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- ABSTRACTAn innovative waste treatment technology is being developed at Los Alamos to
address the destruction of hazardous organic wastes. The technology described here uses
two stages: a packed bed reactor (PBR) in the first stage to volatilize and/or combust
liquid organics and a silent discharge plasma (SDP) reactor to remove entrained
hazardous compounds in the off-gas to even lower levels. We have constructed prepilot-scale PBR-SDP apparatus and tested the two stages separately and in combined
modes. The PBR was tested in stand-alone mode over a range of operating temperatures
from near 500 C to 1300 C with a variety of feed oils: plain hydrocarbon, hydrocarbon
spiked with TCE (h'ichloroethylene), and TrimSol TM.The high-temperature operations
are noted for the high degree of combustion of the feed oils, once the PBR reaches steady
state conditions. The total hydrocarbon and chlorocarbon gaseous effluents from the
PBR under high-temperature conditions do not appear to exceed concentrations of 1
ppm. The low-temperature PBR operations typically result in a lesser degree of
combustion, as expected. However, with the exception of the TCE-spiked oil run, no
chlorocarbon gaseous effluents appear to exceed concentrations greater than 1 ppm. The
hydrocarbon effluent levels do rise in the low temperature case, ranging from about 10
ppm to 100's of ppm. As expected from oxidation reactions, the other primary effluents
for both high and low temperatures are H20, CO2, CO, and acids (e.g., HC1). Our
smaller PBR unit can typically treats about 0.1 kg/hr of oil feed (more with watered
feed). The SDP reactor was tested stand-alone over a power range from 10's W to a few
kW for TCE and CC14feeds under both dry and humid feed conditions. TCE removals
range from 90% to 99%+ for energy densities ranging from 0.02 J/cm 3 to 0.09 J/cm 3 for
dry feeds (wet feeds require about 1 J/cm 3 for 99%+). CC14 removal requires
considerably more energy, with the best removal for dry feeds (3 J/cm 3 for 99%+
removal). The combined-mode PBR/SDP tests concentrated on TCE-spiked oil and
TrimSol m feeds. At moderate energy density (1.3 J/cm3), the SDP reactor is effective at
destroying the unburned hydrocarbons and chlorocarbons in the PBR effluent. At lower
energy density (0.45 J/cm3), the PBR chlorocarbon effluents are reduced, but the
undesirable byproduct COC12 concentration rises. We have also carried out limited
scaling exercises aimed at increasing the process throughput. A modular, highpower/high flow, two-cell SDP bank has been designed and constructed to demonstrate
gaseous effluent treatment scaling. A 15-cre (6-in) PBR unit has also been assembled
and initially tested to demonstrate required scaling for oil treatment flow rates of 2 -3
kghu'. We have also formulated a block conceptual design for a pilot plant focused on
combustible liquid wastes (e.g., TrimSol vM)for the Rocky Flats Plant.

INTRODUCTION
Hazardous organic chemicals are traditionally destroyed by incineration. To
promote effective combustion, particularly for combustion-resistant chemicals, very high
temperatures are required. To reach these temperatures, fuel such as natural gas is added.
Its addition greatly increases the emission of atmospheric contaminants and greenhouse
gases (CO 2, CO, NOx), especially in off-gas-afterburner stages that treat lower
contaminant concentrations (100 ppm or less). Incinerators are also difficult to permit
because of public concerns about undesirable emissions [1, 21. Many developing
processes involve thermal treatment without direct conventional incineration, but with a
requirement for high-pressure operation. In many cases, this increases the engineering
complexity and increases the risk of undesired emissions, a particularly important
consideration for mixed radiochemical wastes. Hazardous vapors and off-gases are also
commonly treated by activated carbon absorption. This requires regeneration of the
absorber canisters, which just gets back to the incineration and off-gas treatment
problems. When the canisters can no longer be regenerated, they must either be stored,
which increases the amount of waste, or incinerated - once again returning to the
problems. The removal NO x is frequently handled by catalytic converters containing
precious metals. This adds additional expense and the complications of catalyst
poisoning. Furthermore, regulations on the release of hazardous compounds and
greenhouse gases to the environment are expected to become increasingly stringent in the
next decade. Thus, both government agencies and industry are engaged in long-term
technology development and improvement programs, while giving immediate attention
to incineration alternatives for some particular waste streams.
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An innovative, incineration-alternative waste treatment technology is being
developed at Los Alamos to overcome some of these difficulties in destroying hazardous
organic wastes. The technology described here (see Fig. 1) uses two stages: a packed bed
reactor (PBR) [31 in the first stage to volatilize and/or combust liquid organics and a
silent discharge plasma (SDP) reactor [41 to remove entrained hazardous compounds in
the off-gas to even lower levels. Our two-stage process is non-fueled (except for
electrical power), flameless, and operates at near-ambient pressure (and near-ambient
temperature in the plasma stage), with the fuel content of the actual waste used as an
advantage in the packed-bed stage. Increased greenhouse-gas emissions and highpressure engineering are therefore avoided. Flue-gas emissions at the electrical power
plant can also be addressed with the nonthermal plasma process. This two-stage process
employs simple, rugged apparatus containing minimal moving parts to destroy hazardous
waste without conventional incineration and without the release of significant hazardous
emissions into the environment. Because of its effectiveness, simplicity, and
compactness, it is applicable to a variety of industrial solvents and lubricants as well as
mixed radiochemical wastes that must be confined in gloveboxes. Also, because the
packed-bed and plasma stages are inherently modular, great flexibility in full-scale
treatment system design results.
This process was originally targeted at the destruction of machining oils
containing chlorinated hydrocarbons, with the chlorine appearing either as a constituent
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of the oil or within an entrained solvent - particularly trichloroethylene (TCE, C2HC13)
and carbon tetrachloride (CC14). lt has shown further promise for the destruction of a
variety of hazardous wastes, including PCBs, acid-rain generators such as NOx and SOx,
and many volatile organic compounds (VOCs) - for example, hydrocarbons,
chlorocarbons, fluorocarbons, and chlorofluorocarbons (CFCs). Many of these wastes
arise from common industrial processes such as degreasing metal and electronics parts,
machining, painting, plastics manufacturing and fabricating, and flue-gas venting.
In the first stage, liquid waste is atomized and injected into a packed-bed reactor
(PBR) - a metal cylinder filled with heated aluminum oxide (alumina) beads - that
converts the waste into simpler chemical compounds by thermal combustion. This stage
can treat many hard-to-combust organic liquids over a wide temperature range (300-1300
C), with almost complete combustion taking piace at temperatures around 800 - 1,000 C.
In most cases, chlorocarbons can be removed to levels of less than 1 ppm at these
temperatures. Any remaining contaminants are then removed by the second-stage
nonthermal plasma reactor, with its share of waste loading determined by the desired
PBR operating temperature.

-

The second-stage nonthermal plasma chemical reactor is able to reduce off-gas
emissions from the first stage to very low levels (approaching tens of ppb to several ppb)
by free-radical "cold combustion". The nonthermal plasma is created by silent electrical
discharges in the gas stream - arrested transient electrical discharges, generated with a
dielectric barrier configuration (see Fig. 2). The plasma produces energetic electrons
(typical energies of 1-10 eV), which in turn generate copious quantities of highly reactive
free radicals [4]. The electrons are selectively heated, which results in an efficient
transfer of electrical energy to desirable chemical reactions at near-ambient temperatures
and pressures. Although the volume of the microdischarges is quite small, an extremely
large number of them are statistically spread out in space and time, resulting in a large
effective processing volume [51. The free radicals, primarily atomic oxygen O(3p) and
hydroxyl OH, oxidize organic compounds to nonhazardous, easily managed compounds
such as H20, CO 2, and HC1. The potential of nonthermal plasma processing (dielectric
barrier, corona, pulsed corona, etc.) is actively being pursued through a variety of
international research efforts directed at flue gases [6-91 and hazardous organics [4, 10131.
In tests with hydrocarbon and chlorocarbon oils, the two-stage process has
reduced cMorocarbon levels from concentrations of several percent in the input waste to
hundreds of ppb in the final effluent gas. As an alternative to conventional incineration,
this process combines increased energy efficiency, reduced greenhouse-gas emissions,
simultaneous removal of VOCs, SOx and NO x, operation at near-ambient pressure, the
potential for dynamic feedback control to compensate for variable waste stream
composition, and an inherent closed-loop architecture that minimizes emissions. Because
it can be tailored to a broad range of flow rates and contaminant concentrations, the
nonthermal plasma reactor can also serve as a second stage for conventional incinerators
and other developing thermal treatment processes (such as thermal plasma arc units).

In this report, we will discuss the experimental apparatus, analytical techniques,
experimental results, preliminary scaling studies, and conceptual design for a closed-loop
system.

EXPERIMENTAL

EQUIPMENT AND METHODS

Packed-Bed Reactors
The first-stage PBR is shown in the two-stage process diagram of Fig. 1. The
PBR consists of the following major parts: main reactor enclosure (cylindrical metal
pipe), bed packing material (alumina pellets), and an electric furnace. We are presently
using two reactors, the first with a diameter of 6.4 cm (2.5 in) and a length of 102 - 114
cm (40 - 45 in) and a larger one with a nominal diameter of 15 cm (6 in) and an active
length similar to the smaller reactor. The liquid is atomized above the bed using a simple
axisymmetric, oxidizer-gas-assisted nozzle. The liquid gasifies with passage through the
bed and reacts with the oxidant and products of thermal decomposition producing easily
handled materials (primarily CO2, H20, and HC1) before reaching the bed exit. After
exiting the bed, the gas is cooled by passing it through a heat exchanger, analyzed to
determine its composition, sent through the additional SDP stage (in combined mode),
finally passing through an acid-gas trap and an activated carbon trap before being
exhausted through a stack into the environment. Historically, for applications like stack
gas purification or catalytic enhanced processes, PBR systems have used a large variety
of bed materials and hence, reaction mechanisms. For our current process, alumina
appears to be a suitable bed material. Other materials such as calcium carbonate may be
added to the bed to enhance the removal of certain compounds such as HC1.
The initial heat source for the reactor is an external electric tube furnace. An
operating temperature between 250 and 1300 C is generally required depending on the
fluid being treated. During actual operation, the energy content of the fluid reduces or
eliminates the need for external power to sustain chemical reactions in the bed. While
the current furnace limits the bed reactor to a maximum diameter of about 16.5 cm (6.5
in), tube furnaces are commercially available up to about 102 cm (40 in) in diameter.
The ability to generate a uniform radial temperature distribution may limit the maximum
size actually achievable. The ability to generate a uniform radial temperature distribution
will depend on the properties and amount of fluid to be treated.

o

Injected liquids studied include hydrocarbon oils, chlorocarbon/oil mixtures,
chlorocarbon oils, and oil/water mixtures. Liquid injection rates from 0.3 to 6.0 g/min
(small PBR) and to 7.9 g/rain (large PBR) have been used depending on the oxidizing
gas flow, the operating temperature desired, and the composition and energy content of
the injected liquid. With most of the organic liquids studied, once liquid injection is
establisheci, the electric furnace can be shut off and the temperature of the PBR sustained
by the heat of reaction.
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The oxidizing gas is used to atomized and chemically react the injected liquid.
The PBR is generally operated below the lower flammability limit. Oxidizing gas flow
rates of up to 71 std lit/rain (2.5 SCFM) and 212 std lit/min (7.5 SC_;'M) have been used
in the smaller and larger PBRs, respectively. The oxygen content of the oxidizing gas
has been varied between 2 and 21% with most of the studies being conducted at 20% and
21%. When operating in the high temperature regime with an oxygen content such as
that of air, organic and chlorocarbon compounds are reacted primarily to carbon dioxide,
water and hydrogen chloride. Remaining chlorocarbon levels are typically at the ppm
level or less. When operating in the low temperature regime, cht.rr_cal conversion is not
as good. Typically, hydrocarbons are reduced to a few thousand ppm or less and
chlorocarbons to less than 100 ppm.

=

A limited number of tests have been conducted with about 2% oxygen in the high
temperature regime. When operating with 2% oxygen, the PBR acts more like a
cracking column than as a combustor. The organic compounds end up as a mixture of
primarily methane, carbon monoxide, and carbon dioxide. Likewise, the chlorocarbons
come out primarily as volatile methyl and ethyl compounds and as hydrogen chloride.
Operating in the low oxygen regime may have advantages. The heat release from the
organic compounds is less; hence, a larger injection rate of organics should be possible
for a given size PBR. Tests have shown that the SDP is very effective at removing
hydrocarbon compounds below the lower explosion limit; hence, the heat of reaction can
be spread out between various system components. By allowing a trade-off of where the
hydrocarbons are removed, more flexibility in the final system design is possible.
Atomizer development is near completion for the anticipated viscosity range of
organic waste fluids. The fluid viscosity range considered is from 1 to 330 cp. The
current atomizer is optimized for pure TrimSoF Mand has a flow range of from 0.3 to
15.0 g/min. For TrimSol rM- water solutions the flow rate would be much higher (for
45% TrimSol _ - 55% water the maximum flow rate would be up to about 35 g/min per
atomizer). Additional atomizers have been optimized for other materials.
Nonthermai Plasma Reactors
The prototype SDP laboratory at Los Alamos has been used to demonstrate cold
plasma destruction of compounds directly applicable to various off-gas waste streams
(e.g., gas flows up to 24 std lit/rain, TCE concentrations as large as 650 - 1,000 ppm).
This silent discharge plasma is produced by electrical discharges in gases, where one or
both of the reactor electrodes are covered by a dielectric layer (we use glass). The
geometry is usually planar (using metal and dielectric plates) or cylindrical (using metal
and dielectric tubes). Our initial laboratory work employed small, low-power cylindrical
cells. Later work made use of both rectangular planar and cylindrical geometry highpower plasma cells, which are patterned after standard high-power density ozonizer cells.
We will concentrate on high-power cells in the discussion below.
A typical planar cell has approximate dimensions of 71-cm length, 18-cm width,
and 2.5-mm gap, giving a mean discharge area of 1236 cm 2 and an active discharge
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volume of 310 cm 3. Figure 3 illustrates this planar cell (either a single or double
dielectric bamer has been employed). Our cylindrical cell is similar, except it is
designed for operation at higher temperature (few hundred degrees C) by being inserted
in a surrounding furnace. Higher temperature operation is desirable because the reaction
rate coefficients involving the O-atoms and OH-radicals increase with increasing
temperature. For the cylindrical cell, the mean discharge area is 932 cre2; with a 3.3mm discharge gap, this gives a discharge volume of 310 cm 3. We have not yet used the
cylindrical cell in extensive waste destruction tests, so far employing it ooly for electrical
tests to assess the utility of that geometry and for one combined PBR/SDP test. Planar
cells have been our main tool for SDP waste destruction tests.
Our principal electrical power supply is a series inverter which switches charged
capacitors through a high-quality pulse transformer by means of high-power thyristors.
This unit presently supplies nearly 4 kW of power at voltage pulse repetition frequencies
up to 4.5 kHz. Using this power supply and the planar cell, representative operating
conditions for the TCE tests were a flow rate of 10 std lit/min and an average power of
200 W. This gives an average electrical energy density in the discharge of 1.2 J/cre 3,
while the average area power density is approximately 0.16 W/cm 2. Higher flow rates
can now be achieved - scaled versions are ready to be demonstrated at gas flows of at
least 142 std lit/min (5 SCFM). The single-barrier cell was originally constructed with a
water high-voltage electrode (contained in an insulating border above the dielectric
sheet), which permitted direct visual observation of the plasma discharges. The heatlimited water electrode has been replaced with an aluminum plate with contoured edges,
which has resulted in increased cell operating time.
The electrical power deposited into the discharge plasma is both calculated and
measured. The calculations use a well-known power fornmla for dielectric barrier
discharges developed by Manley [14, 15]. The measurements use a high-voltage probe
combined with a simple integrating circuit to measure the transported charge. Integration
of a voltage-charge plot then gives the power. Calculations using the formula agree to
5% of the measured power, well within the error of the original measurements.

l

A standard commercial flowmeter is used to measure the gas flow. Water, for
generating OH radicals, is supplied to the SDP reactor influent stream by bubbling it
through a water chamber. This creates a near-saturated water-vapor concentration of
about 2 or 3% at room temperature. The packed-bed reactor can also be used as an
inherent source of water for the SDP reactor because water is normally generated as a
combustion product of hydrocarbons and halocarbons.
Chemical Analysis Equipment

and Methods

Numerous analytical techniques have been applied to the study of the gaseous
effluents from the packed-bed reactor (PBR) and the Silent Discharge Plasma (SDP).
When the liquid fuel fed to the PBR is a hydrocarbon oil or a mixture of hydrocarbons
and chlorocarbons, the most abundant effluents are nitrogen, oxygen, carbon dioxide, and
water; that is, the carbon and hydrogen in the fuels fed to the PBR are almost completely
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combusted in an excess of air (the fate of the chlorine is less certain). The main focus of
our measurements is on unburned or partially oxidized hydrocarbons, chlorocarbons, and
other chlorine-containing species that are produced when oil or TrimSol TM are fed
through the PBR (with lower temperatures giving a richer variety of effluent species).
We are interested in those species which may be toxic or hazardous, or which may for
other reasons have restrictions on the amounts which may be released into the
environment. These species may be present at levels of parts-per-billion up to hundreds
of parts-per-million (carbon monoxide is an exception to the above range - it may be
present at the percent level, particularly in low temperature oxidation).
To analyze effluents and determine the mass balances, gas flow meters and
controllers, a combustion gas analyzer (CGA), a gas chromatograph (GC), an infrared
(lR) spectrophotometer, an ultraviolet absorption spectrometer, a humidity meter, a scale,
and various specific gas monitors are used. At low concentrations, the hydrocarbon
content is only approximated by the CGA (which gives a methane equivalent
concentration). For a hydrocarbon content below 0.1%, the GC must be employed. The
main tool for analysis of other low level constituents is usually the gas chromatograph.
The GC is equipped with both a flame ionization detector (FID) and electron capture
detector (ECD).
The liquid condensate was analyzed using various test strips. These test strips
give a quick, semi-quantitative analysis of the liquid condensate. More precise analysis
using a liquid chromatograph (HPLC) is planned for the future. Because the liquid
analysis is preliminary, we will not report results at this time.

RESULTS OF WASTE DESTRUCTION TESTS
The PBR/SDP apparatus has been tested in separate experiments for each stage
and in combined two-stage modes. In both stand-alone PBR tests and combined
PBR/SDP modes, solvent-contaminated and chlorocarbon-based cutting oils
representative of machining-oil wastes and scintillation fluid surrogates have been tested.
In stand-alone SDP tests, we have concentrated on gas streams spiked ,,_trh TCE or CC14.
PBR Tests With Organic Liquids
The PBR has been tested with a variety of organic liquid feedstocks. Typical
liquids that have been tested are shown in Table 1 below.
In this paper, we will concentrate on the oxidation ef three liquid samples in
excess air in the PBR. They are plain hydrocarbon machining oil, hydrocarbon
machining oil spiked with 3% by volume TCE, and TrimSol TM. For the TCE-spiked oil
and TrimSol TM, reactions have been carried out at both low (500-600 C) and high (8001000 C) temperatures.

Table I: Representative liquids tested with the packed-bed reactor.
Liquid

Concentration (by volume)

TCE (trichloroethylene),

C2HC13

up to 10%

Carbon tetrachloride, CC14

3%

TCA (trichloroethane),

up to 10%

C2H3C13

Freon TF

up to 20%

Hydrocarbon machining oils

up to 100%

Halocarbon oil

up to 100%

TrimSol

up to 100%

TM

machining oil

Scintillation fluids

up to 100%

The high temperature PBR runs are notable for their high degree of combustion;
the chromatograms using the FID showed several peaks corresponding to C1-C 8
hydrocarbons, but at very low levels. The largest peaks were for the smallest molecules
(C1-C4), but these were incompletely resolved and so positive identification is not
possible. However, based on typical detection sensitivities, the levels of ali of these
species together probably did not exceed 1 ppm, once the system had reached steady
state. (The PBR takes as much as 1 hour to reach steady state after the gas and oil flows
are turned on; the levels of unburned hydrocarbons may be several times higher than the
above value before steady state is reached). Given that the total carbon fraction in a
typical run was on the order of 50,000 ppm, combustion is seen to have been nearly
complete. The high temperature combustion results using the ECD detector show that
the chlorocarbon concentrations exiting the PBR are even lower than the hydrocarbon
concentrations. (As with hydrocarbons, the chlorocarbon concentrations decrease with
time as the system approaches steady state). Not a trace of phosgene is observed from
either spiked oil or TrimSol TM runs. These results are consistent with intuition; carbonchlorine bonds are somewhat weaker than carbon-hydrogen bonds and so more complete
destruction of chlorocarbons than similar hydrocarbons is expected.
The low temperature (600 C maximum) PBR runs are more interesting in that
more species are present in the gaseous effluent, and at higher concentrations. There is a
great deal of similarity in the product distributions for spiked oil and TrimSol TM runs,
even though the hydrocarbons anti chlorocarbons that comprise them are very different.
The ECD traces show that chlorocarbon destruction in the PBR is relatively efficient
even at low temperature. With the exception of the unburned TCE in the spiked oil run
(39 ppm), no other chlorocarbon effluent appears to exceed 1 ppm. Phosgene is present
in both cases, although at extremely low levels in the TrimSol TM run. As yet several of
the minor peaks in the chromatograms are unknown, but do not appear to contribute
significantly to the total chlorocarbon effluent.

The FID traces of the PBR effluent contain approximately 25 peaks each. For
most of the peaks, there are no peaks at the same retention times in the ECD traces.
Thus, at most only a few of the peaks in the FID traces can be due to chlorocarbons. In
an attempt to identify these peaks, samples of various hydrocarbons, mostly n-alkanes
and simple alkenes, were injected into the GC to measure retention times and
sensitivities. In some cases good matches with the unknown peaks were found, but in
most cases the unknown peaks were close, but not exactly matched, to the standards.
This suggests that the unknown peaks may be isomers of the n-alkanes, alkenes, alkynes,
aromatics, or partially oxidized hydrocarbons. The last possibility is very likely since
aldehydes, ketones, alcohols, etc. are often seen as products of incomplete combustion of
hydrocarbons. The number of possibilities is much too large to allow for a trial-anderror search. Also, the relatively small amounts of the species may make it difficult to
identify them through other techniques such as GC-MS, or IR. Perhaps the most
expedient approach at present is to assume that the retention time of a GC peak is related
primarily to the carbon number, and that the sensitivity of an unknown peak is similar to
that of the nearest n-alkane. This assumption has been made in Table 2 below (ethylene
is listed separately from the other hydrocarbons since it was unambiguously identified by
IR spectroscopy).

Table 2: Gaseous effluents from low-temperature
packed-bed reactor experiments.
..

Species

....

Phosgene (COC12)

0.29

0.01

(CzHCI 3)

39.00

0.04

Carbon tetrachloride (CC14)

0.05

....

Perchloroethylene (C2C14)
Other chlorocarbons

0.12
< 1.0

0.07
< 0.07

Ethylene (C2H4)

230

162

C1-C3 hydrocarbons

200

160

C4 hydrocarbons

370

150

Cs hydrocarbons

86

38

C6 hydrocarbons

49

C7 hydrocarbons

15

C8 hydrocarbons

14

,.,

Trichloroethylene

,,,

1

Concentration (ppm)
Spiked Oil
TrimSol rM

,,,

....

18

.....

38
9.2

It is of interest to compute the total unburned hydrocarbon fraction, as a
"methane equivalent", from the data in Table 2. The numbers should be regarded as
rough estimates due to the assumptions made in the GC analysis, and as lower limits,
since hydrocarbons larger than C 8 were not considered. The total unburned hydrocarbon
fractions (methane equivalent) are 3300 ppm (0.33%) and 1880 ppm (0.19%) for TCEspiked oil and TrimSol TM, respectively.
SDP Tests With Gaseous-Based Compounds
Destruction rates for sample wastes containing both TCE and CCI 4 in an Ar/O 2
carrier gas have been treated under both wet and dry conditions. Ar/O 2 carders were
used in our initial experiments to simplify reaction conditions (e.g., to avoid dealing with
nitrogen compounds); since these earlier tests, we have typically employed air as a
carder gas. Wet mixtures were prepared by passing the gas through a bubbler prior to
entering the SDP reactor. At room temperature, our gas mix should be able to carry a
saturated water concentration of about 2%. The experimental results are summarized in
Fig. 4. Chromatograms of gas samples passing through the SDP cell were taken with the
power off and then with the power on. The destruction efficiency was found by simply
taking ratios of the peak heights. The enhanced destruction efficiency of CC14 within a
dry gas mixture is consistent with the modeling results. For TCE destruction, similar
results were obtained for gas mixtures containing a large amount of CO2 (to simulate a
reactor exhaust ); that is, CO2 did not inhibit the ability of the SDP to destroy TCE.
Combined PBR/SDP Tests With Organic.Liquid

Oils

As a representative combined PBR-SDP test case, we will discuss a low
temperature TCE-spiked oil run here. For this case, the PBR effluent was passed through
a coaxial geometry SDP cell. The SDP cell is seen to be effective at destroying the
unburned hydrocarbons and TCE in the reactor effluent. At lower power (0.45 J/cm3),
the TCE peak (and the CCI4 peak) is reduced by the action of the SDP, but the phosgene
peak increases markedly (indicating an efficient conversion of TCE and CCI 4 to COC12).
The observed phosgene level is about 15 ppm. Fortunately, phosgene can be easily
removed by reaction with water (an acid neutralizer is already required in the system).
The combined PBR/SDP low-temperature experimental results are summarized in
Table 3. The feed was 3% TCE in hydrocarbon oil, with an air flow of 22.5 std lit/min.
The PBR temperature was 600 C. The SDP reactor was operated at two different power
levels: 357 and 610 W (which represent moderate energy densities). The measured
hydrocarbon and chlorocarbon concentrations are based on GC calibrations w;th basic
compounds (ethylene, butane, pentane, etc.). They include unknown compounds found
in the same retention time range as the basic compounds and are therefore suspected to
contain the same number of carbon atoms. In addition, concentrations for C9
hydrocarbons have been extrapolated from C1-C 8 calibration information. These
calculations axe the best current estimates of the chemical species and concentrations in
the PBR and SDP effluents.
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Table 3: Low.temperature

combined PBR/SDP test with TCE-spiked oil.

Fluid Tested: 3% TCE (by volume) in DTE Lite TM Oil
PBR Temperature: 600 C
Test Duration: 389 minutes of oil injection
Inlet Air: I 1.313 kg (22.5 std lit/rain)
Inlet Oil: 144 g (0.37 g/rain)
Liquid Condensate: 18 g
Effluent Levels
Compound

PBR (ppm)

PBR/SDP (ppm)
357 W (0.95 J/cm 3)

PBR/SDP (ppm)
610 W (1.63 J/cm3)

C1-C 2 hydrocarbons

513.0

32.0

12.0

C3-C 4 hydrocarbons

141.0

9.0

8.0

C5 hydrocarbons

70.0

9.0

3.0

C6 hydrocarbons

27.0

5.0

0.9

C7 hydrocarbons

5.0

0.2

0.1

C8 hydrocarbons

6.0

0.4

0.0

C9 hydrocarbons

7.0

0.7

1.0

Benzene (?)

9.0

0.8

0.2

TCE

18.0

0.7

0.2

PCE

5.0

0.6

0.0

CO2
CO

1.497%
0.905%

1.625%
0.814%

1.625%
0.814%

Scintillation Fluid Tests (Pseudo-Cumene)
A brief series of unoptimized experimental runs have also determined the
baseline effectiveness of PBR/SDP treatment of pseudo-cumene (p-cumene), a hazardous
constituent of scintillation fluids. Pure samples were treated as were samples diluted in a
water/ethanol mixture. Concentrations of p-cumene have been reduced to below 5 ppm
in the off-gas at a liquid-feed of 0.5 cm3/n_n. In these tests, the packed bed was initially
heated to around 800C and the air flow set to about 28 std lit/min (1 SCFM). P-cumene
was fed into the bed at a rate of 0.5 cm3/min. As the run progresses CO, p-cumene, and
O_ decrease while CO2 increases. Under these conditions, the PBR-effluent p-cumene
peak measured by the FID was around 26 ppm. The PBR furnace was then turned off
and the heat maintained by the combustion of the organic liquid. The output of the
packed-bed was then sent through a single-cell SDP reactor. The reactor employed was a
double dielectric-barrier design. At a power level of 570 Watts and a flow rate of 30 std
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lit/min, p-cumene is reduced to 3.6 ppm as determined by GC (FID) and FTIR signals.
These results were for a modest energy density (1.14 J/cre3); higher energy density
should increase the destruction even more.

SCALING STUDIES
Packed-Bed Reactor Scaling
Knowing the scaling properties of packed bed reactors is important for
designing increased throughput systems. Most of our data is taken from operating the
smaller reactor (6-cm i.d.), but data from our larger one will soon provide better scaling
information. However, at present we envision no obvious size and performance
limitations. The larger 15-cm (6-inch) i.d. packed bed reactor will allow study of gas
and liquid chemical conversion processes at gas flow rates up to a range of
approximately 280 to 700 liter/min (10 to 25 SCFM) and liquid injection rates up to
about 50 g/min (3 kg/hr) for feeds containing 50% water. For pure TrimSol vMfeeds, the
liquid injection rate would be about 25 g/min (1.5 kg/hr), which is limited by heating
from chemical reactions in our present designs. Scaling to eventual capacities of 2800 to
6000 liter/min at 500 g/min of liquid should be achievable with larger PBR's. Based on
current data from the 6-cm i.d. reactor, a system designed for operation in the 2800 to
6000 liter/rain (100 to 200 SCFM) regime would have a diameter of about 30 to 46 cm
(12 to 18 inches) with a bed length of about 1.2 m (4 feet). The tube furnace would be
constructed of sections of ceramic heater elements commonly used in industry. Ceramic
heater elements are commercially available in sizes from 2 to 99 cm (0.75 to 39 inches)
in diameter. The heat zone length would probably be about 61 cm (24 inches). Based on
the available commercial heater elements, the electrical startup power requirement is
estimated at about 15 tr. 90 kW.
Silent Discharge Plasma Reactor Scaling

=

To scale SDP reactors, the fractional removal must be related to the plasma
energy density. A figure of merit for removal is essentially determined by the energy
delivered to the plasma per hazardous molecule removed from the gas stream. This can
be expressed as follows:
I

(1)

<E>

A[x]

=

<P>/Q

a[x]

,

where Z is the removal figure of merit, <E> is the average plasma energy density
(average power <P>, divided by gas flow rate Q), and A[X] is the hazardous compound
concentration that is removed. A convenient unit for the figure of merit is the number of
kilowatt-hours required to remove a kilogram of hazardous compound (i.e., kW-hr&g).
From the data presented previously, the removal figures of merit are determined to be
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approximately 12 kW-hr/kg for 90% removal of TCE, 84 kW-hr/kg for >> 99% removal
of TCE (650 - 1,000 ppm to ~100 ppb) and 270 kW-hr/kg for 90% removal of CC14. In
terms of G-values (molecule/100 eV), the 90% 'ICE removal point is equivalent to G =
1.79 for the 650 ppm case. These values generally agree with modeling results.
The waste removal can be described with relatively good accuracy by an
exponential form:

(2)

[X]=[X]o.exp(-<_>)

where [X]0 is the initial waste concentration and 13is the exponential-folding

factor.

It is instructive to express the 13parameter in base ten units, where it represents
the amount of energy required to destroy the contaminant level by a factor of 10. We
have named this factor the 9-factor, since if three 9's destruction ( i.e., 0.999 or 99.9%
destroyed) is required, three times the 9-factor must be applied to the waste stream. This
factor has the units of J/lit (or J/cre3). Preliminary values of the 9-factor for TCE are:
25.3 J/lit (0.0253 J/cm 3) dry, and 75 J/lit (0.075 J/cm 3) wet. The advantage of this
pa_ra__.m.eter
is that it is a single value and, unlike kW-hr/kg, is valid regardless of the initial
concentration Of waste. The two factors are essentially equivalent and are related by the
following equation:
m

(3)

X = 1"-"_"
[X

.exp(<e>).
l]

Using the 9-factor, scaling calculations are simplified. For example, the
removal of TCE under wet conditions can be scaled as shown in Fig. 5, a plot of degree
of destruction versus gas flow rate for one, two, and four cells.

_

The scalability of SDP reactors and associated power supplies is influenced by
the desired gas flow rate and the concentration of hazardous compounds to be treated.
Mechanical constraints must also be considered because the thin dielectric materials
(few-mm glass or ceramic) cannot be made arbitrarily large in area without risk of
mechanical failure. Also, a single large module is probably not desirable from the point
of view of servicing or single-point failure modes.
Therefore, the preferred approach at present is modularization. This approach
has proven to be quite successful for SDP reactors used in the commercial ozone
generation industry, where gas flows of thousands of kilograms per day are routinely
handed. Cmxenfly, we are considering scalable modules consisting of combinations of
several smaller modules (see Fig. 6). This design will quickly enable a scale up of gas
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flow rates by factors of 10 to 100. For more corrosive compounds double barriers can be
used so that there is no contact between the corrosive gas mixture and any metal surface.
It is anticipated that most practical waste streams (like machining oils) will have
various degrees of inhomogeneity. Therefore, some feedback in the process loop may be
highly desirable. The SDP units that we build employ variable-frequency power
supplies, so fluctuations in the influent composition can be accommodated, provided
feedback is available through continuous-emissions monitoring. This allows better
treatment efficiency and cleaner effluent streams.

CLOSED.LOOP

PILOT-PLANT DESIGN

The design of a pilot-plant is strongly influenced by the waste type and desired
treatment throughput. Based on the results of the tests discussed above, it is reasonable
to conclude that an oil/solvent-processing pilot system operating at a treatment flow rate
in the range 3 - I0 kg/_ (72 - 240 kg/day) is relatively straightforward in concept.
In a system design, a tradeoff is available in terms of reactor scale-up and
modularization. For modest treatment rates involving combustible liquid mixed wastes,
modularization should be considered. For example, treating pure TrimSol TM at 4 - 6
kg/hr could easily make use of three or four 15-cm PBR's operating in parallel. This
permits a simplicity of construction and a fairly low unit device cost. Increases in
injector flow can be achieved by the addition of water to the feed oil, but with a
consequent increase in secondary effluent.
In conjunction with a companion project on the destruction of machining oils
for the Rocky Flats Plant, we have explored specific pilot plant designs. For reference,
the RFP system example is included here because such as system has applications at Los
Alamos, other DOE sims, and industry.
For treating TrimS01TM(or a similar organic liquid) at a rate of 10 kg/hr, our
proposed combustible liquid waste treatment pilot plant concept is envisioned to consist
of three high-temperature packed-bed reactors, a bank of modular second-stage silent
discharge plasma reactors, scrubbers for acid gas removal, a water condenser, and a CO 2
scrubber (if it is necessary to remove most of the CO2). The pilot plant can be designed
in open-loop configuration or, if it is desired to attempt maximum emissions control, a
closed-loop configuration in which the SDP gaseous effluents are fed back into the PBR
inlet can be considered. Figure 7 shows a block diagram of such a system presented in
closed-loop configuration.
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SUMMARY AND CONCLUSIONS

-

Through testing and evaluation, we have concluded that our two-stage
thermal/nonthermal process is a viable candidate for treating hazardous organic
compounds. Our measured SDP figures of merit agree with theoretical estimates. For
both reactors, chlorocarbons have been removed to sub-ppm levels with relatively simple
apparatus. The SDP reactor is effective in removing unburned hydrocarbons and
chlorocarbons from the PBR gaseous effluent. It is expected that, in many cases, the
SDP reactor can further reduce the sub-ppm level gaseous effluents from the packed bed
reactor to the 1 - 10-ppb level. Therefore, combining both reactors results in a powerful
alternative treatment technology.
Experiments have demonstrated silent discharge plasma processing for an
expanded list of RCRA-listed waste streams (including both gas-based and liquid-based
waste streams). Scaling parameters have been identified for estimating the size and
power requirements of full scale systems, Scaled-up reactor designs have been discussed
and a conceptual closed-loop pilot plant design has been described.

REFERENCES
1.

E.M. Steverson, "Provoking a Firestorm: Waste Incineration," Environ. Sci.
Technol. 25, 1808 (1991).

2.

P. Costner and J. Thornton, "Playing with Fire: Hazardous Waste Incineration,"
Greenpeace Report, Greenpeace U.S.A., Washington, DC (1990).

3.

R.A. Tennant, P.J. Wantuck and R. Vargas, "Packed Bed Reactor Treatment of
Liquid Hazardous and Mixed Wastes," Proceedings of SPECTRUM '92 Nuclear and
Hazardous Waste Management, International Topical Meeting, Boise, Idaho August 23-27, 1992, p. 875.

4.

L.A. Rosocha, G.K. Anderson, L.A. Bechtold, J.J. Coogan, H.G. Heck, M. Kang,
W.H. McCulla, R.A. Tennant, and P.J. Wantuck, "Treatment of Hazardous Organic
Wastes Using Silent Discharge Plasmas," Proceeding of NATO Advanced Research
Workshop on Non-Thermal Plasma Techniques for Pollution Control, Cambridge,
England, Sept 21-25, 1992 (to be published, Springer-Verlag).

5.

Eliasson, B. and Kogelschatz, U. (1991), "Nonequilibrium volume plasma chemical
processing," IEEE Transactions on Plasma Science, 19, 1065-1077.

6.

Dinelli, G., Civitano, L., and Rea, M. (1990), "Industrial experiments on pulse
corona simultaneous removal of NOx and SO2 from flue gas," IEEE Transactions
on Industry Applications 26, 535-541.

15

7.

Masuda, S. and Nakao, H. (1990), "Control of NOx by positive and negative pulsed
corona discharges," IEEE Transactions on Industry Applications 26, 374-382.

8.

I. Sardja and S.K. Dhali, "Plasma oxidation of SOx," Appl. Phys. Lett. 56, 21-23
(1990).

9.

Chang, M. B., Balbach, J. H., Rood, M. J., and Kushner, M. J. (1991), "Removal of
SO2 from gas streams using a dielectric barrier discharge and combined plasma
photolysis," J. Appl. Phys. 69, 4409-4417.
I0. Chang, J.-S., Lawless, P. A., and Yamamoto, T. (1991), "Corona discharge
processing," IEEE Transactions on Plasma Science, 19, 1152-1166.
11. W.C. Neely, "Decomposition of Benzene in Silent Discharge Plasma and Reactive
Bed Plasma," US Army CRDEC-SP-013, Vol. 1, November 15-18, 1990. and
Neely, W.C. (1985), "The decomposition of gas phase formaldehyde by plasma
discharge," Proceedings of the 1984 Scientific Conference on Chemical Defense
Research, US Army CRDEC-SP-85006.
12. E. J. Clothiaux, et al., "Decomposition of an Organophosphorus Material in a Silent
Electrical Discharge," Plasma Chemistry and Plasma Processing, 4, 1 (1984).
13. Fraser, M. E.and Sheinson, R. S. (1986), "Electric discharge-induced
hydrogen cyanide," Plasma Chem. Plasma Process. 6, 27-38.

oxidation of

14. T.C. Manley, "The Electric Characteristics of the Ozonator Discharge," Trans.
Electrochemical Soc., 84, 83 (1943).
15. U.P. Kuchler, "Optimization of Ozone Generators Operating with Air," Thesis,
Rheinisch-WesOCalischen Hochschule Aachen (1990).

i6

FIGURE CAPTIONS
Figure 1: Schematic diagram of two-stage packed-bed reactor/silent discharge plasma
reactor.
Figure 2: Schematic diagram of planar dielectric-barrier configuration for producing
silent electrical discharges (one- or two-barrier arrangements can be used).
Figure 3: Representative double-barrier, planar SDP cell used in Los Alamos
experiments.
Figure 4: Summary data showing TCE and CCI4 destruction as a function of electrical
energy deposited into gas, for both dry and humid conditions.
Figure 5: Scaling plot for the destruction of TCE under humid conditions. The number
of nines destroyed is plotted versus the flow rate for one, two and four plasma cells.
Figure 6: Schematic diagram of existing stacked module containing four planar SDP
cells, operated in parallel.
Figure 7: Block diagram of conceptual design for closed-loop, two-stage PBR/SDP
waste treatment pilot plant.
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