal plasma techniques is the removal and 
abatement of VOCs. In this section we report the results of experiments that 
examine the chemical fate for two representative molecules, methanol 
(CH30H or MeOH) and trichloroethylene (CHClCC12 or TCE) in electrical 
discharge reactors. The primary interaction of these compounds with the 
plasma generated radicals is with the 0 atom rather than the N atom as in the 
NO in N2 experiments. In these experiments we prepare a mixture 
containing a trace amount of VOC, 20% 0 2 ,  and balance N2 and record the 
composition of the effluent gas as a function of input energy density. The 
input energy density Joules/liter is the ratio of discharge power to gas flow 
rate at standard conditions (25 "C and 1 atm). 

For each VOC there are four data sets that correspond to an experimental 
matrix consisting of two temperatures (120 "C or 300 "C) and two discharge 
reactors (pulsed corona or dielectric-barrier). Figure 7 shows a typical infrared 
spectrum for each of the MeOH data sets. The top panel (a) shows the 
spectrum of the inlet gas which contains 400 ppm MeOH, 20% 02, and balance 
N2. The other four panels (b) - (e) are the spectra of the effluent gas after 
processing with about 100 Joules /li ter input energy density. Figure 8 
illustrates the analogous spectra for TCE except that the nominal input energy 
density is around 50 Joules/liter. As seen the Figure 7(a) there are two 
prominent bands that are suitable to quantify the amount MeOH in the 
effluent gas. However, the spectral interferences determine our choice of the 
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analyte band. We observe ozone only at  low temperature. In addition, we 
observe NOx especially at the higher power inputs. At low temperatures 
nitric acid predominates while at high temperatures NO2 does. At low 
temperatures we use the band near 3000 cm-1 to avoid spectral interference 
from ozone with the band near 1000 cm-1 but at high temperatures we use the 
band near 1000 cm-1 because of interference from the NO2 band at 2920 cm-1. 
For TCE there are several bands in the infrared spectrum as shown in Figure 
8(a) but only the feature around 940 cm-1 does not overlap with the spectra of 
any of the byproducts. The important organic byproducts in TCE 
decomposition are dichloroacetyl chloride' (DCAC) and phosgene. 

Methanol Results 

The plasma assisted oxidation of MeOH results in stochiometric oxidation to 
COX. Figure 9 shows a plot of concentration versus input energy density for 
the dielectric-barrier reactor at 120 "C. As the energy increases the MeOH 
concentration decreases while the CO and C02 concentrations increase. 
Furthermore, as shown in the plot, the sum of the MeOH and COX 
concentrations is approximately the initial MeOH concentration of 400 ppm. 
This carbon balance indicates every MeOH molecule that is removed becomes 
either a CO or C02 molecule. In addition, we observe no other carbon 
containing byproducts in the infrared spectra. This result suggests that the 
decomposition of any intermediates to COX is fast relative to the initial MeOH 
reaction. 

The oxidation of MeOH at a higher temperature also shows the same 
quantitative conversion to COX. Figure 10 shows the same type of plot as 
before except at 300 OC. The decrease in MeOH balances the amount of COX 
formed as in the previous low temperature case. However, there are two 
different temperature effects. First, the decomposition is more sensitive to 
input energy density at higher temperatures. At 120 "C it takes about 230 
Joules/liter to remove 50% of the MeOH while at 300 "C it requires only 60 
Joules/liter or almost 4 times less input energy density to achieve the same 
degree of removal. Second, the amount of C02 relative to CO increases at 
higher temperatures. Plasma assisted oxidation at 120 "C produces over 5 
times more CO than C02 while at 300 "C the ratio CO/CO2 is only about 3. 
This ratio decreases even further at higher input energies than are displayed 
in Figure 10. Our results show that plasma processing at higher temperatures 
is desirable from both economic and byproduct considerations. 

The results for plasma assisted oxidation of MeOH in a pulsed corona reactor 
are very similar to those from the dielectric-barrier reactor. Figures 11 and 12 
show the low and high temperature data for the pulsed corona reactor 
analogous to Figures 9 and 10, respectively. As in the dielectric-barrier reactor 
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the COX production reflects the amount of MeOH decomposed. The carbon 
balance along with the lack of other carbon intermediates in the infrared 
spectra confirm this result. There is also a similar sensitivity to input energy 
density. At 120 "C, pulsed corona processing requires about 180 Joules/liter 
for 50% removal versus 230 Joules/liter in the dielectric-barrier case. Like the 
dielectric-barrier reactor high temperature processing requires significantly 
less energy. Plasma processing at 300 OC consumes only about 60 Joules/liter 
for 50% removal, regardless of reactor type. The similarities in carbon balance 
and in MeOH removal as a function of input energy density require that the 
total COX yield is also similar. Although this requirement does not 
necessarily imply that the relative distribution of CO and C02 also be the 
same, we find that the trend of increasing C02 selectivity with temperature is 
also quantitatively the same in both reactor types. 

Trichloroethylene Results 

In contrast to the plasma assisted oxidation of MeOH, plasma processing of 
TCE is quite different. As shown in Figure 8, COX is only a minor product or 
at best comparable in concentration to the other byproducts which include 
DCAC, phosgene, and hydrochloric acid. Figure 13 shows the result of 
processing a gas containing 160 pprn TCE, 20% 02, balance N2 in a dielectric- 
barrier reactor. The plot reveals that the TCE concentration rapidly decreases 
with input energy density, taking less than 10 Joules/liter for 50% removal. 
This amount is substantially smaller than the best cases for either MeOH or 
NOx removal. However, the COX formation does not account for much of 
the carbon lost in the initial decomposition of TCE. The difference between 
twice the TCE removed and the COX formed represents carbon unaccounted 
for. This missing carbon which is in excess of 200 ppm at higher input energy 
densities appears in the byproducts DCAC and phosgene. 

Unlike plasma processing MeOH, high temperature processing requires more 
energy to remove TCE. As illustrated in Figure 14 discharge processing at 300 
"C in a dielectric-barrier reactor requires about 60 Joules/liter for 50% removal 
or more than 6 times the amount required at 120 "C. This observation 
suggests that the radicals react more readily with DCAC and phosgene at high 
temperature. On the other hand, the CO and C02 yields increase 
substantially. These two effects reduce the amount of carbon that is stored in 
DCAC and phosgene. Figure 14 shows that this amount is only about 50 ppm 
or less. The spectra (i.e. Figure 8) corroborate this result. The spectra at high 
temperature show only a relatively small amount of phosgene while the 
spectra at  low temperature show both DCAC and phosgene. The spectra also 
reveal higher amounts of HC1 at 300 "C which strengthen this result. The 
difference between three times the TCE removed and the HCl formed 
represents the amount of chlorine found in DCAC and/or phosgene. For a 
fixed input energy density, plasma processing at 300 "C removes less TCE and 
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forms more HCl than at 120 OC. These trends indicate an apparent tradeoff 
between energy requirements for the primary pollutant and secondary 
byproduct formation. 

Like the other molecules, plasma assisted decomposition of TCE produces 
similar results invariant to the reactor type. Figures 15 and 16 contain the low 
and high temperature data for the pulsed corona reactor analogous to 
dielectric-barrier data shown in Figures 13 and 14, respectively. Comparison 
of these data show that the removal of TCE, and formation of CO and CO;! 
depend on temperature but not on reactor type. The pulsed corona reactor 
data indicate that plasma processing removes a large amount of TCE with 
only a small amount of energy at 120 OC. This yield is about the same as that 
from the dielectric-barrier reactor. However, the relatively low yield of COX 
reveal that, again, like in the case of the dielectric-barrier reactor there is a 
substantial amount of byproduct formation. The spectra reveal that both 
DCAC and phosgene are in the effluent in support of this conclusion. Plasma 
processing at 300 O C  with the pulsed corona reactor reduces the amount of 
TCE removed but increases the COX yield and results in less byproduct 
formation consistent with the infrared spectra. In both temperature cases the 
CO component predominates in the COX sum, regardless of reactor type. 

Reactor Similarities 

As discussed in the previous section, the similarities observed in NO 
removal with different types of reactors is a fundamental limitation from 
space charge shielding. The data here also support this argument. Figure 17 
illustrates the similarities between the different reactor types for plasma 
processing MeOH while Figure 18-compares the two reactors for TCE. 
Although not shown the branching ratios for CO and C02 for each VOC 
depend only on temperature and not reactor type. 

CONCLUSIONS 

We have conducted an experimental and theoretical investigation of non- 
thermal plasma processing. Our experimental data on NO, methanol and TCE 
all show similar results; for the same amount of pollutants and same gas 
mixtures, there is no significant difference in the plasma processing efficiency 
caused by the electrical discharge processor type. Our results imply that, 
during radical production, the electrical field experienced by the plasma is 
always space-charge shielded to approximately the same value. Electron and 
chemical kinetic calculations indicate that this space-charge shielded field 
corresponds to an electron mean energy of around 3 to 4 eV. The radical 
production rates predicted by our computer model are in good agreement 
with our chemistry measurements for NO in various mixtures. We are now 
therefore confident that we can accurately predict radical yields and electrical 
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power requirements for complicated gas mixtures and for various types of 
plasma reactors. 

Our experiments on methanol show that non-thermal plasma processing 
converts methanol to COX with an energy yield that increases with 
temperature. 

In contrast to the results from methanol, COX is only a minor product in the 
decomposition of TCE. In addition, higher temperatures have the opposite 
effect on energy yield for TCE. However, because of the toxicity of the by 
products, higher temperatures are desirable despite the lower energy yield for 
TCE removal. 
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Figure 1. Energy dissipation in a dry air discharge, showing the percent of 
input power consumed in the electron-impact processes leading to 
vibrational excitation, dissociation and ionization of N2 and 0 2 .  
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Figure 2. Calculated G-values (number of dissociations per 100 eV of input 
energy) for electron-impact dissociation of N2 and 0 2  as a function 
of the electron mean energy. 
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Figure 3. Schematic of test stand. 
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Figure 4. EIectrical discharge reactors investigated in this paper. (a) pulsed 
corona reactor; (b) dielectric-barrier discharge reactor. 
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Figure 5. Pulsed corona and dielectric-barrier discharge processing of 100 
ppm NO in N2 at a gas temperature of 100°C and gas flow rate of 
65 standard liters per minute. The final NO and NO2 
concentrations (ppm) are presented as a function of the input 
energy density (in Joules per standard liter). Data points: 
experiments; Lines: calculations. 

0 2 4 6 8 10 
Inlet 0, (%) 

Figure 6. Pulsed corona and dielectric-barrier discharge processing of 100 
ppm NO in 02/N2 mixtures at a gas temperature of 100°C, gas 
flow rate of 65 standard liters per minute, and energy density 
input of 50 Joules per standard liter. The final NO and NO2 
concentrations (ppm) are presented as a function of the 0 2  
concentration (%) in the inlet gas. Data points: experiments; 
Lines: calculations. 
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Figure 7. FTIR spectrum 
(a) Inlet gas containing 400 ppm MeOH, 20% 02, balance N2. 
(b) Effluent from dielectric-barrier reactor at 120 C and 95 J/L. 
(c) Effluent from dielectric-barrier reactor at 300 C and 96 J/L. 
(d) Effluent from pulsed corona reactor at 120 C and 104 J/L. 
(e) Effluent from pulsed corona reactor at 300 C and 113 J/L. 
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Figure 8. FTIR spectrum 
(a) Inlet gas containing 160 ppm TCE, 20% 02, balance N2. 
(b) Effluent from dielectric-barrier reactor at 120 C and 49 J/L. 
(c) Effluent from dielectric-barrier reactor at 300 C and 58 J/L. 
(d) Effluent from pulsed corona reactor at 120 C and 51 J/L. 
(e) Effluent from pulsed corona reactor at 300 C and 66 J/L. 
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Effluent concentration versus input energy density for pulsed 
corona discharge processing of MeOH at 120 C. The inlet gas 
contains 400 ppm MeOH, 20% 02, and balance N2. 
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Figure 12. Effluent concentration versus input energy density for pulsed 
corona discharge processing of MeOH at 300 C. The inlet gas 
contains 400 ppm MeOH, 20% 0 2 ,  and balance N2. 
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carbon represents the amount of carbon in the DCAC and 
phosgene byproducts. 
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Effluent concentration versus input energy density for dielectric 
barrier discharge processing of TCE at 300 C. The inlet gas 
contains 160 ppm TCE, 20% 02, and balance N2. The calculated 
carbon represents the amount of carbon in the DCAC and 
phosgene byproducts. 
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Figure 15. Effluent concentration versus input energy density for pulsed 
corona discharge processing of TCE at 120 C. The inlet gas 
contains 160 ppm TCE, 20% 02, and balance N2. The calculated 
carbon represents the amount of carbon in the DCAC and 
phosgene byproducts. 
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Figure 17. Plasma processing of MeOH. Comparison of reactor types. 
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Figure 18. Plasma processing of TCE. Comparison of reactor types. 
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