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The Ozonizer Discharge as a Gas-Phase Advanced Oxidation Process 

Louis A. Rosocha 
Los Alamos National Laboratory, MS E525 

Los Alamos, New Mexico 87545 (USA) 

Abstract 
Ozonizers have been used for over a century in water treatment and for about two decades in advanced 
oxidation. Ozonizers are fundamentally based on non-thermal plasmas, which are useful for generating 
reactive species (free radicals) in gas streams. Because radical-attack reaction rate constants are very large 
for many chemical species, entrained pollutants are readily decomposed by these radicals. Non-thermal 
plasmas can generate both oxidative and reductive radicals; therefore, they show promise for treating a 
wide variety of pollutants. However, this application is only about a decade old, so more work is needed 
for optimizing and commercializing the process. 

Introduction 
In the past several years, there has been increased interest in gas-phase pollution control arising from a 
larger body of environmental regulations and a greater respect for the environment. One promising class of 
pollution-control technologies is that called advanced oxidation processes (AOPs). Historically, AOPs first 
used highly reactive hydroxyl radicals (OH), generated from the photolysis of ozone (03) or hydrogen 
peroxide (H202), or the direct combination of 03 and H202, to treat recalcitrant water pollutants [1]. 
Therefore, ozone played a seminal role in the invention of AOPs. Recently, the definition of an AOP has 
been expanded to include processes which involve other free radicals, some of which are reductive rather 
than oxidative, and to the treatment of gaseous as well as aqueous-based effluents. AOPs show particular 
promise for the treatment of hazardous and toxic pollutants (e.g., volatile hydrocarbons and halocarbons 
and oxides of sulfur and nitrogen) because the reaction rates of free radicals with organic compounds can 
be orders of magnitude larger than a strong oxidizer like 03. In the gas phase, free radicals and other 
highly reactive species can be generated with plasmas. 

A plasma (in electrical terminology) is an ionized state of matter (sometimes called the fourth state of 
matter) containing electrons and ions. A plasma behaves much like an electrical gas, consisting of charged 
particles. Plasmas can be created thermally by heating ordinary matter to a temperature greater than about 
10,000 C. In such a thermal plasma, all the species - electrons, ions, neutral atoms and molecules - are all 
in thermal equilibrium (i.e., at the same temperature). In contrast to a thermal plasma, a non-thermal 
plasma (or non-equilibrium plasma) is characterized by electrons which are not in thermal equilibrium with 
the other gas species. The electrons are hot (few to tens of eV temperature), while the ions and neutral gas 
species are cold (near-ambient temperature). The key idea in non-thermal plasma processing is to direct 
electrical energy into favorable gas chemistry through energetic electrons, rather than using the energy to 
heat the gas. Two common ways of creating a non-thermal plasma are by an electrical discharge in a gas or 
the injection of an energetic electron beam (e.g., 100 keV - 1 MeV) into a gas. Both processes create 
secondary plasma electrons, with a distribution of electron energies defined by an average electron energy 
(or electron temperature).   An excellent non-thermal plasma source for generating atmospheric pressure, 
gas-phase, pollutant-decomposing species is the ozonizer discharge [2, 3]. 

This paper is intended to serve as an introduction to the subject of pollutant decomposition with the 
nonthermal plasmas generated by ozonizer discharges. Basic plasma and decomposition chemistry, 
laboratory experiments, and example applications are discussed. 



Ozonizer Discharges - Plasma Chemistry and Gaseous Electronics 
For over a century, ozonizers have been used for the large-scale generation of ozone for water treatment 
and bleaching applications. Ozonizers are frequently described in terms of corona discharges; however, 
they are more properly called dielectric-barrier discharges or silent electrical discharges [4]. A dielectric- 
barrier electrical discharge is produced when one or both electrodes bounding a thin gas space are covered 
with a dielectric (see Figure 1). 

Dielectric 
3arrier Metal 

lectrode 

Microdischarge 

Fig. 1: Diagram of a single-dielectric-barrier 
discharge plasma reactor. 

The barrier configuration was first reported in 1857 
by von Siemens [5] and was named the silent 
discharge by Warburg [6] who investigated it around 
the turn of the century. The non-thermal plasma 
generated with silent electrical discharges has been 
applied to the destruction of hazardous or toxic 
chemicals for over a decade and, in this context, was 
named a silent discharge plasma (SDP) by Clothiaux 
et al [7] in 1984. An overview of the treatment of 
hazardous chemicals with SDP has been given 
recently by Rosocha [3]. 

The barrier arrangement provides a self-terminating discharge which is relatively independent of applied 
voltage waveshape. At gas pressures of order one atmosphere, gap spacings of order millimeters, and the 
application of alternating high voltage (e.g., 50 Hz to several kHz), a large number of "microdischarges", 
statistically spread in space and time over the electrode area, are created in the gas. Most evidence suggests 
that barrier discharges are generally described by a Townsend avalanche followed by a discharge streamer 

[4]- 
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Fig. 2: Artist's depiction of a microdischarge 
streamer in a dielectric-barrier discharge. 

The microdischarge streamers (cylindrical current 
filaments with typical radius of order 100 (J.m) are 
transient discharges (e.g., lasting only a few 
nanoseconds for oxygen or air), fed by ionization and 
detachment and then arrested when charge build-up on 
the dielectric reduces the electric field in the streamer to 
the point where electron attachment becomes dominant. 
For microdischarges in pure oxygen and air, the 
breakdown reduced electric field strength is about 100- 
200 Td, while the average electron energy, electron 

density, and current density are Te ~ 3-5 eV, [e] ~ 1014/cm\ and J ~ 1 kA/cm2. Corona discharges produce 
plasmas similar to barrier discharges but take advantage of their natural electric-field inhomogeneity to 
terminate the discharge, rather than charge buildup on a dielectric barrier. Within a corona streamer, the 
E/N value is a strong function of position. 

Free radicals, particularly oxygen-atom radicals, are effectively generated by such non-thermal plasmas and 
play a key role in the ozone-generation process: 

e + 02 -> O (3P) + O (*D) + e 

O (3P) + 02 + M -> 03 + M . 

Other free radicals like the hydroxyl radical OH and nitrogen-atom radicals are also generated with 
ozonizer discharges in gases: 



0('D) + H20 -> 20H 

e + N2 -> N + N + e. 

The yield of a particular radical species (i.e., the number of radicals produced per unit deposited plasma 
energy) will depend on factors such as the gas composition, the gas pressure, and the average electron 
temperature. In humid, atmospheric pressure air, the yields of 0(3P), OH, and N radicals in a typical silent 
discharge are of order 10, 1, and 1 per 100 eV of deposited energy, respectively [2, 3]. Usually pollutants 
in the concentration range of interest (100 to a few 1000s ppm) does not affect the electron distribution 
function or the associated electron temperatures or radical yields. 

Basic Decomposition Chemistry 
The plasma-generated active species (radicals and secondary electrons) are the initiators of pollutant 
decomposition reactions. The two main decomposition channels for a gas-phase chemical pollutant X are 
direct electron impact or chemical (radical-promoted) attack: 

e + X -» products 

O, OH + X -> products. 

The first path is expected to dominate at large contaminant concentrations (when a higher energy fraction is 
absorbed by the pollutant), while the second should dominate at smaller concentrations. 

The decomposition chemistry for NO is tractable and can be largely described as follows [8]: 

O + NO + M -> N02 + M 

OH + N02 + M -> HN03 + M 

O + N02 -» NO + 02 

N + NO -> N2 + 0 

N + N02 -> N20 + O . 

Oxidative-mode reactions involving O-atoms can trap total NOx as NO and N02. Oxidative-mode reactions 
involving OH-radicals produce nitric acid HNO3, which can be easily removed by a caustic scrubber. 
Reductive-mode reactions involving N-atoms instead drive more NOx to N2 and 02 but require higher 
energy electrons than those normally produced by SDP reactors. SOx removal [9] is similar and is 
favorably driven by O-atom and OH-radical oxidative reactions, producing easily-neutralized sulfuric acid 
as a terminal product. Ammonia addition is sometimes used to produce other useful products such as 
ammonium nitrate or ammonium sulfate (agricultural fertilizers). 

Other molecules, like many VOCs, will often undergo a series of more complicated reactions before the 
final products result. The decomposition of a chlorocarbon like trichloroethylene is dominated by free- 
radical reactions at the relatively high E/N of a silent discharge [10]: 

0(3P) or OH + C2HC13 -> C02+ HC1+ C12+ COCl2 + .... 

Strongly attaching molecules, like CC14, are preferentially decomposed by dissociative electron attachment 
at low E/N [11] 

e + CCI4 -> CCI3 + Cl" 

CCl3 + 02 -> COCl2 + Cl + CIO . 



Decomposition is not necessarily complete treatment - the goal is to produce less toxic or more easily 
managed final products. Byproducts must also be considered (e.g., COCl2 is toxic but is easily removed by 
reactions with water). A key advantage of the SDP process is the ability to simultaneously remove multiple 
pollutants. However, the plasma-initiated removal chemistry of a particular compound or mixture of 
compounds can be quite complicated and will not be addressed here in detail. For more information, the 

reader is referred to the literature. 

Methods of Investigation 

Laboratory Investigation Methods 
A typical laboratory setup for studying the decomposition of gas-phase pollutants with silent discharges is 
shown in Figure 3. An influent surrogate gas mixture representing the contaminant of interest is passed 
through the plasma cell and the degree of decomposition and treatment byproducts are measured with an 
instrument like a gas Chromatograph - mass spectrometer. 

Influent Effluent I" our laboratory, we normally employ an electrical circuit 
similar to that depicted in Figure 4 for driving the SDP cell. 
As pointed out in the next section, it is important to measure 
the plasma energy density because it is a key parameter for 
pollutant destruction. The energy density is the same as the 
plasma electrical power divided by the gas flow rate. The 
electrical power is measured with a high-voltage probe 
combined with a charge-measuring circuit. Integration of a 
charge-voltage (Q-V) plot obtained from these measurements 
gives the power [12]. A standard commercial flow-meter is 
used to measure the gas flow. In typical laboratory tests, the 
contaminant concentrations are a few ppm to a few 1000 ppm 
(by volume) and gas flows are ~ 10 std lit/min. 
Representative energy densities range from a few 10s J/std lit 

(for NOx and some hydrocarbons) to a few kJ/std lit for some difficult-to-destroy chlorinated hydrocarbons. 
With this circuit, the power is varied by changing the operating frequency. 

Gas Supply 
& Mixing Station 

Fig. 3: Schematic diagram of laboratory 
setup for SDP pollutant-decomposition 

experiments. 
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Field Investigation Methods 
SDP reactors can be used to treat stack- 
gas or flue-gas emissions from various 
sources or industrial process gas 
streams. Because many compounds 
require considerable electrical energy 
for decomposition, practical 
applications must focus on appropriate 
matches for the technology. An 
application that we have investigated in 
field trails is the treatment of solvents 
or other volatile compounds extracted 

from soil or groundwater. Figure 5 depicts a mobile SDP processor [13]"that we employed to treat soil 
vapor extraction (SVE) off-gases that were pumped from contaminated soil through vacuum-coupled wells. 
The highest concentration contaminants at the test site (McClellan Air Force Base) were trichloroethylene 
(TCE), 1,1,1-trichloroethane (1,1,1-TCA), and perchloroethylene (PCE). 

Fig. 4: Circuit schematic for typical laboratory dielectric- 
barrier discharge reactor. 



18-kW Power Su| 

Influent Pii 

Vacuum 
Pump 

HV Transformer Effluent Pipe 

CoW Plasma Processor   \ 

Control & Data System      \ 

Fig. 5: Illustration of mobile SDP equipment for a VOC- 
treatment demonstration at McClellan AFB. 

Results and Discussion 
In many electrical discharge plasma 
devices (like gas lasers, ozonizers, etc.), a 
key process parameter is the specific 
energy (plasma energy density) deposited 
in the gas. This is also true for the 
decomposition of a pollutant in an SDP 
reactor. Experiments with silent- 
discharge reactors have shown that the 
degree of removal of a particular 
contaminant depends on the applied 
plasma energy density and a characteristic 
energy-density parameter which is related 
to the target compound, the carrier gas, 
and the reduced electric field E/N for the 

reactor [2, 3]. In many cases pollutant decomposition can be ideally expressed as 

[X] = [X]0exp(-E/ß), 

where [X]0 is the initial pollutant concentration, [X] is the resulting concentration, E is the applied specific 
energy (or plasma power divided by gas flow rate, P/Q), and ß is the e-fold energy density. Supplying one 
ß to the reactor reduces the concentration by 1/e, 2ß by 1/e2, and so on. This particular equation strictly 
applies only when the rate of pollutant-decomposing radical scavenging is large compared to the rate of 
radical-pollutant attack [14]. In some other cases, the removal function additionally depends on the initial 

pollutant concentration. In an ideal case, when -In ([X]/[X]0) is plotted versus E, a straight line of slope 
1/ß results. For real cases, the plot is not necessarily a straight line, so such a slope-determined ß-value is 
only an approximation. Figure 6 presents example decomposition data for two representative compounds, 
the flue gas nitric oxide (NO) and the chlorinated hydrocarbon TCE (C2HC13). 

In field tests with the mobile processor at 100% relative 
humidity, the TCE and PCE concentrations were reduced by 
greater than 1.5 and 1.0 decades, respectively. TCA, the 
hardest compound to destroy, was reduced by less than one 
decade. Drying the air stream and adding hydrogen both 
increased the performance. 
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Conclusions 
Many hazardous organic chemicals and the flue gases NOx and 
SOx are readily attacked by the free radicals generated in silent 
discharge plasmas (ozonizer discharges). In general, the degree 
of removal of a particular species is an exponential function of 
the plasma energy density. The characteristic e-fold energy 
density depends on both the pollutant and the carrier gas 
composition. The plasma-initiated decomposition chemistry of 
a particular compound or mixture can be complicated arid has 
been the subject of both laboratory and field investigations. 
SDP treatment is expected to be particularly advantageous for 
the simultaneous removal of multiple pollutants. Ozonizers 

have been used for more than a century but this application is only about a decade old. Therefore, more 
work is needed for process optimization and technology commercialization. 

0        250      500      750 
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Fig. 6: Decomposition plots for 400 ppm 
NO in simulated engine-exhaust gas, after 
Wolf et al [15] and 190 ppm TCE in 
humid air, after Falkenstein [16]. 
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