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INVESTIGATION OF ELECTRIC FIELDS FOR LOWTEMPERATURE TREATMENT OF SOILS AND LIQUIDS
William O. Heath
Steven C. Goheen
Michael C. Miller
Richard L. Richardson
Battelle. Pacific Northwest Laboratorya
PO Box 999
Richland, Washington
ABSTRACT
Work was performed to a _sess the feasibility of an in situ technology for decomposing and removing
hazardous organic waste compounds from soils. The technology is based on conductive soil heating and
partial electrical discharges (corona) combined with soil-vapor extraction. A pilot-scale facility was
developed and used to evaluate the ability to heat and dry soils using poly-phase electricity applied through
inserted pipes. Uniform heating (100 + 2°C) and drying to 1.2-wt% moisture were observed. Heating
and resultant in situ steam formation have been demonstrated in previous studies to be effective in
removing volatile and semivolatile compounds. Corona reactors were constructed to investigate
decomposition of organic compounds by oxidants produced in a point-to-liquid corona discharge in
ambient air at room temperature and pressure. Point-to-liquid corona was found to be capable of
destroying a wide variety of organics, including three aromatics, two polyaromatics, a pcp, a pcb, an
alkane, an alkene, an amide, a complexant, a chelator, and an organic dye. Tests with trichloroethylene
demonstrated a decontamination factor of 2 x 105 (equal to a destruction efficiency of 99.999995%) and
nearly complete (99.7%) mineralization, with the main byproduct being aqueous chloride ions. Real-time
data on the decolorization kinetics of aqueous methylene blue were obtained using in situ probe
colorimetry. ' _.:tio,l rates were directly proportional to the amount of unreacted dye present and the
square of elects _de current. Other exploratory tests were performed to investigate concepts for generating
ac corona discharges in soil and the ability of those discharges to decompose adsorbed organic
compounds. All findings are discussed in relation to a conceptual soil-treatment scenario that includes a
description of the basic hardware requirements.
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INTRODUCTION
A feasibility study was performed as the first step in an ongoing effort to develop an electrically based
in situ technology for decomposing and removing hazardous organic waste compounds from soils.b The
technology, referred to as electrical remediation at contaminated environs, or ERACE, is being developed
by a multidisciplinary research team at the U.S. Department of Energy's Pacific Northwest Laboratory
(PNL) in Richland, Washington. The basic premise of the ERACE project is that partial electrical
discharges (corona) can be produced in bulk soil as an effective means of decomposing organic soil
contaminants in place. Partial discharges in air produce energetic electrons that can directly ionize all or
most gas species, including organic contaminants, and eventually attach to oxygen, forming superoxide
anion-radicals and ozone. In the presence of moisture, ozone and superoxide decompose to produce
hydrogen peroxide, hydroperoxy radicals, hydroxyl ions and radicals, hydronium ions, and probably
other species in a complex set of parallel and series-reversible reactions. Potential advantages of such a
process in soils include a nonspecific oxidation chemistry applicable to a wide variety of organic
contaminants; no need for added chemicals, nutrients, or catalysts; and an electromagnetic basis for soil
processing that would be expected to perform well in a wide variety of soils. Such a process, if proven
feasible and economically practical, might be versatile enough to accommodate the extremely varied
requirements and field conditions associated with the cleanup of contaminant source plumes.
ii1, i
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Before initiating full-scale development of a corona-based soil-treatment process, certain key questions
must be addressed and resolved, if possible:
•
•
•
•
°
•
°
•

what organic contatr:-:ants can be destroyed?
under what conditions can they be destroyed?
what is the destruction efficiency?
what are the reaction kinetics?
what byproducts are formed (and are they harmful)?
can corona be generated in a soil?
what are the hardware requirements?
if technically feasible, would a soil-treatment technology based on in situ corona be economically
practical?

The goal of this research was to answer many of these questions through a combination of mathematical
modelling, experimentation, and review of relevant technical literature.
It was initially assumed that a method for heating and drying soils would need to be developed to
remove moisture and volatile organics from soil, and to make the soil more permeable to subsurface gas
flows. A separate corona-discharge system would probably be needed to produce gas-phase oxidants that
would then be circulated through the soil to react with and decompose nonvolatile compounds not removed
during the initial soil-heating step. However, during the course of experimentation with a new electrical
soil-heating concept, technical breakthroughs occurred in both soil heating and in the generation of
oxidizing conditions by partial electrical discharges in soil. It was discovered that a separate system for
generating gas-phase oxidants would probably not be required because the basic soil-heating system
would also be capable of stimulating bulk soil ionization and oxidant production. This discovery led to the
identification of substantially less costly and simpler technology concepts for meeting the project
objectives. Also, a number of difficult issues associated with the distribution of oxidants through bulk soil
appear to have been eliminated. This paper summarizes initial results for the ERACE project and describes
a new concept for soil treatment. Further efforts to develop engineering scaleup equations, conduct field
testing, and begin numerical modelling of the ERACE process will be covered in subsequent publications.
SOIL-TREATMENT
SCENARIO
Figure 1 is an artist's depiction of the above-ground equipment envisioned for the ERACE process.
The required equipment would consist of an ac power system composed of conventional single-phase
power transformers and power controllers (thyristors or variacs), inserted metal electrodes that double as
vents, and a standard soil-vapor extraction (SVE) system. The power supply and SVE system could be
configured in trailer-mounted packages that could be operated by either remote diesel generators or from a
municipal power grid. The electrode/vents could consist of conventional pipe casing installed to the depth
of the contaminant. Nonconductive PVC sections of pipe could be used at soil depths where treatment is
not required, allowing just the contaminated zones to be treated. The ERACE technique would require six
electrode/vents inserted in a hexagonal array with a seventh, electrically neutral electrode positioned in the
center of the array. The central electrode would serve as a vapor-extraction vent; the peripheral electrodes
as air inlets. Each of the six peripheral electrodes would be equipped with a separate transformer, wired to
provide each electrode with a separate electrical phase. For large sites, more than one electrode array could
be used.
Treatment would be expected to occur as follows. The application of voltage to the electrode arrays
would initially heat the soil via conduction. Heating would cause soil moisture to boil, creating an in situ
source of steam that could be directed (by venting) to sweep through a contaminated zone, carrying volatile
and semi-volatile contaminants out of the soil. The removal of moisture as steam would cause the soil to
dry progressively inward from the six electrode/air-inlets to the central extraction vent. As soil moisture is
removed, the electrical resistance of the soil-load increases, requiring higher applied voltages to continue
the heating process. At a certain voltage, electrical fields created in the soil would begin to produce partial
electrical discharges. Partial discharges would occur predominately at the receding boundary of moist soil
created during progressive soil-heating from the outer to inner electrodes in each array. With time,
oxidants produced by the partial electrical discharges would sweep through t_,e soil along the receding
wet/dry soil interface, effectively contacting and decomposing nonvolatile and bound compounds
remaining in the soil.
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FIGURE 1¢ Artist's Depiction of ERACE Technology
DEVELOPMENT
AND PILOT TESTING OF SOIL HEATING AND VENTING
Our laboratory discovered that six-phase ac electricity delivcx_ed to a hexagonal array of six soil
electrodes could be used to heat soils in a relatively uniform manner. The technique works by dividing
conventional three-phase electricity into six electrical phases. Each phase is delivered to one of six
electrodes installed in a circular pattern. The electrode spacings and the connected electrical phases are
both 60° apart, resulting in a uniform ratio of voltage difference to physical distance between any two
electrodes. Each electrode conducts to each other electrode simultaneously owing to the phase differences.
This scheme allows soil to be treated usi:_g inexpensive equipment at relatively low applied voltages. An
initial soil-drying experiment demonstrated that conduction can be achieved in wind-blown sand containing
less than 0.3 wt-% bound moisture, with no interstitial moisture present, and with an estimated resistivity
of 106 ohm-re.
Pilot.Scale
Test Facility
A pilot-scale test facility was developed using a 30-kW power system capable of six-phase heating (and
corona oxidation) at applied voltages up to 15 kV; a vapor-extraction system equipped with
instrumentation for measuring off-gas humidity, flow, pressure and temperature; and a 4-ft-dia., 375-gal
polyethylene tank filled to a depth of 39.5 in. with 4550 lb of soil. Figure 2 is a photograph of the test

_GURE 2- Photograph of Pilot-Scale Test Apparatus
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FIGURE 3. Thermocouple Positions in Pilot-Scale Tank
configuration would be expected to establish a relatively uniform flow field throughout the test soil, except
near the open end of the central electrode/vent. 1 The soil used for testing was dune sand obtained near
Vernita, Washington. This soil had been previously characterized to determine particle size distribution,
hydraulic conductivity, and capillary pressure as a function ofsaturation. The test soil was instrumented
with twelve thermocouples to obtain data on temperature profiles developed during the soil-heating
process. The thermocouples were placed at three radial positions within the tank (2, 16, and 21 in.) to
measure temperatures near the electrodes as well as the bulk soil within and outside of the 3-ft-dia.
electrode army. These radii were monitored at three depths within the tank (8, 22, and 32-in. below the
soil surface). Thermocouples were also placed at various angular positions as shown in Figure 3.
Heating Uniformity,
Power, and Energy Requirements
Soil-heating and venting data were obtained at various initial moisture concentrations, simulating
different locations within the vadose zone. Data were obtained on vent flowrates, soil temperatures,
effective soil resistance, electrical input power, and amount of moisture removed as a function of time,
applied voltage, and applied vacuum. Figure 4 plots soil moisture content, Darcy constant (indication of
flow permeability), and electrical resistance of the soil-load versus time for a test conducted with a starting
moisture content of 30 wt%, representing soil below the water table. This test was conducted at a constant
465V, with an average vent pressure of 0.8 atm. During this test, temperatures were raised to 85°C + 5°C,
the soil was dried to a f'mal 6.3-wt% moisture, and the total energy consumed was 36 kWh/yd3.
A second test was performed over an extended voltage range, and with a starting soil-moisture content
of 21 wt%, representing the lower part of the vadose zone near the water table. Table 1 shows typical
values of applied voltage and power during this test. Typical values are provided for the three main stages
of the heating and venting process: volatilization (heating from ambient to boiling); steam stripping
(boiling and removal of steam by venting); and drying (removal of residual steam, accompanied by a
marked increase in the resistivity of the soil.) The total energy consumed through all three stages was 93
kWh/yd3.
Figure 5 plots soil temperatures near a peripheral electrode, near the central electrode and in the bulk
soil, all at a 22-in. soil depth, through all stages of soil heating and drying. During the f'trst (volatilization)
stage, the soil temperatures varied less than 20°C from the hottest area near the peripheral electrodes to the
coolest area near the central vent. This level of uniformity has not been reported for other soil-heating
methods. (Temperature uniformity would be expected to influence the uniformity of contaminant
volatilization, steam-stripping, and removal.) The total energy consumed during this stage was 46
kWh/yd3.
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FIGURE_4. Effect of Soil Drying on Flow Permeability and Electrical Resistivity
Throughout the second stage (steam stripping), soil temperatures were raised to 100°C + 2°C, except at
the lower level near the floor of the test vessel. (Cooler temperatures were expected near the bottom of the
tank because of loss of heat via conduction to the steel floor of the laboratory.) During this stage, heating
formed steam that was removed through the central electrode/vent. During the third stage (drying), heating
and drying were maintained down to a bulk soil moisture content of 1.2 wt%, much drier than even desert
conditions (generally > 5-wt% moisture). Drying to this extent provides a maximum amount of steam for
stripping contaminants (and can significantly increase the hydraulic conductivity of the soil for improved
vapor extraction.) Although the pilot tests were performed without contaminants, published data2,3 show
that soil heating and in situ steam production are effective in removing volatile and semivolatile
compounds, as well as 25 wt% or more of nonvolatile compotmds3.
TABLE 1. Electrical Heating Parameters During Second Pilot-Scale Test
Typical Values During Three Stages Of Test
Parameter

Volatilization

Steam Stripping

Soil Drying

Applied Voltage, V
Total Power, W

300
4400

300
5600

2000
5000

PARTIAL-DISCHARGE
CHEMISTRY
Corona and other partial-discharge phenomena have been investigated for flue-gas desulpherization_
denitrification and particulate scrubbing 4. When organics are present the following hydroxyl-radicalcatalyzed reactions are thought to predominate,5
. OH + RH--> H20 +. R
•R + 02 -->. RO2
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.FIGURE 5, Soil Temperatures Near a Peripheral Electrode, in the Bulk Soil, and Near the Central Vent.
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forming organic peroxy radicals. Repetition of this process would be expected to lead to complete
destruction of the parent organic compound. A relatively early study on the control of hydrocarbon
pollutants concluded that corona discharge could be used with or without additional catalysts to decompose
a variety of airborne organic compounds6. Without catalysts, the destruction efficiency for up to 11-s
exposure to corona at 25°C varied from 13% to 62%, depending on electrode current. The amount of
contaminant completely oxidized (mineralized) to CO2 and water was 3%. At higher temperatures the
destruction efficiency remained about the same, but, above 200°C, the amount completely oxidized
increased rapidly, reaching 71% within 11 s at 400°C. Another study, identified and evaluated design
concepts to replace charcoal-based ab-purification systems for enclosed combat vehicles that would be able
to continuously remove chemical and biological warfare (CBW) agents at a rate of at least 100 ft3/min. A
corona-discharge system was identified as the most promising of the many alternatives considered, based
on its potential
for high reliability,
infinite
useful life, no need for additives
or
reactant/sorbent-regeneration
steps, no need for air pre-heating, and relatively high energy efficiency7.
Another researcher performed pilot-scale development and testing of corona discharge for removing
iodomethane from air, and concluded that "a corona-discharge scrubber would be suitable for removing
iodine species from air as part of the emergency f'fltered-air discharge system of a nuclear zeactor8."
Types of Organic Contaminants
That Can Be Destroyed
A scoping study was perfomaed to determine what class of organic compounds could be decomposed
by species produced in corona discharges above a solution interface. Table 2 lists all of the compounds
that were tested, their molecular formulae, and their relative volatility. All of the compounds but citric
acid, EDTA and methane have been targeted as hazardous by EPA. Citric acid and EDTA were tested
because they represent a special concern at Hanford. Methane gas was tested at a 10% concentration in air
to determine whether its stable C-H bonds could be altered by corona discharges.

Organic Compounds Tested
_
acrylamide
citric acid
EDTA
benzene
styrene
benzoic acid
phenol
ch_orobenzene
benzo(a)pyrene
methoxychlor
2,4 dichlorophenol
trichloroe_ylene
methane

/

_Volatility

CCH2=CHCONH2
HOC(CH2COOH)2C 0 0 H

non
non

C10H16N208
C6H6

non

C6HsCH=CH2
C6I-I5CO O H
C6H50 H
C6H5C1
C2oH 12
C16H15C1302
C12C6I-I3OH
C2HC13
CH4

high
non
semi
semi
semi
semi
semi
semi
high
high

A point-to-solution corona-discharge reactor was used for most of the testing. The reactor consisted of
a glass vessel, fitted with electrodes that were connected to a high-voltage de power supply, and
containing a 200-ml volume of reactant in solution. Figure 6 is a photograph of the reactor vessel, taken
during high-voltage operation. A stainless steel needle was inserted through a port on the lid of the reactor
to serve as a corona-discharge cathode. An electrically grounded platinum anode was inserted through one
of five additional ports at the top of the reactor. The anode was immersed in the contained liquid solution
so that the liquid interface itself served as a corona-discharge plane. A 10-kV de power supply was
connected to the discharge electrodes. Discharge current, typically on the order of 20 to 150 gA, was
measured using a picoammeter. The contaminant solutions were continuously stirred using a magnetic stir
plate. Glass-surfaced stir bars were used in favor of Teflon for most of the tests to avoid the loss of
reactants via sorption.
All of the compounds listed in Table 2 were removed (reacted) by species formed in a corona. The
reactions were all conducted at room temperature, ambient pressure, and with no additives other than the
ambient air contained in the sealed corona-discharge atmosphere above the solution interface. In each
case, control experiments (no corona) indicated little or no loss of any of the compounds. For most
experiments, reaction progress was tracked by analyzing the liquid remaining in the rea.ctor at various
times. Analyses to determine the amount of unreacted compound were performed by gas or liquid
chromatography, mass spectroscopy, UV spectrophotometry, or IR absorbance, depending on the specific
analytes involved. For methane, chemical alteration of the C-H bond was indicated by.the detection of
higher molecular-weight byproducts (produced by radical-radical condensation reacuons in a sealed
chamber) based on their elution time in a GC column. One of the byproducts was identified by FTIR as
n,n-dimethylacetamide, an industrial solvent.
Reaction Mechanism
A test was performed to examine the hypothesis that the observed removal of contaminants was
because of an oxidation mechanism, possibly involving OH radicals. The approach used was to identify
initial decomposition products of naphthalene, a compound consisting of two benzene rings. Naphthalene
is a colorless solid, the initial decomposition products of which would be expected to be colored solids due
to changes in electron resonance caused by chemical alteration of the ring structures. After 72-hours
exposure to corona, brown crystals were removed and analyzed by GC/FTIR. One of four compounds
detected was identified as phthalic acid (C6I-InCOOHCOOH); another appeared to be trans-cinnamaldehyde
(C6HsCH-CHCHO).
Both represent broken-ring structures, with one of the original benzene rings
replaced by oxygen-containing groups. Both are known to be partial oxidation products of naphthalene 10.
Two other products were detected, both containing oxygen, neither containing nitrogen.
These
byproducts are consistent with an oxidation mechanism involving OH, O2H, or other oxygen radicals.

The inset photographs are close-ups of the stainless-steel cathode and the solution
interface directly below. A luminous plume formed by Trichel-pulse corona is
barely visible at the tip of the cathode. The indentation of the solution interface
below the cathode is formed by a gas jet that is created when negative ions
generated in the corona plume entrain air while being propelled along the point-toplane field gradient. The "electrical wind" produced by a corona can produce air
velocities on the order of several hundred crrds9.
IEIQ._Ld..g_E_
Photograph of Point-to-Liquid Corona Reactor

Volatility of Byproducts
A series of tests were performed with benzo(a)pyrene (BAP), which contains five benzyl rings and is a
solid with a melting point of 177°C, to determine the volatility of its corona-decomposition products. After
48 hours of exposure to corona discharge, -80% of the BAP was removed under nonideal reaction
conditions. After 72 hours, the liquid remaining in the reactor was sampled and a number of products
were detected, most of which appeared to be of lower molecular weight (and higher volatility) based on
their retention time in a gas chromatograph. The results are summarized in Table 3. Nearly half of the
starting mass of BAP was unaccounted for by quantitative GC/MS, and is assumed to have escaped from

i

I

the reaction vessel as highly volatile gaseous species. Two partially decomposed products that had a
similar volatility to BAP and that accounted for 8% of the starting concentration were detected. These
were found to be a diol and a quinone of BAP. These partially oxidized products are also consistent with
an oxidation mechanism involving OH, O2H, or other oxygen radicals.
Relative Volatility of Benzo(a)pyrene Decomposition Products
Component(a)

Retention(b)

more volatile
"
"
"
benzo(a)pyrene
similar volatility

0.00(c)
2.22
2.38
2.63
54.9
59.0

Total Material

(a)
(b)
(c)

Ma_, mg

wt%

19.88
4.56
2.80
3.48
6.24
_

49.7
11.4
7.0
8.7
15.6

40.00

100

After 72-hr exposure to corona discharge.
Retention time in gas chromatograph, min.
Escaped detection.

Destruction Efficiency and Potential for Complete Mineralization
Tests were performed on trichloroethylene (TCE) in water with a starting concentration of 1000 mg/L.
The tests were performed at 15 kV with a 20-/a.Adischarge current and corresponding power level of 1.5
W/L. After 12 days of exposure to point-to-liquid corona discharge, the residual TCE concentration was
determined by GC/MS to be below a 5-I.tg/L detection limit, corresponding to a destruction efficiency of
>99.999995%. The liquid remaining in the corona reactor was found to contain aqueous chloride ion as
the only chlorinated species, dissolved carbon dioxide, and 2.78 mg/L TOC. Based on the residual level
of nonchlorinated TOC, the conversion to inorganic species was 99.7%, indicating nearly complete
mineralization. Since the reaction conditions were not optimized and intermediate samples were not
obtained, no conclusion can be reached regarding reaction kinetics from these tests. However, based on a
total energy expenditure of 0.43 kWh/L (corresponding to the entire 12-day test duration), and a cost of
$0.05/kWh, it can be concluded that the cost of energy to treat water contaminated with 1000-ppm
trichloroethylene would be less than $22 per m3 ($0.08 per gal) using the laboratory reactor.
Reaction Kinetics
To obtain real-time data on reaction kinetics, an in situ colorimeter was used to track the rate of
decolorization of an organic dye by corona-generated oxidants. A colorimeter probe was placed in the
aqueous dye solution through a port in the reaction vessel. Absorbance was continuously recorded as a
function of electrode current using a dual-pen strip-chart recorder. Methylene blue was chosen as the test
dye because it has only one major absorbance peak (at 664.4 nm). Teflon stir bars were used for kinetics
testing because they provided better stirring for more idealized reaction conditions as required to elucidate
the intrinsic (non mass-transfer-limited) reaction kinetics.
As would be expected, the rate of stirring affected the observed reaction kinetics until a minimum
stirring rate was achieved, beyond which no further such effects were observed. It was also noted that
dye decolorization continued for several minutes after voltage to the discharge cathode was turned off,
indicating the presence of relatively stable oxidants. Figure 7 shows plots of the natural log of unreacted
dye-concentratic.',, versus time for three different values of electrode current, with vigorous stirring. The
linearity of these plots indicates that the reactions are substantially flu'st-order with respect to dye
concentration. The order of the reaction in current is estimated as 2.1, or approximately second order.
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Effect of Electrode Currenton Reaction Rate
The resulting rate equation for dye decolorization was found to be
dt

= k[C][i]2

where C is dye concentration in ppm, i is electrode current in p.A, and the rate constant is calculated as k =
4.7 x 10-4 p.A-2 hr-l. This equation suggests rapid reaction kinetics on large scales involving higher
electrode currents. For instance, at an electrode current of 5 mA, reduction of a starting 200-ppm
concentration to I ppb would be predicted to occur within 3.7 s. Assuming a constant power per volume
on scaleup (1.5 W/L) and constant applied voltage (15 kV), the rate of water treatment associated with this
prediction would be 210 gpm through a 13-gal stirred-tank reactor having a 3.7-s residence time.
Additional experiments beyond the 30-70 I.tA range tested, and using larger liquid volumes, would be
required to better, evaluate the merits of point-to-liquid corona treatment on an industrial scale.
GENERATION
AND BEHAVIOR OF AC CORONA IN A SOIL
Experiments were conducted to test the ability to generate steady-state corona in a sandy soil. The tests
used a smooth, 5.1-em-dia. spherical electrode connected to a 30-kV ac power supply. To perform the
tests, the electrode was completely buried in sand. A partial-discharge detector was used to measure the
magnitude and polarity of any corona :-t the test circuit. The applied voltage at which a smooth, 5.l-era
sphere will go into corona, in ambient air at standard temperature and pressure, is calculated by Peek's
law11 as 213 kV. Any corona detected using the variable 0 to 30-kV power supply would indicate that a
smaller-radius conductor was involved, namely the sand particles themselves. At an applied voltage of
only 1 to 3 kV, the onset of corona-discharges of both polarities was detected. At 15 kV, the discharges
were extremely robust. After extensive examination and testing of other possible spurious sources of
corona, it was concluded that the corona originated at the surfaces of individual particles in the dry sand,
not at the electrode surface. The possibility that ac corona could be maintained in a soil at such low
voltages was contrary to conventional wi:;dem (i.e., concerning the behavior of driven ground rods
subjected to high-voltage lightning strikes_Ll3). However, this discovery was conf'mned by temperature
measurements made in the sand after exposure to high-voltage fields. Soil temperatures as high as 165°C
11
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were measured using thermocouples inserted up to a minute after removal of power to the electrode. The
electrode itself was not appreciably warmed by the discharges. The average.temperature of the corona
front (air involved in corona near the electrode surface) was also estimated using an optical pyrometer as
260-370°C.
Chemical Reactions
in Soil
Two types of exploratory tests were conducted to determine the ability of oxidants produced by corona
discharges to decolorize methylene blue adsorbed on silica-based particles, representing organic
contaminants adsorbed on soil particles. Both tests were semi-quantitative in that reaction progress was
tracked by visually observing the color of the particles, and measuring the time required for decolorization.
The fhst tests investigated dc point-to-solution discharge to decolorize dye adsorbed on silica-gel particles
slurried with water. This condition can be considered representative of a case where corona discharge is
occurring in situ, in the vicinity of soil particles that are fully saturated with water (or some other solvent
medium.) For these tests, reaction at the particle surface was visually confirrned. To estimate the order of
the decolorization reaction with respect to surface concentration, tests were run in which various amounts
of silica were added to 6-ppm dye solutions, and the decolorization time measured. By this method the
order of the reaction in adsorbed contaminant is calculated as 0.42, probably indicating the influence of
mass transfer on reaction rates, although further tests would be required to confirm this result.
The second series of tests investigated ac-corona discharge from the 5.1-cm spherical electrode
suspended in air above dried sand. Figure 8 shows the basic test setup. Oxidants generated by the corona
were passed through a packed bed of dyed sand contained in a tube that was held at a vacuum. This test
was to approximate a case where corona discharge is occurring in situ, in the vicinity of soil particles that
are at a residual value of water saturation (very dry, but not desiccated.) This procedure also precluded the
possibility of thermally induced reactions in sand directly involved in, and heated by, corona discharges.
As samples of dyed sand were removed from the vacuum tube at various times and their color compared, it
was visually evident that the concentration of the adsorbed dye was decreasing. Longer exposures
resulted in a successively greater extent of decolorization. The rate of decolorization in this test also
appeared to be dependant on the surface concentration of unreacted dye, but further experiments would be
required to determine the order of the dependance.
Location and Movement of Corona During Soil Drying
A visible indication of corona was used to determine whether corona discharges could occur at wet/dry
interfaces in soil, as would be formed during soil heating. An experiment was performed in which the
12
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spherical electrode was partially buried in dry sand, and 50 ml of tap water was poured onto the sand
touching the electrode, and in a line extending 15 cm away from the electrode. The water absorbed
quickly into the sand to a depth of 1 cm, forming a wetted trough about 3-cm wide. As ac voltage was
applied to the electrode, corona was observed on the partial-discharge detector at a voltage of 8 kV, and
sand particles began to jiggle (presumably because of electrostatic-constriction effects) along the wetted
edges of the trough. The wet sand in the trough was observed to dry from the outer edges inward, with
corona visually detected along the receding wet/dry interface. (In electrical engineering, the same
phenomenon is referred to as "dry banding." Dry banding has been responsible for initiating fires on
wooden telephone poles, prompting the development and use of toxic chemical coatings to prevent such
fires14.) Further experiments in a contaminated soil would be required to determine whether this surface
behavior would cause ac corona to sweep through a volume of soil during final stages of soil drying, and
whether this would result in the complete in situ mineralization of contaminants.
Estimation of Electrical Field Strength and Likelihood of Chemical Reactions
For soil particles to go into corona, voltage gradients at the panicle surface would have to exceed a
critical threshold. This threshold was estimated as 200 kV/cm using a modified version of Peek's law for
the size of sand used (nominal 200-}.tmdiameter.) Calculations predict such a field could be achieved at an
applied voltage of roughly 2.6 kV, which agrees with the experimental results. Other researchers
identified a similar phenomenon associated with discharges on "slight irregularities, projecting crystal
comers, and submicroscopic points" that produced partial discharges with field strengths on the order of
100 kV/cm at applied voltages as low as 1 kV15. They termed this form of corona "autoelectronic
emission."
The average electron temperature associated with a field emission can be calculated from a knowledge
of the electric field strength and the properties of the discharge-gas environment16. From the electron
temperature, the average kinetic energy of field-emitted electrons can be calculated to evaluate the
likelihood and type of chemical reactions that would be expected. The ability of energetic electrons to
break chemical bonds requires that the electron's kinetic energy exceed the heat of formation of the bond,
or, in the case of ionization, the bond's (or neutral atom's) ionization potential. For the field emissions
observed on soil panicles, the average electron temperature is estimated as 3.4 x 106 K, corresponding to
an electron energy of 440 eV, at distances of up to 100-I.tm away from the panicle surface. At an electron
energy of 440 eV, all or most chemical bonds would be expected to be broken. For perspective 17, an
electron energy of 4.37 eV is required to break the C-H bond in methane, forming methyl radicals; 4.53
eV is required to produce negative oxygen ions from molecular oxygen; 9 eV is required to disassociate
molecular hydrogen into atomic hydrogen; and 17.28 eV is required to completely ionize molecular oxygen
to form O+ and O-.
CONCLUSIONS
All findings made during the course of this study support the conceptual feasibility of the ERACE
technology for treating organic-contaminated soils by electrical discharges. The main findings can be
summarized as follows:
•

Six-phase ac electricity delivered to a hexagonal array of six soil electrodes can heat and dry soils in
a relatively uniform manner using inexpensive equipment and relatively low voltages.

•

Heating causes soil moisture to boil, creating an in situ source of steam that can be directed (by
means of soil vents) to sweep through a contaminated zone, carrying volatile and semi-volatile
contaminants out of the soil.

•

Soil drying can be maintained down to a bulk soil moisture content of 1.2 wt%, much drier than
even desert conditions (generally > 5-wt% moisture). Drying to this extent provides a maximum
amount of steam for stripping contaminants and can significantly increase the hydraulic
conductivity of the soil for improved vapor extraction.

•

The total energy required to heat soil with a 21-wt% moisture content to the boiling point with sixphase electricity is 46 kWh/yd3 of soil heated. In the field, the energy per yd3 would be expected
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to be less because of a lower ratio of heat-transfer surface to volume of soil heated than in the pilotscale test.
•

Corona discharges in air at room temperature and pressure are capable of destroying many organic
compounds in liquid-, gas-, or solid-phase, including compounds adsorbed on soil panicles under
both dry and water-saturated conditions.

•

Identification of partially decomposed byproducts indicate an oxidation mechanism consistent with
a reaction catalyzed by excited oxygen, superoxide, hydroxyl or hydroperoxy radicals.

•

Decomposition rates are rapid and, for at least one compound, are directly proportional to the
amount of unreacted contaminant present and the square of electrode current. At an electrode
current of 5 mA, reduction of a starting 200-ppm concentration to 1 ppb would be predicted to
occur within 3.7 s.

* High contaminant destruction efficiencies (>99.999995%) are possible as is nearly complete
mineralization (99.7%) of contaminants to form harmless byproducts.
.

|
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The cost of energy to treat water contaminated with 1000-ppm trichloroethylene is less than $22 per
m3 ($0.08 per gal) using the laboratory corona-discharge reactor.

•

Corona can be initiated in soil starting at voltages as low or lower than 3 kV. Corona appears to
occur in soils at wet/dry interfaces formed during initial conductive heating, with the interface
acting like an electrode surface.

•

Once interstitial soil moisture has been heated, volatilized, and removed as steam by conductive
heating, further soil-heating and drying occurs by the heat evolved in corona discharges. Coronainduced heating at wet-dry soil interfaces would thus be expected to cause such interfaces to move

Further testing will be required to determine whether corona will indeed sweep through a soil volume
during the final phases of drying and whether this will result in complete in situ minerilization of
contaminants. Determining whether a soil-treatment process based on in situ corona is actually possible or
practical on any meaningful scale will require further development, scaleup and, finally, demonstration of
the necessary process equipment at an actual contaminated site. In the meantime, the results obtained
during this study have provided a solid platform for further efforts.
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