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ABSTRACT 

Non-thermal plasma techniques can be used to destroy many types of hazardous 
molecules. They are particularly efficient when the toxic materials are present in very 
small concentrations. This paper discusses three particular applications of non-thermal 
plasmas: (1) decomposition of hydrogen sulfide (H2S), (2) removal of trichloroethylene 
(TCE), and (3) removal of nitrogen oxides (NOx). Emphasis is placed on the energy cost 
for implementing the decomposition or removal of these pollutants. Some of the factors 
affecting the energy cost are discussed. We discuss in detail our work at LLNL on pulsed 
plasma processing forthe treatment of NOx in diesel engine exhaust. Our results suggest 
that our plasma reactor can remove up to 70% of NO with relatively high initial 
concentrations (up to 500 ppm) at a power consumption cost of 2.5% for an engine with 
an output of 14 kW and an exhaust gas flow rate of 1200 liters per minute. 

INTRODUCTION 
The essence of non-thermal plasma techniques for pollution control is the efficient 

use of electrical energy through selective dissociation of the toxic molecules. "Non
thermal" plasmas as the name impies, are plasmas in which the electron temperatures 
am considerably higherthan those of the components of the ambient gas. Non-thermal 
plasma techniques are particularly efficient when the toxic materials are present in very 
small concentrations, as is the case for flue gas emissions. This contrasts with the use 
of plasma furnaces or torches and several chemical techniques in which the whole gas 
is heated in order to break up the undesired molecules. This contrasts also with the use 
of thermal plasma arcs for liquid and solid waste disposal. 
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Non-thermal plasma techniques are generic in the sense that they can be used to 
destroy many types of hazardous molecules. The purpose of the plasma is to create 
radicals through electron-impact dissociation and ionization of the molecules in the 
effluent gas. Radicals such as OH react preferentially with the undesired molecules and 
lead to the break-up of a wide range of volatile organic compounds, including chlorinated 
hydrocarbons, as well as the acid rain gases nitrogen oxides (NOx) and sulfur dioxide 
(S0 2). Non-thermal plasma reactors can be used independently, for example to clean 
diesel engine exhausts, or in conjunction with thermal plasma furnaces to treat mixed 
waste or chemical warfare agents. 

There are many types of non-thermal plasma devices that have been developed 
for environmental applications. The potential of these devices for the destruction of 
pollutants ortoxic molecules has already been demonstrated in many contexts, such as 
NOx and SO2 in diesel engine exhausts heavy metals and volatile organic compounds 
(VOCs) in industrial effluents, and chemical agents such as nerve gases. These devices 
operate on the same basic principle: produce a discharge in which a majority of the 
electrical energy goes into the production of energetic electrons, rather than into gas 
heating. Even though the electrons are short-lived under atmospheric pressure condi
tions and rarely collide with a pollutant molecule, they undergo many collisions with the 
dominant background gas molecules, thus producing radicals that, in turn, decompose 
the toxic compounds. The efficiency of the approach arises from the fact that the radicals 
have long lifetimes and react selectively with the contaminant molecules. 

Non-thermal plasmas can be created in essentially two different ways: by electron-
beam irradiation, and by electrical discharges. 

Electron-beam irradiation has been proven to be an effective method for removing 
NOx and S0 2 in flue gases from industrial plants such as electrical power stations and 
steel plants. In this method, the energy of the electron beam is used directly to dissociate 
and ionize the backgroundgas. During the ionization by the beam, ashowerof secondary 
electrons is produced, which further produce a cascade of ionization and dissociation. 
This cascading effect produces a large volume of plasma that can be used to initiate the 
conversions of NOx and S 0 2 to their respective acids, which may then be collected by 
electrostatic precipitators or by bag filters. Alternatively, if ammonia is introduced into the 
gas, these acids can be converted to ammonium sulfate and ammonium sulfate-nitrate, 
which may be recovered in powdered form and used as agricultural fertilizer. 

Many electrical discharge devices achieve non-thermal conditions through the 
production of streamers. Streamers are plasma filaments produced by highly localized 
space-charge waves. These space-charge waves enhance the applied field in front of 
the wave and propagate because of electron avalanching in this high field. Streamers 
yield good power efficiency because, within the short lifetime of the streamer, the ions 
do not experience significant movement and therefore do not contribute to the power 
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 discharge). 
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There are many other types of discharge devices whose potential for pollution 
control have already been demonstrated. These include microwave discharges, surface 
discharges, and dc discharges with fast gas flow. 

Non-thermal plasma techniques offer several new cost-effective technologies that 
could dispose of many types of gaseous pollutants. This field has grown dramatically in 
recent years. Many new types of air pollutants have been tackled; new kinds of plasma 
reactors have been developed, and existing kinds have been improved greatly. 

It is in the interest of many nations to assure that all practical and economically 
feasible steps are taken to apply and further develop these techniques to help solve the 
preeminent environmental problems of acid rain, global warming, ozone depletion, and 
smog. To accomplish this, it is necessary to get the best solutions from industry, 
academia, and government laboratories, and to pool this information forthe benefit of all. 
On Sept. 21 -25,1992, the "NATO Workshop on Non-Thermal Plasma Techniques for 
Pollution Control" was held at Cambridge University as a step towards that goal. A 
comprehensive review of the state-of-the-art, discussing laboratory studies and indus
trial implementations of non-thermal plasmas forthe abatement of hazardous gaseous 
wastes, will be published in the proceedings of this workshop (Penetrante 1993). 

This paper will discusr three particular applications of non-thermal plasmas: (1) 
decomposition of hydrogen sulfide (H2S), (2) removal of trichloroethylene (TCE), and (3) 
removal of NOx. Emphasis will be placed on the energy cost for implementing the 
decomposition or removal of these pollutants. The energy cost is given in units of electron 
volts (e V) per molecule of the removed pollutant. We have chosen this unit for energy cost 
because it relates directly to the fundamental processes in the electron and chemical 
kinetics of the plasma process. The energy cost can also be given in kilowatt-hour (kW-
h) per kilogram (kg) of the removed pollutant. Some of the factors affecting the energy 
cost will te discussed. We will discuss in detail our work at LLNL on pulsed plasma 
processing for the treatment of NOx in diesel engine exhaust. Our results suggest that 
our plasma reactor can remove up to 70% of NO with relatively high initial concentrations 
(up to 500 ppm) at a power consumption cost of 2.5% for an engine with an output of 14 
kW and an exhaust gas flow rate of 1200 liters per minute. 

EXPERIMENTS AT LLNL 

At Lawrence Livermore National Laboratory, we are exploring the use of various 
forms of pulsed corona, with and without dielectric barrier components, to determine the 
processes and conditions forthe efficient removal of simulated gases containing NO and 
VOCs. We have constructed a processor that can accomodate many electrode shapes 
at temperatures up to 400 °F. Electrode geometries can have a crucial role in the 
efficiency of the processing. The geometry can affect the power supply coupling 
efficiency, the discharge uniformity, and the pressure losses. 

We have explored three basic device configurations: (1) the metal-electrode pulsed 
corona, (2) the dielectric barrier, and (3) the barrier flashover. We have concentrated on 
the metal-electrode discharge. We believe energy coupling from this discharge is much 



more efficient because there are no large resistive losses required to alternately charge 
the electrodes. The reliability is higher because there is no insulator that can fail. 
Configurations tested using metal electrodes are (i) a 0.060 inch stainless wire in a 1.6 
inch stainless tube, (ii) a 0.040 inch platinum wire in 1 inch tube lined with 0.001 inch 
platinum foil, and (iii) a center conductor of 0.5 inch diameter thin brass discs spaced at 
0.25 inches in a 2 inch stainless tube. The larger diameter of the center conductor used 
in the multi-discconfiguration (1-iii) provides a lower impedance, which may be important 
in efficiently coupling the reactor to the power supply for certain applications. With very 
fast rising voltage pulses (risetimes < 10 ns), numerous streamers can be produced from 
along the perimeter of each disc. This geometry can experience significant wear without 
loss of field enhancement. 

The barrier flashover geometry we 
tested is a combination of a dielectric 
barrier and a pulsed corona discharge. WIRE ELECTRODE 
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reaches the insulator edge and then y .;.•.;.••y-y /̂/:.-;,\'.f 
flashes overto become a metal-to-metal 
discharge with a surface path. This dis
charge has the surface charging and n^nronnc INSULATOR 
spreading of a dielectric barrierdischarge ^ ^ «uuc 
but does not require the opposite polarity Figure 1. 
voltage since the surface discharges for 
the next pulse. Unlike a normal dielectric 
barrier discharge, the pulse can be shaped for maximum energy transfer. 

Various additives have been introduced into the system to improve the efficiency 
of the device. These include water, n-octane and an acid gas filter. The addition of n-
octane, by effectively recycling the OH radical (Atkinson 1985), showed a significant 
reduction in the energy cost for the removal of NO. 

It is generally agreed that the useful energy for catalyzing the chemical process 
which leads to the removal of pollutant molecules is only a fraction of the energy needed 
for producing the discharge. Several experiments show a strong correlation between the 
amount of energy dissipated in the discharge, the number of streamers formed, and the 
risetime of the voltage pulse. We believe the use of fast rising voltage pulses provides 
a more efficient method of energizing a non-thermal discharge device. This is true even 
in cases where a dielectric barrier is present to self-terminate each streamer to prevent 
spark breakdown. With a fast-rising voltage pulse, much more streamers are produced 
initially, and thus the radical production per injected energy is larger. It is important to 
maximize the number of streamers because most of the electrical energy is dissipated 
after the streamer channels have already been formed. 



REMOVAL OF H2S 

H2S is a toxic by-product of several industrial processes, including petroleum 
refining, dyeing, synthetic rubber, viscose rayon, and leather-treating operations. At the 
Kurchatov Institute of Atomic Energy in Russia, the use of short high-voltage pulses is 
applied to dielectric-barrier reactors to increase the efficiency for the removal of dilute 
amounts of H2S, CS2, S 0 2 and mercoptans in various gas mixtures (Abolentsev et al. 
1993). A pilot plant is being constructed to demonstrate the use of this technology for air 
pu rification in the paperindustry. In France, researchers atthe University of Orleans have 
developed a technique using tapered gaps, called a gliding discharge, in which a 
stationary glow discharge is replaced bya moving arc (Czernichowski 1993). The energy 
cost for H2S removal obtained by these two research groups are shown in Figure 2. An 
energy cost of 1 eV per H2S-molecule corresponds to about 0.74 kW-h per kg of H2S. 
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Figure 2. 

The most interesting feature of the Abolentsev et al. experiments in attaining low 
energy cost for H2S decomposition in various gas mixtures is the use of liquid water for 
promoting heterogeneous phase reactions and for easing collection. Addition of water 
vapor did not influence the results of the experiments until water in the liquid phase 
appeared in the chamber. In the experiments of Czernichowski, we believe that the very 
energtic electrons which exist in his arc-like discharge help siginificantly in lowering the 
energy cost. 

REMOVAL OF TCE 

Experimental data from Los Alamos National Laboratory on the removal of TCE 
using a dielectric barrier discharge is shown in Figure 3, along with data from LLNL An 
energy cost of 1 eV per TCE-moiecule corresponds to about 0.2 kW-h per kg of TCE. As 
is the case for most pollutant removal processes, the energy cost significantly depends 
on the composition of the gas mixture. 
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REMOVAL OF NOx 

The composition of the gas mixture strongly affects the energy cost forthe removal 
of a pollutant. This is because the gas composition determines the type and amount of 
radicals, and the reactionsthat dominate the removal of the pollutant. Figure 4 shows the 
effect of gas composition on the energy cost for the removal of NO witn the same initial 
concentration. 
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For the same gas composition, the initial amount of the pollutant can a.so affect the 
energy cost for its removal. Figure 5 shows the energy cost for NO removal at two 
different initial concentrations. For lower initial concentrations, the energy cost is lower 
and the removal efficiency is higher. For higher initial concentrations, it is oftentimes not 
possible to achieve complete pollutant removal even at very high energy input because 
of the presence of back reactions. 
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Figure 5. 

In certain cases, the removal of one typo of pollutant can lead to unwanted by
products, or by-products that eventually react to produce the original pollutant. This 
unfortunate process depends on the gas composition. It may be necessary to modify the 
gas composition, for example by dehumidrfication or by using additives, in order to 
prevent unwanted by-products. Figure 6 shows an example in which the removed NO 
are almost completely converted to N0 2 rather than to other harmless molecules such 
as N 2 and 0 2 . 
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Figure 6. 



The use of additives such as ammonia (NH3) can enhance the overall removal of 
NOx not only by slightly reducing the energy cost for the removal of NO but also by 
significantly increasing the energy cost for the formation of NO2. This is illustrated in 
Figure 7, which shows the energy cost forthe removal of NO and for the formation of NO2 
as a function of NH 3 concentration in the gas. 
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Figure 7. 

Figure 8 shows our results using an n-octane additive at various concentrations. 
Our best result to date is an energy cost of 12.4 eV/NO-molecule to achieve 70% removal 
for an initial NO concentration of 500 ppm. We hope to reduce the energy cost to less than 
10 eV/molecule for smaller initial concentrations (100 - 200 ppm). An analysis of the 
power consumption corresponding to pollutant removal at various exhaust gas flow rates 
will be discussed in the following sections. The analysis will be done in comparison 
mainly with the results of Fujii et al. using a diesel engine with an output of 14 kW with 
a corresponding exhaust gas flow rate of 1200 liters per minute. 
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COMPARISON WITH RESULTS OF FUJI* et al. 

It is interesting to analyze the energy cost for NOx removal achieved in the 
experiments of Fujii et al. (1993) (also see Higashi et al. i 392). We consider in particular 
the results obtained with the diesel engine running at a rotatic i speed of 1200 rpm and 
a torque load of 7 kg-m. The energy used to reduce NOy from an initial concentration of 
148 ppm to a ii nal concentration of 46 ppm was 78.5 Joules per liter. The corresponding 
gas flow rate is 1200 liters per minute. The power consumed by the plasma reactors is 
1530 watts, or 9.15x1021 eV/s. The corresponding NOx removal rate is 5x10 1 9 NOx-
moleculss/s. The energy cost is therefore 192 eV per NCx-molecuIe. 

The power consumed by the reactor is dictated by the voltage used. A voltage of 
12 kv was used in this case, which corresponds to 12 75 watt per reactor. There were 
120 reactors,thus consuming 1530 watts. Thet(ansformerused(50Hz100V:15kV,20mA) 
can provide a maximum output corresponding to 24.14 watts per reactor, or a total of 
2897 watts for 120 reactors. Fujii et al. mentioned that the energy efficiency for NOx 

removal is lowerfor higher gas flow rates, At an engine rotation speed of 2400 rpm, they 
noted NOx removal from an initial concentration of 16<i com to a final concentration of 
94 ppm. The corresponding NOx removal rate at a gas flow rate of 2400 liters per minute 
is 6 . 8 X 1 0 1 9 NOx-nolecules/s. The power needed to process the observed removal rate 
is therefore about 2100 watts, and the total energy consumed is 52.5 Joules per liter. The 
transformer is capable of providing this powerto the reactors, if operated atthe maximum 
rating of 15 kV. We suspect that the reason only 42% removal was observed at 2400 rpm 
(compared to 69% removal at 1200 rpm) is because the voltage supplied to the reactors 
was not optimal. Anyway, this analysis illustratesthat for very high gas flow rates (i.e. high 
engine spseds), the removal efficiency (percent removed per initial concentration) is 
determined not by the basic energy cost, but by the power (or voltage) that is supplied 
to the reactors by the transformers 

The engine output powerat 1200 rpm isatout 14kW. The power consumption ratio 
(i.e. power consumed by the reactors / engine output power) of Fujii et al.'s reactors at 
1200 rpm is thus 11 %. Fujii et al. suggested that one way of reducing this puwer 
consumption is by reducing the dielectric loss due to the current in the glass tube; wall of 
their reactors. This would reduce the dielectric power loss by almost 70%. They argued 
that spark formation can be prevented by the oil mist used in their device because the 
electric field wiil be reduced. We believe that a high electric field is necessary to maintain 
a low energy cost for pollutant removal, and the best way to prevent spark formation is 
to use short voltage-pulse lengths. 

COMPARISON WITH NOx REMOVAL BY ELECTRON-BEAM 

In the latest result from the electron-beam irradiation experiments of Tokunaga and 
co-workers at the Japan Atomic Energy Research Institute, 80% NOx removal was 
achieved with a dose of 5 kOy (Tokunaga et al. 1993). The air mixture contained initial 
concentrations of 150 ppm of NOx, 500 ppm of S 0 2 and 1 stoic, amt. of NH 3. The energy 
cost for this removal is 6.9 eV per NOx-molecule, which is much tdtter than those 



achieved by electrical discharge methods. 

Let us suppose that we can develop a discharge reactor for diesel engine exhaust 
that can achieve NOx removal at an energy cost of about 7 eV per NOx-molecule. For 
agasflow rate of 1200 liters/minute, 80% removal of 150 ppm NO x will consume 66 watts. 
For an engine running at 1200 rpm with an output of 14 ki/V, this corresponds to a power 
consumption ratio of 0.5%. This kind of performance is certainly desirable. 

POWER CONSUMPTION OF THE LLNL REACTOR 

Consider again the case of an exhaust gas flow rate of 1200 1/min. Let us look at 
results (a) and (b) of Figure 8. In result (b), for 350 ppm initial NO concentration and 100% 
removal at an energy cost of 32 eV/molecule, the power consumed by our reactor is 870 
watts. For a 14 kW engine output, this corresponds to a power consumption of 6.2%. In 
result (a), for 500 ppm initial NO concentration and 70% removal at an energy cost of 12.4 
eV/molecule, the power consumption ratio is 2.4%. Our goal is a power consumption of 
2% or less of the engine output. We can achieve this at lower initial NO concentrations 
of around 100 - 200 ppm. At higher initial NO concentrations, it will be necessary to further 
lower the energy cost. 

Many experiments in various institutions are being conducted to lowerthe energy 
cost. Some experiments stress the importance of heterogeneous reactions (e.g. reac
tions with water in the liquid or droplet phase), while others stress the use of additives 
that recycle the important radicals in chain reactions. For high initial concentrations, it 
may be necessary to have several stages: one to lowerthe initial concentration, another 
to remove those components causing back reactions, and a final stage to almost 
completely remove the remaining low concentration. 
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