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A. EXECUTIVE SUMMARY

During the past three years, we have conducted afeasibility study onanovel plasmachemical
processfor the destruction of low-concentrations (bel ow several percent) of toxic volatile compounds
from contaminated air streams. Such contaminated air streams are encountered at the DOE waste sites
inthefollowing instances. (i) off-gases resulting from air-stripping of highly-contaminated water and
soil (contaminated with DNAPLSs, VOCs, etc), (ii) effluent from the incineration of highly-
concentrated combustible hazardous wastes. If the contaminated air stream has concentrations of afew
parts per million (ppm) then passive methods, such as activated carbon, can be used successfully. If
the concentration level is more than severa percent, then thermal incineration can be successfully
used. However, in the intermediate range neither of the above processes are suitable. During the past
decade or so, non-thermal plasma techniques have been investigated for the remediation of waste
streams with concentrations in this intermediate range.

Our novel non-thermal plasma technique was based on extremely large cross sectionsthat had
been discovered at the Oak Ridge National Laboratory for dissociative attachment of electrons to
highly-excited states of molecules. In these original basic studies, molecular excitation was achieved
using lasers. During the present project we have conducted studies to show that molecular excitation
can be achieved inexpensively by using two different glow discharge based processes, and have
conducted basic studies to clarify the mechanisms involved. We also built a “bench-top” plasma
reactor and illustrated that this new knowledge can be successfully applied to the remediation of dilute

concentrations of toxic gas streams. One of the key features of our techniqueisto “zeroin” on target
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gases without wasting energy on the bulk of the carrier gases.

Up to now we have conducted studies on two target gases (benzene and methylene chloride)
where we used inert gases (such as Ar and He) and N, as carrier gases. Our studies have shown that
inert gases enhance the excited state formation process, and that there are several attractive features
associated with our technique. For example, no hazar dous gaseous byproducts wer e observed at the
reactor output, and hence even the use of inert gases may be economical in the case of stripping of
contaminated soil or water with inert gases, since the output can be recycled. In the future, if funding
isavailable, we hopeto investigate the effect of replacing inert gasesin our experimentswithair -- N,
0,, and water vapor in representative concentrations--, which will determine whether our approach
will be suitablefor the second stage of incineratorsand in the air stripping of contaminated water/soil.

Thisresearch was conducted in collaboration with the University of Tennessee, Knoxville. A
graduate student working towards his doctoral degree worked on some of the experimentsrelated to
the project, but was not supported by the project.

This research project resulted in 9 refereed journa publications. (Most of the papers were
published in 1999, asit took us a considerable amount of time to set up the apparatuses from ground
zero, and to develop the experimental techniques). Another paper has been submitted, and we have
sufficient material to write yet another paper based on the studies conducted during the last two
months. The results of our studies have been presented at 18 conferences and workshops, and 4 of
these presentations have been published as full papers in conference proceedings. Two patent
disclosures have been accepted to be filed by the Office of Technology Transfer at the Oak Ridge

National Laboratory.



B. RESEARCH OBJECTIVES

Destruction of low-concentrations (below severa percent) of toxic volatile compoundsfrom
contaminated air stream isencountered at the DOE waste sitesin thefollowing instances: (i) off-gases
resulting from air-stripping of highly-contaminated water and soil (contaminated with DNAPLS,
VOCs, etc), (ii) effluent from the incineration of highly-concentrated combustible hazardous wastes.
If the contaminated air stream has concentrations of a few parts per million (ppm) then passive
methods, such as activated carbon, can be used successfully. If the concentration level is more than
severa percent, then thermal incineration can be successfully used. However, in the intermediate
range neither of the above processes are suitable[1]. During the past decade or so, non-thermal plasma
techniques have been investigated (see the referencesin [1, 2]) for the remediation of waste streams
with concentrationsin this intermediate range (to our knowledge, our project was the only one that
addressed this problem under the EM SP sponsorship). Our approach is a completely different from
those previous non-thermal plasma techniques.

The main objective was to investigate the feasbility of a novel plasma chemica process for the
remediation of toxic gas mixtures based on an enhanced dissoci ative d ectron attachment processthat had
been discovered in abasic research program: Prior to this project, it had been found that moleculesexcited
to highly-excited states vialaser irradiation efficiently attached eectrons leading to the dissociation of the
molecule (see, [3-6] and referencestherein). The following tasks were needed to be completed during the
three year duration of the project in order to illugtrate the feagibility of the new technology:

1. Since the usage of lasers is not cost effective, two discharge based schemes were planned to be
investigated for molecular excitation.

2. The basc mechanisms involving dissociative dectronattachment to highly-excited molecules needed to
be studied, in order to optimize the process.

3. A bench-top plasma reactor needed to be constructed to conduct actua plasma destruction
measurements, so that the destruction efficiency could be quantified.

4. Methodologiesfor, (a) determination of the destruction efficiency, and (b) andlysis of the byproducts



from the reactor, needed to be developed.
5. Basic studies needed to be conducted to understand the observations of the remediation studies, and
thus to enhance the remediation process.

As described below, we have accomplished these objectives, and haveillustrated the feasibility of

this new technology. However, further research is needed before thistechnology can be gpplied inthefied.

C. METHODS AND RESULTS

1. Methods (Approach)

We investigated two schemes for achieving molecular excitation using glow discharges:
(i) excitation transfer from the high-lying (energy around 10 eV) metastable states of inert gases that
are efficiently produced in glow discharges, and (ii) apulsed glow discharge. Wewill briefly explain

the principles behind these schemes, and then the progress that we have achieved so far.

a. Metastable Energy Transfer

Metastable states of rare gasesplay important rolesin awide variety of syssems such aslaboratory
plasmas, lamps, and laser discharges due to their ability to store energy and their long lifetimes [7-9]; the
energies and the lifetimes of the metastable Sates of rare gasesare shownin Tablell. Inatypica rare-gas
plasma, the relative density of metastableto ground-state atomsis 10, while the degree of ionization with
respect to ground-state population isonly 10°[10]; the accumul ation of number density in theselong-lived
statesislimited only dueto thefact thet they are efficiently ionized viacollisonswith energetic dectrons|9,
10].



Tablell. Energies and lifetimes of the metastable states of inert gases|[7].

INERT STATE ENERGY (V) LIFETIME()
GAS
He 21S, 20.6 0.02
23S, 19.8 8000
Ne 3P, 16.7 430
3P, 16.6 24

Kr 5P, 10.6 0.49
5P, 9.9 85

Xe 6°P, 95 0.1
6°P, 8.3 149

Eventhough the“inert” gasesare chemicdly inert intheir ground gates, they are highly reactive[8,
11, 12] in ther excited metastable states (which have the dectronic configuration of akai eoms). The
cross sections for excitation transfer from rare gas metastable states to a wide variety of moleculesliein
therange of -10%° to 10 cn? [8, 11, 12). Thisisdueto thefact that the oscillator strengths of molecules
are large and continuous above energies starting from 1-2 eV below theioni zation potential and extending
to afew eV above the ionization threshold (see Fig. 2).

The excitation transfer cross sections are especidly large when the ionization threshold of the
“target molecul€’ lies close to the energy of the metastable sate of the rare gas; this is due to the high
congestion of the energy levels of the target molecule close to its ionization threshold. Mogt of the toxic
volatile compounds of interest to the DOE EM SP program have ionization thresholds of <12 eV; seethe
examplesin TableI11 [13, 14], compared to the values of 12.1 and 15.6 eV for O, and N, (the mgor



condtituents of air). Therefore, Ar with metastable-state energy of . 11.6 €V can be used amost
exclusvdy for the target-gpecific excitation of such component gases without wasting sgnificant amounts
of energy on the background gases. It is clear from Table I11, that excitation transfer to N, is much
smaller; while the cross section for O, islarger, that energy will not be completely wasted since the
excitation of O, with subsequent attachment of slow electrons will produce O and O both of which

are highly-reactive species, and thus will induce secondary reactions with target molecules.

Tablelll. Excitation transfer cross sections for the Ar (°P,) metastable state for several molecules
of interest [12].

lonization Cross Section

Molecule Threshold(eV) (D?)

Nitrogen

Oxygen

Benzene 9.2 160
Toluene 8.8 ?
Carbon Tetrachloride 11.5 220
Trichloroethylene 9.5 ?
Methylene Chloride 11.3 180




b. Pulsed Discharge

Dissociative el ectron attachment to highly-excited states of target molecules can be achieved
inapulsed discharge of either thetarget gasby itsalf or an inert gas/target gas mixture. Inaunitary gas,
such excitations can occur viadirect electron impact during the discharge; the Rydberg states survive
in the post discharge, where they efficiently attach the dow electrons produced by the rapid cooling
of the discharge electrons. The long lifetimes associated with Rydberg states is exploited in this
techniques to enhance the energy efficiency of the process. In an inert gas/target gas mixture,
excitation transfer from the metastabl e statesin the post discharge will lead to ahigher number density
of Rydberg states of the target molecule. The combination of pulsed discharge with inert gas carrier

can be expected to optimize the efficiency of the process, which has been found to be correct [15].

2. Techniques and Results

a.. Basic Studies

In 1997 we built a flowing plasma apparatus to conduct these studies and successfully
demonstrated the validity of the concept [16-18]. In this “plasma mixing” method, metastable states
produced in aDC glow discharge weretransferred to an adjoining “target region” in aflow apparatus,
where they were mixed with a target gas. Excited states of the target gas, produced via excitation
transfer, efficiently attached electrons that were also carried to the target region by the gas flow. In
these basic studies we used simple target molecules to illustrate the concept. Enhanced negative ion
formation was confirmed by the reduction in electron density in the target region using a Langmuir
probe[16, 17], and a so by laser photodetachment of negativeions[18]. These studiesalso confirmed
ahypothesis[19] that we proposed to explain the efficient formation of H™ ionsin a methane plasma
that had been observed by lizuka et al. [20, 21].



In order to illustrate the production of Rydberg states in a pulsed discharge, we conducted a
basi ¢ study on negativeion formation in pulsed discharges. Oxygen was selected asthefirst molecule
to study due to two reasons: (i) it is a smple diatomic molecule, and thus it would be easy to clarify
the electron attachment mechanisms, and (ii) it is the second most abundant molecule in air, and thus
oxygen related chemistry isimportant for understanding the mechanisms of hazardous gas destruction
and theformation of byproductsin contaminated air streams. It must be noted that el ectron attachment
to O, produced O atomstogether with O atoms, and these O atoms may beinvolved in the destruction
of hazardous molecules via various chemical pathways.

Efficient production of O ions in a pulsed glow discharge of O, was studied in a Langmuir
probe-assisted |laser photodetachment experiment; the rel ease of electrons by the detachment of O ions
by apulsed Nd: Y AG laser was monitored using aLangmuir probe, asdescribed in[22]. Inthisstudy
[22] we showed that O ionsare efficiently produced in apulsed glow discharge of O,. While O ions
were a so observed during the discharge” on” time, an enhancement in O ion formation was observed
in the afterglow period. The experimental observations were shown to be consistent with enhanced
dissociative electron attachment to HR states of O, produced by electron impact during the discharge
“on” time. These HR states live well into the afterglow, where cooling of electrons enhance the
electron attachment process; furthermore, detachment of O ions viaelectronimpact isavoided inthe
afterglow.

In addition to the above studies, we also measured electron attachment to ground states of
benzene and methylene chloride. As described below, the destruction of these two molecules was
studied in a plasma remediation apparatus; in order to understand the observations of those
experiments, we needed to know whether they could be explained by dissociative electron attachment
to the ground electronic states. Electron attachment cross section data on benzene were not available;
data on el ectron attachment to methylene chloride were available only for electron energiesbelow 0.8
eV [23-26]. Therefore, we studied electron attachment to both these moleculesin an electron swarm
apparatus. Electron attachment to the ground state of benzene was below the detection level of the

electron swarm apparatus, i.e., <102 cm’s?® for mean electron energies below 5 eV [27]. The



maximum electron attachment rate constant for methylene chloride was measured to be . 8 x 10
cm®s?[28]. These measurementswere crucial for the understanding of the observations of the plasma

remediation experiments discussed below.

b. Plasma Remediation Experiments

A bench-top plasmareactor was constructed in 1997 for these studies, and these studies were
conducted in parallel to the basic studies described above. A schematic diagram of the apparatus is
shownin Fig. 1.

All gas mixtures were made in a separate gas manifold (not shown) which consisted of a

pumping system, gas handling lines, and pressure measurement gauges. Each gas mixture was|eft for

at least aweek or so to achieve equilibrium, and the concentrations were confirmed by comparing with

aNIST-traceable standard gas mixture. The details of the apparatus and the procedure are described
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Figure 1. A schematic diagram of the plasma remediation apparatus.




in[2]. The concentration of the target gas (benzene or methylene chloride) at the output of the reactor
was monitored using a Hewlett-Packard 5970B GC-MS system; a new analytical method had to be
developed in order to monitor the low pressure (below 10 Torr) output from the reactor [29].
Spectroscopic measurements (for the pulsed discharge experiments [15]) were conducted using a

Jarrel-Ash model 82-000 Series 0.5 meter Ebert monochromator.
Intheinitial studies, dilute mixtures of benzene and methylene chloridein inert gaswere used.
By studying the destruction efficiency as a function of the gas pressure, flow rate, and the energy
input, we were able to confirm the active role of the metastable states of the inert gases in the
destruction process. These conclusions were confirmed by the basic electron attachment studies
conducted in the plasma mixing apparatus described in the previous section [16, 17]. While the DC
glow discharge experiments [2] yielded destruction efficiencies that were comparable to the values
reported in the other low temperature plasma
techniques, the pulsed discharge experiments [15]
yielded even better destruction efficiencies. The
- . destruction efficiency as a function of the pulse
nz \,\ Argon-Renene § To widthisshownin Fig. 2 for abenzene/Ar mixture;

07

for comparison, the datafor aDC discharge[2] are
.

also shown.
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Figure 2. Plots of fractional concentration delivered to the plasma for a fixed frequency,
versus energy density for various pulsewidths  narrow pulse width means high discharge voltage
and for DC operation [15].

and current; the high energy electrons thus

10



produced enhanced the formation of metastable atoms. Narrow pulsewidth aso limited further heating

of the electrons. By terminating the discharge

before the electrons were further heated, one can
maintain the metastable density without further
energy input. (Furthermore, electron attachment is
optimized for low energy electrons). In the off-
cycle of the pulsed discharge, metastable atoms

transferred their energy to the benzene molecules.

Therefore, narrow pulse width led to a better

Figure 3. A 1um x 1um image of the dust destruction efficiency.
particles from an Ar/benzene glow _ _
discharge taken by an Atomic Force Even more interesting was the fact that we
Microscope. could not detect any hazardous gaseous byproducts

at the reactor output (in the DC or pulsed discharges) within our detection limits [15]. Thisisin
contrast to the observation of phosgene and other hazardous byproducts at the output of reactorsusing
other low-temperature plasma processes, see, for example, [30, 31]. Instead we observed dust particles
inthereactor, mainly on the cathode. We have conducted several studiesto identify the characteristics
of these particles produced by a benzene discharge. Raman spectroscopic studies indicated that the
particles were mainly carbon. They were also examined using a multimode NanoScope 111 Atomic
Force Microscope (AFM) by the ORNL Nanoscale Science and Devices Group, and revea ed that
they consist of nanoparticleswith sizes predominantly intherange of 1 to 10 nm. (In these studies, the
dust was shaken in toluene, and adrop contai ning suspended particleswas placed on afreshly cleaved
micafor viewing with AFM). An example of such a AFM scan of dust generated by a Ar/benzene
mixtureis shown in Fig. 7.

The high-efficiency of destruction and the formation of dust are both consistent with our basic
mechanism of molecular dissociation viae ectron attachment to high-Rydberg states. For example, our
basic studies on benzene have shown that extremely large cross sections are associated with this

electron attachment process [27] and that a wide variety of negative ions are produced with high
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efficiency [32, 33]. Asdiscussed in Section 3.3.3 (p. 21), these negativeionsin turn act as precursors
for the dust formation.

While we have clarified some of the basic mechanisms and illustrated the possibilities of the
new technique further studies are needed to (i) fully understand the basic mechanisms (and thus to
optimize the destruction process), and (ii) to generaize the destruction process.

It took us a considerable amount of time to set up the apparatuses from ground zero, and to
establish the experimental techniques (thisis evident in the publication list below). Now, weareina

unique position to expediently conduct both the basic and remediation experiments proposed bel ow.

D. RELEVANCE, IMPACT, AND TECHNOLOGY TRANSFER

This project could provide long range solutions to the EM needsin two areas. In addition, the basic
knowledge gained from this project can have important implications for other plasma-based
applications. Two patent disclosures on possible technologies have been accepted by the ORNL

Office of Technology Transfer for future filing.

a. Treatment of highly-contaminated water or soil

Ground water and soil contamination isaproblem at almost al DOE waste sites. Air (or N,)
stripping is currently being used where the subsequent removal of the contaminants, such as dense
non- acqueous phase liquids (DNAPL s) and vol atile organic compounds (VOCs), fromtheair stream
is achieved by passive methods such as activated carbon, chemicals, or by bioremediation. These
techniques may be suitable for weakly-contaminated water or soil, sincethe air stream will have only
parts per million (ppm) levels of the contaminant. However, for highly-contaminated water or soil the
purification of the contaminantsin the air stream (up to severa percent) by the above methods may

not be practical or may be too slow.
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For example, air stripping followed by carbon absorption is used for the remediation of
trichloroethylene (TCE) at the Paducah site. Here, the concentration of the TCE in the air stream is
about 3 ppm [34]. The site has areas with highly-concentrated TCE in water, and plans for the
remediation are just getting underway, and a draft proposal is expected in about three years. If our
studies are successful, thiswill be aperfect application. The Oak Ridge Y-12 siteisa so using carbon
sorption for the remediation of air streams associated with ground water treatment; they haveindicated
an interest in our technology.

Another general example would be a plume of organic liquid forming beneath a leaking
underground storage tank. Thisbehavior istypical of aheavy organic solvent such astrichloroethylene
(TCE).

b. Secondary Stage of a Thermal Incinerator

Thefirst stage of an incinerator burns highly-concentrated contaminants to a level of afew
percent. Most of the present facilitiesalso use asecond incinerator, operated in tandem, to bring the
contaminant to levels suitable for release in the atmosphere. However, this second stage thermal
burning is not cost effective: energy is wasted when the background (carrier) gases, such as N, and
O,, are heated (and decomposed).

The studies conducted so far indicate that our technology has promise for both of the above
applications. The project iscloser to the application stagein the case a above. Asdescribed in Section
C, our studies so far have used one of the inert gases as the carries gas. Since it may be possible to
recycle the carrier gas, it may be possible to use an inert gas to strip the contaminated soil or water,

and then to use our plasma chemical process to remediate the contaminated gas stream.

In order to apply the technology in the case b. above, we need to conduct studiesusing air as
the carrier gasin order to determine whether the basi c characteristics remain the same compared to the

studies using inert gases as the carrier. Retrofitting existing facilities may not provide short-term
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economic benefits. However, our method (if proven to be successful) can be incorporated in the
facilitiesthat may built in the future, such as the one that is being planned for the Advanced Mixed
Waste Treatment Project (AMWTP) at the Idaho National Engineering and Environmental
Laboratory.

c. Enhancement of Basic Knowledge on Low-Temperature Plasmas

This project has advanced the basic understanding of low-temperature plasmas. Specifically,
we have provided evidence for the importance of Rydberg states in such plasmas [16, 18, 22, 35],
which islikely to have far reaching implications for a variety of fields of research: several examples
are, (i) hydrogen discharges used to generate H beams for fusion energy research, (ii) plasma
processing in semiconductor industry, and (iii) astrophysical plasmas. The main reason isthe extremely
large cross cross sections associated with the interactions of Rydberg states with charged particles, as
clearly illustrated during the course of this project in the past three years. The Pl has been recently
invited to giveaplenary talk entitled, “ Electron Attachment to Rydberg Statesand ItsImplicationsfor
Low-Temperature Plasmas,” at the upcoming 53 Annual Gaseous Electronics Conference in

Houston, Texas.

E. PROJECT PRODUCTIVITY

This project was based on a new discovery in a basic research program conducted since the
late 1980'sat ORNL, i.e., that extremely large cross sections are associated with dissociative el ectron
attachment to highly-excited states of molecules. That discovery wasmadein basic studieson e ectron
attachment to laser excited molecules. However, laser excitation is not a cost effective method of
achieving molecular excitation. In 1996, we proposed to investigate two discharge-based method for
achieving molecular excitation and subsequent dissociative electron attachment. This was a classic

case of transition from a basic research finding to an application.
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It took us a considerable amount of time to set up the apparatuses from ground zero, and to
establish the experimental techniques for testing our ideas. Most of our achievements camein thelast
year of the project (thisis evident in the publication list in Section G). We have achieved the main
goals of establishing the viability of our proposed techniques for achieving molecular dissociation. In
addition, we have discovered an unanticipated effect: there were no hazardous gaseous byproducts.
We have conducted studiesto show that theinitial contaminants were converted to dust particles, and
that thisdust formation has originsin the negativeions produced viathe enhanced dissociative €l ectron
attachment process. While further studies are needed to optimize and generalize these techniques, we
have laid down astrong foundation for apromising new technology for the remediation of dilutetoxic

gas streams.
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18. “Electron Attachment to Rydberg States and Its Implications for Low-Temperature Plasmas’,
L. A. Pinnaduwage, 53 Annual Gaseous Electronics Conference, Houston, Texas, October

24-27, 2000 (INVITED).
I. TRANSITIONS
This technology is not yet at a stage where it can be used in the field. As we described in

Section B, this project was based on anew discovery inbasic research and thetransition to field usage

will take afew more years.

J. PATENT DISCLOSURES

1. L. A. Pinnaduwage, C. Y. Ma, D. L. McCorkle, and W. Ding, “A Glow Discharge Method
for the Destruction of Low-Concentrations of V olatile Toxic Compounds’, patent disclosure

elected to be filed by the ORNL Technology Transfer Office, 1998.
2. L. A. Pinnaduwage, W. Ding, and D. L. McCorkle, “A PlasmaMixing Method and Device

for Plasma Processing of Materials’, patent disclosure elected to be filed by the ORNL
Technology Transfer Office, 1999.
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K. FUTURE WORK

Further research is needed to bring this project to a stage where it can be used in the field.
Research is needed to be conducted to further our understanding of the role played by the Rydberg
states in discharge plasmas (to use that knowledge in optimizing the destruction process), and to test
the destruction scheme on a variety of pollutants of interest to the EMSP program under redlistic
conditions (process generalization). Thework that needsto be done has been described in detail inthe

grant renewal proposal that was submitted in January, 2000. The main research tasks are,
€ Conduct microwave experimentsto quantify the Rydberg state number densitiesin glow discharges
under various experimental conditions, and to accurately determine the electron density in the

discharge for modeling the destruction process.

€ Optimize the destruction process using the knowledge gained from the above studies for the

destruction of benzene and methylene chloridein Ar and air carrier gases.

€ Test the optimized destruction process on other pollutants of interest to the EM SP program, such

as trichloroethylene, carbontetrachloride, and dioxins.

€ Further investigate the nanoparticle production in the destruction apparatus, and investigate the

chemical properties of the nanoparticles.
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