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EXECUTIVE SUMMARY
The United States Department of Energy (DOE) is identifying, evaluating and developing
appropriate waste destruction and stabilization technologies for a variety of mixed waste
streams. The DOE currently has approximately 134,000 m^ of mixed low-level waste (MLLW) in
site inventories, and predicts approximately 147,000 m^ to be generated over the next five years
through waste operations This does not include wastes that will be generated by environmental
restoration and decontamination and decomissioning, or secondary waste streams. Aqueous
liquids (containing < 1% organics) comprise the bulk of these wastes (approximately 43%),
inorganic sludges and solidified process residues comprise approximately 14% of these wastes,
and the remainder is organic liquids and sludges, soils, debris, and other wastes. Although the
concentrated organic material requiring destruction is not large, hazardous organic compounds
are spread throughout these matrices in various concentrations presenting a challenge in terms
of treatment.
Although incineration is the U.S. Environmental Protection Agency (EPA) Best
Demonstrated Available Technology (BDAT) for many organically contaminated wastes, and is
an omnivorous treatment process (i.e., it can treat a variety of wastes and can tolerate changes
in the waste stream in terms of content, concentration, and feed rate) DOE is concerned about
the current difficulty of permitting and siting incinerators. Public acceptance and perceptions
associated with air emissions of toxic metals and organics are major issues.
Recently, the DOE's Mixed Waste Integrated Program (MWIP) (superseded by the Mixed
Waste Focus Area) initiated an evaluation of alternatives to incineration to identify technologies
capable of treating DOE organically contaminated mixed wastes and which may be more easily
permitted. These technologies have the potential of alleviating stakeholder concerns by
decreasing off-gas volurhes and the associated emissions of particulates, volatilized metals and
radionuclides, PICs, N O , S O , and recombination products (dioxins and furans). Ideally, the
alternate technology would be easily permitted, relatively omnivorous and effective in treating
a variety of wastes with varying constituents, require minimal pretreatment or characterization,
and be easy to implement. In addition, it would produce secondary waste stream volumes
significantly smaller than the original waste stream, and would minimize the environmental
health and safety effects on workers and the public.
x

x

The purpose of this report is to provide an up-to-date (as of early 1995) compendium of
alternative technologies for designers of mixed waste treatment facilities, and to identify
alternate technologies that may merit funding for further development. Various categories of
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non-thermal and thermal technologies have been evaluated and are summarized in Table ES-1.
Brief descriptions of these technologies are provided in Section 1.7 of the Introduction. This
report provides a detailed description of approximately 30 alternative technologies in these
categories. Included in the report are descriptions of each technology; applicable input waste
streams and the characteristics of the secondary, or output, waste streams; the current status of
each technology relative to its availability for implementation; performance data; and costs. This
information was gleaned from the open literature, governments reports, and discussions with
principal investigators and developers.
The effectiveness of most non-thermal technologies increases at elevated temperatures;
however, for the purposes of these evaluations a low-temperature technology is defined as one
that is capable of destroying or decomposing organic molecules at temperatures less than
approximately 350°C. These processes may provide a direct or indirect substitution for
incineration. Certain incinerable wastes may be directly treated to destroy the organic
contaminant in lieu of incineration. For example, most direct chemical oxidation systems can
treat some organic solids and organic liquids that are legacy wastes, or condensed from a
thermal desorber carrier gas or from an air stripping or soil vapor extraction operations.
Application of gas phase destruction techniques can eliminate the condensation or adsorption
processes and treat the organic vapors directly. Waste streams that cannot be incinerated, such
as dilute aqueous wastes, may be treated to destroy the organic contaminants thereby
eliminating the need for separation processes (e.g., oil/water separators, activated carbon beds,
etc.) and indirectly eliminate the need for subsequent incineration of the concentrated organic
waste stream.
The most versatile of the non-thermal technologies are the catalyzed wet oxidation, acid
digestion, and electrochemical oxidation processes. However, these non-thermal technologies
do not meet all the criteria established as a complete alternative to incineration. Although there
are specific applications for the non-thermal technologies, they generally require substantial
sorting, size reduction, or other pre-processing. Such processes have significantly slower
reaction rates than thermal processes and will therefore require large systems and large
quantities of reagents to treat large quantities of waste.
Several thermal technologies are very effective for the direct treatment of concentrated
organic wastes, combustible and non-combustible debris, and soils. In particular, plasma torch,
electric arc, and vitrification systems appear capable of treating many of the DOE waste stream,
often in the "as received" mode with minimum characterization. These are the most omnivorous
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Technologies

Temperature

Pressure

Waste Stream

ORE'

Emissions

Secondary Wastes

Versatility

Comments

|

Direct Chemical Oxidation
Wel Air Oxidation

100'Clo200'C

300 to 3000 psia

Dilute aqueous <10% orqanes

60%to>99%

C02.VOCS

Orqanc reaction byproducts

LOW

DETOX * "

100*Cto300°C

20to200psig

Organc sludges, solids, and liquids, soils

>999%

C02.VOCs.HCI

Depleted aod. inorganic sludge

Medium

Acid recovery & recycling required

Wet Oxidation

SOCIO 100-C

Ambiont

Organic sludges, solids, and liquids

>95% for Ix resin

CO2.CO.V0Cs.

Dilute aqueous, batch residuals

Low/medium

Low DRE for hazardous compounds

Acid Digestion

150CIO200-C

Oto 15ps«j

Organic sludges, solids, and liquids; soils

>99 9%

C02.VOCs.NOx

Depleted acid, inorganic sludge

Medium

Ac»drecovery& recycling required

Electrochemical Oxidation

Ambient to 7 0 C

Ambient

Organic liquids, celluloses, some plastics

90% to >99%

C02.CO.NOx.HN02

Depleted actd. inorganic sludge

Aod recovery & recycling required

Radiation Induced Oxklotion
Phototytic

Ambient

Ambiont

Diiuto aqueous, no solids

>99.9%

C02

Organic reaction byproducts

Low

Ultrasonic

Ambient

Ambient

Dilute aqueous, <10% solids

>99.9%

C02

Organic reaction byproducts

Low

Electron Beam

Ambient

Ambiont

Dilute aqueous, <5% solids

>99.9%

002

Organc reaction byproducts

Low

X-Ray/Gamma Ray

Ambient

Ambient

Dilute aqueous, contained sludges

>999%

C02

Organc reaction byproducts

Low

Can treat contained wasto

Biological

Ambiont

Ambionl

DIule aqueous, soils, sludges

Depends on nutrients

C02

Btomass

Low

Process dsruptod witfi changes in food

Can decontaminate soils

Dehalogenation
KPEG/APEG

Ambient to 11S°C

Ambient

Halogenated hydrocarbons, sals, sludges

>99.5%

VOCs

Biphonyls, reaction byproducts

Low

Produce less refractory organcs

BCDP

320Cto350C

Ambient

Halogonated hydrocarbons, sals, sludges

>99.5%

VOCs.dusI

Biphenyts. reaction byproducts

Low

Produce less refractory organcs

Birch Reduction

Ambicnl

Ambient

Halogenated hydrocarbons, sals, sludges

>99.5%

Ammonia

Biphenyl. CaCC. Ca(OH)2

Low

Produco less refractory organcs

LARC

Ambionl

Ambient

Halogenated hydrocarbons in solvent

>99.5%

Nono

Bipnenyl and NaCI

Low

Produce less refractory organcs

Photo-Reduction

<500*C

Ambient

Gas phase halogenatcd hydrocarbons

Unknown

Ha

Hydrocarbons

Low

Produco less refractory organcs

Stodochlonnalion

Ambient

Ambient

Dilute- aqueous and soils with PCBs

Unknown

C02

Btomass

Low

Anaerobe followed by aorobc treatment

Thermal DesorpUon

2eff«to650*C

Ambiont

Sote, organic and inorganic debris

>99SS

VOCs and SVOCs

SoHsanddobris

Medium

Thermal Reduction

>850C

Ambient

Chlorinated hydrocarbon vapor

>99 99%

H2. CH4. CO. H20. and light hydrocarbons

Scrubber sludgo

"Metfium

Electron Beam

Ambiont

Ambtenl

Vapa phaso organics, <3000 ppm

>99%

C02. CO. Ct2. HCI, Iraco phosgono

Acidc scrubber solution

Low

Silent Dischargo Plasma

Ambient

Ambient

Vapor phaso otganics

>99%

C02. HCI; Iraco PICs. DCAC/TCAC. PCDD/PCDF

Scrubber solution

Low

High Energy Corona

Ambient

Ambient

Vapor phaso organics. 5 ppb lo 10000 ppm

>99%

NOx. 0 3 . HCI, CI2: Iraco DCAC/TCAC, phosgono

Scrubber solution

Low

Phototytic

Ambionl to 700 C

Ambient

Vapor phaso organics

90%to>99%

DCAC. phosgeno. PCDD/PCDF. PICs

Scrubber solution

Low

Packed Bed Reactor

670*0 to lOtO'C

Ambient

Vapor phaso organics

>9999%

C02. H20. aod gasos. <2 ppm NOx

Scrubber solution

Low

Gas Phase Destruction

PICs removed in scrubber

Thermal Treatment
Moilen Sail

700"Cto950X

Ambicnl

High organics, low ash and chlorides

>99.99%

PICs. salt fumes, possibly Cs and Co

Depleted sail, ash, chlorides

Medium

Molten salt recovery roquirod

Metal Melting

I 3 0 0 C I 0 1670'C

Ambionl

Organc and inorganic salds and liquids

>99.99%

C02. CO. VOCs. particulates, molals

Slag and rocyclablo metals

High

Potential for refractory dissolution

Steam Reforming

850'Cto>t10O C

Ambient

Organic liquids, solids, sludges, sals

>99 99%

HQ.C02.H20

Ash, scrubber solution

High

Currently limited lo low chlorine in (he feed

Supercritical Water

400"Clo650"C

>250 aim

Aqueous w/dtssotved or suspended organics

>99 99%

C02.H20,N2.N20

Salts, acids, oxides

Medium

Corrosion and salt plugging issues

Plasma Pyrolysis

5O00*Cto150OO"C

Ambient

Organic liquids

>9999%

C02. H20. CO. NOx. particulates

Powdered carbon

Low

Umtod to liquids only

ChcmChar

1200>C

Ambient

Organic liquids, sludges, solids

>9999%

C02. CO. H20. H2. CH4. traco VOCs

Dcploted carbon char/slag containing metals

High

Secondary combustion (SC) required

Packed Bed Reactor

300'C 10 3000*0

Ambiont

Organic liquids

>99 9%

C02, H20. HO. PICs. dioxms/turans

Scrubber solution and condensate

Low

Secondary combustion (SC) required

Vitrification

toooctoi60o-c

Ambient

Sludges, soils, organic liquids

>99 9%

Actd gases. C02. CO, NOx. SOx. light hydrocarbons

Glass and metals

High

Metals & radionuclides tmmob., SC required

Plasma Torch & Electric Arc

1600"C10 5300*C

Ambient

Sludges, soils, organic liquids

>9999%

CO. C02. HCI. NOx, SOx, traco VOCs & metals

Slag and metals

H^h

Metals & radionuclides immob,, SC required

Soil Washing

Ambiont to 70*C

Ambiont

Sods and ddbrlt

50% to 99%

VOCs and dust

Contaminated wash solution and sludgo

Moctum

Resulting waste tfoam requires treatment

,

* OHE depends on organic species and rcsidonco time in reactor
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Table ES-1. Summary or Technology
Alternatives to Incineration

SECTION 1
INTRODUCTION

1.1

BACKGROUND
The U.S. Department of Energy (DOE) Office of Environmental Restoration and Waste

Management (EM) is responsible for managing the cleanup of DOE waste from past nuclear
weapons production and current operations. EM's goal is to minimize risks to human health
and the environment, and to bring all DOE sites into compliance with all environmental
regulations by the year 2019.
The Office of Technology Development (OTD) is one element of EM. Its purpose is to
develop treatment technologies for DOE's operational and environmental restoration wastes
where current treatment technologies are inadequate or unavailable. Additionally, OTD is
committed to developing waste treatment technologies that are more effective, safer, and less
expensive than currently available technologies.
OTD (EM-50) developed Integrated Programs and Integrated Demonstrations (which
have been superseded by Focus Areas) to direct its resources and research efforts. Integrated
Programs focused on the development of a technical base of environmental technologies to
address a specific DOE need. Examples of Integrated Programs are the Efficient Separations
and Processing Integrated Program; the Characterization, Monitoring, and Sensor Technology
Integrated Program, and the Mixed Waste Integrated Program.
The Mixed Waste Integrated Program (MWIP) (superseded by the Mixed Waste Focus
Area) supported the development and demonstration of innovative and emerging technologies,
systems, and methodologies for the management and treatment of DOE's mixed low-level
wastes (MLLW) for use by the Office of Waste Operations (EM-30) and the Office of
Environmental Restoration (EM-40). Mixed waste consists of hazardous waste regulated by
U.S. Environmental Protection Agency (EPA) under the Resource Conservation and Recovery
Act (RCRA), and low-level radioactive waste regulated under the Atomic Energy Act (AEA) of
1954. The MWTP was established to provide a national focus to DOE's Research, Development,
Demonstration, Technology and Evaluation (RDDT&E) program for MLLW. Emerging
technologies and technology systems were selected based on 1) a specified and demonstrated
need within the DOE complex; 2) systems analyses, performed on sound technical bases, that
indicate improved performance, improved safety, and lower cost relative to existing
technologies; and 3) improved public and regulatory acceptance.
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The need to provide MLLW treatment capacity is driven by regulations such as the
RCRA Land Disposal Restrictions (LDR) and the Federal Facilities Compliance Act (FFCAct) of
1992. The FFCAct requires DOE to develop treatment capacity and technologies, and is likely to
result in a state-by-state and site-by-site approach to managing DOE wastes. Provisions of the
FFCAct have lead to increased involvement of regional, state, and local agencies and
stakeholders in the technology development process.
In 1993 and 1994, MWIP published Technical Area Status Reports (TASRs) identifying
and describing currently available technologies for the management, treatment, and disposal of
MLLW. The TASRs presented initial evaluations of technologies that may be applicable to
MLLW treatment requirements and recommended preliminary improvements to the baseline
treatment scheme established by EM-30, Mixed Waste Treatment Project. These TASRs
provided a valuable resource of technology options for developing conceptual and draft site
treatment plans in compliance with the FFCAct of 1992. TASRs also help to avoid duplication
of technology development efforts. MWIP published the following TASRs:
•

Chemical/Physical Treatment TASR (DOE/MWIP-8).

•

Waste Destruction and Stabilization TASR (DOE/MWIP-4).

•

Second Stage Destruction and Off Gas Treatment TASR (DOE/MWIP-5).

•

Final Waste Forms TASR (DOE/MWIP-3).

Several of the technologies discussed in these TASRs are appropriate alternatives to
incineration for certain waste streams. However, since these TASRs were published, additional
development work has been performed and additional information has become available on
these and other technologies. The purpose of this TASR is to review and evaluate technologies
which are alternatives to incineration for the destruction of hazardous organic material.
1.2

PURPOSE

EPA's Best Demonstrated Available Technology (BDAT) under RCRA for many
organically contaminated hazardous wastes is incineration. It has been shown to be effective in
meeting the destruction and removal efficiency requirements of RCRA and the Toxic Substances
Control Act (TSCA). However, public pressure has caused state and Federal regulators to
consider tightening emission standards on incineration units. In November 1994, EPA
announced its combustion strategy. This consists of prioritizing the order in which permit
1-2

applications for incinerators will be reviewed based on the proposed use of the incinerator.
Currently, DOE mixed waste incinerators are not among EPA's high priority applications.
Accordingly, DOE-EM and OTD are exploring alternatives to incineration to address the large
amounts of existing hazardous and mixed waste.
DOE is concerned about the difficulty of permitting incinerators and public perceptions
regarding emissions. Incineration is the process by which the chemistry of combustion is used
to oxidize all organic, and some inorganic, chemicals in a waste stream to their highest
oxidation state, and in the process burn the waste material to ashes. To achieve this efficiently
with minimum hazardous constituents in the offgas stream requires controlling the combustion
air, fuel, temperature, turbulence, as well as the retention time at a given temperature within an
enclosed vessel: the incinerator (Ref. 1).
It is customary to supply more oxygen, in the form of excess air, than is theoretically
required. This ensures that each carbon and hydrogen molecule, or other combustible species, is
fully oxidized and the combustion gas temperatures are controlled. Byproducts of combustion
in air include NOx, from the nitrogen in the air, and carryover of particulates in the offgas. In
addition, there is potential for emission of toxic metals as either volatile metals or metal
compounds or particulates, and organics in the form of products of incomplete combustion
(PICs) or products of recombination during the gas cooldown phase. These problems may be
minimized through adequate system monitoring and control and the use of a properly designed
offgas system; however, the public acceptance and perception problems remain to be resolved
(Ref. 2). In addition, it appears that before the public will consider siting of incinerators, they
need to be convinced that everything possible is being done to minimize the generation of waste
at the source (Ref. 3 and 4).
The principal impediments to siting and permitting incinerators appear to be the air
emissions. These include criteria and noncriteria pollutants. The criteria pollutants, and their
acceptable ambient levels, are defined in the National Ambient Air Quality Standards and
include carbon monoxide, sulfur dioxide, nitrogen dioxide, ozone, inhalable particles, and lead.
Noncriteria pollutants have been identified by the EPA as air pollutants of concern, but ambient
air standards have not yet been established. The most significant noncriteria pollutants include
metals (cadmium, chromium, and mercury) emitted as particulates, vapors, or volatile
chlorides; acid gases (HF and HC1 as well as H2SO4 and HNO3 produced from SO2 and NO2,
respectively); and organic compounds in the dioxin and furan families.
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Although these pollutants can be minimized and decreased to below regulatory levels
with appropriate operational procedures and controls, the problems associated with public
perceptions, siting, and permitting of incinerators and the associated uncertainties make other
destruction technologies attractive. In addition, thermal oxidation processes are limited in
treating aqueous waste as considerable energy is required to heat and vaporize the water mass
before specific organic contaminants are destroyed at elevated temperatures. Thus, the purpose
of this effort is to identify and evaluate destruction technologies that are alternatives to
incineration, and which may be more acceptable to the public and other stakeholders.
It should be kept in mind that these alternatives are not a panacea and have their unique
technical and regulatory issues that must be dealt with. These include gaseous products of
oxidation, whether the alternative is a low or high temperature process. These gaseous
emissions may also contain volatile organic compounds, products of incomplete oxidation, and
organic compounds formed by recombination of oxidation byproducts. In addition, there are
aqueous solutions containing organic products of incomplete oxidation and inorganic salts;
reactive solutions, such as acids, that require recycling and/or treatment and disposal; and
inorganic sludges resulting from inorganic materials in the waste stream.
1.3

OBJECTIVES

The objectives of this TASR are to identify and provide information for the evaluation of
the various technologies available for the destruction of organic material, and that may be
considered as alternatives to incineration for mixed waste streams. This TASR is as
comprehensive as possible in outlining innovative hazardous and mixed waste treatment
technologies, but also critically evaluates which of these are the most likely to be useful to DOE
in treating mixed wastes. In order have the most efficacy and application within the DOE
complex, a technology will need to be able to treat a wide variety of wastes, including organic
solids and sludges, and not be subject to upsets due to variations in the input stream. However,
niche technologies applicable to specific or limited waste streams are also included, and
qualified accordingly.
The technologies described in this document are organized by general type of treatment
(e.g., low-temperature oxidation, thermal desorption, etc.). The focus of this effort is to evaluate
nonthermal treatment processes, as many thermal processes are likely to be regulated as
incinerators. However, there are thermal treatment processes that operate by entirely different
mechanisms than incineration. Many are not combustion technologies, but are either chemical
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processes which are more effective at higher temperatures, are devolatilization processes that
produce an organic vapor that can be destroyed by non-combustion technologies, or are
systems operating under reducing conditions which produce an offgas that requires further
treatment such as combustion or other acceptable process. They are included in this report for
completeness.
The technologies discussed in this report are primarily applicable to DOE waste
management needs as opposed to environmental restoration. However, two technologies
(thermal desorption and soil washing) are also applicable to environmental restoration. These
technologies were included because they may be included in a waste management treatment
train. For example, thermal desorption may be followed by one of the gas or vapor phase
destruction technologies, and soil washing may be followed by one of the destruction
technologies applicable to aqueous phase organics.
Each technology section of this report contains a general description of the process,
including limitations in operating parameters, feed materials, and contaminants. Following this
description are specific descriptions of recent tests and demonstrations from vendors or
developers of the technology. Each process description is followed by the sources of
information used.
1.4

WASTE STREAM CHARACTERISTICS

Based on the 1994 Proposed Site Treatment Plans (PSTPs), approximately 134,000 m^ of
MLLW is currently retrievably stored within the DOE complex, and an additional 147,000 m ^ of
MLLW is expected to be generated through waste operations over the next 5 years. These
figures do not include secondary waste streams or waste generated by environmental
restoration or decontamination and decommissioning activities. No proven treatment
technology exists for some of these wastes, and for others, currently available technologies need
extensive modification to be capable of treating radioactive waste. Based on the PSTP data, the
existing and 5-year projected MLLW matrices as a percentage of the total mixed waste are
shown in Table 1-1.
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TABLE 1-1. APPROXIMATE PSTP PERCENTAGES OF MLLW MATRICES
PERCENT OF EXISTING
+5 YEAR PROJECTION

MATRIX
Aqueous liquids (containing < 1% organics)

43%

Inorganic sludges and solidified residues

14%

Debris

18%

Organic liquids

4%

Soils

11%

Organic sludges and particulates

1%

Other

9%

Although concentrated organic material requiring destruction is not large, organic
compounds may be spread throughout these matrices in dilute quantities. In addition, matrices
produced as a results of remediation and decontamination activities will also contain organic
contaminants. Thus, all of these waste categories may be considered for application of organic
destruction technologies, and therefore for alternatives to incineration.
15

TECHNOLOGY EVALUATION CRITERIA

A rigorous comparison and evaluation of technologies is not being conducted in this
report. Rather, technologies are described and data is presented to allow the reader to form a
judgment regarding the applicability of a technology to a particular situation. More detailed
waste characterization, evaluation of site conditions and requirements, and treatability studies
will be required to determine the applicability of these technologies.
In order to be considered an alternative to incineration, a technology must at a minimum
be able to treat a waste stream targeted for a thermal process. Ideally the technology would be
versatile, relatively omnivorous, and be capable of treating a variety of wastes with varying
constituents with minimal pretreatment or characterization. Secondary waste stream volumes
should be significantly smaller than the original waste stream volumes, and should not consist
of toxic reaction byproducts—complete mineralization of the organic contaminants is the goal.
Waste feed acceptance criteria, treatment effectiveness, offgas and secondary waste
composition, permitability, cost, and risk are other criteria used to evaluate technologies.
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Few, if any, of the individual technologies, or unit processes, meet all of these criteria.
Depending on specific site conditions and requirements, it may be appropriate to consider
combining more than one technology into a treatment train, or system, to complete the
treatment process and minimize secondary wastes for disposal. For example, gas-phase
destruction combined with thermal desorption would eliminate activated carbon beds typically
used to capture organics in the carrier gas of the desorber and eliminate the need for subsequent
incineration. Similarly, aqueous phase organic destruction technologies may eliminate the need
for subsequent incineration of organics separated from the aqueous waste stream. Thus, these
alternative technologies should be evaluated based on their application within a treatment
system, rather than on the attributes of a single unit operation. A systems analysis methodology
may then be applied to evaluated various treatment concepts to determine the optimum
configuration for the specific application.
Destruction and removal efficiencies cited in the body of this report are provided only for
general guidelines and should not be considered applicable to conditions other than those cited.
It should also be noted that destruction and removal efficiencies (DREs) cited in the text refer to
removal of the specific organic contaminant in question i.e., principal organic hazardous
constituent (POHC) from the waste stream. This means that products of incomplete destruction
or recombination products, some of which may themselves be toxic, may remain in the effluent
from the treatment process. On the other hand, destruction efficiency (DE), or removal of total
organic carbon (TOC), typically refers to complete mineralization of the organic species. The
use of these definitions has not been consistent in the literature used to develop this report; in
some cases, destruction efficiencies were cited when in fact the contaminants were not
completely mineralized and the effluent from the treatment technology contained organic
byproducts. We attempted to correct these problems in this report to maintain consistent
definitions throughout.
1.6

DATA SOURCES

In collecting the data for this report, information contained in a variety of sources from
EPA, DOE and private industry was used. The EPA Alternative Treatment Technology
Information Center (ATTIC) and Vendor Information System for Innovative Treatment
Technologies (VISITT Version 3.0) databases contain technology descriptions, information on
waste media and hazardous contaminants, and treatment performance data. The VISITT
database contains treatment technology information submitted by vendors of technologies that
have not been routinely used at hazardous waste remediation sites due to a lack of data on
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performance and cost. The ATTIC database contains treatment and performance data collected
in demonstrations of the EPA Superfund Innovative Technology Evaluation (SITE) Program
from among a broad range of sources. The Superfund Innovative Technology Evaluation
Program: Technology Profiles, which contains summaries of SITE program technologies, was
also consulted.
This document also includes potential alternative technologies to incineration described
in the Proceedings of the Information Exchange Meeting on Waste Retrieval, Treatment and
Processing sponsored by DOE Environmental Restoration and Waste Management Technology
Development Program. This meeting covered research being conducted at national labs,
universities, and private industries affiliated with national labs through such mechanisms as
Cooperative Research and Development Agreements (CRADAs) and Program Research and
Development Announcements (PRDAs). The Rocky Flats Comprehensive Treatment and
Management Plan Technology Development Program also spent considerable time
investigating alternatives to incineration, and their technology descriptions and summaries
were examined for inclusion in this document. The OTD Rainbow Books were also scanned for
applicable technologies, and developers were contacted to obtain additional information.
Although this report relies primarily on publicly available documents and reports, the
authors spoke- directly with technology developers in industry and at the national laboratories
to clarify or elaborate on data found elsewhere, or to obtain information not yet available from
public sources. The information and conclusions stated in these documents, and in discussions
with developers and vendors, are presented in this report as stated and referenced to the origin,
with little attempt to evaluate the quality of the information. Thus, it is incumbent upon the
reader to be critical regarding the stated claims, and to follow-up to determine whether a
particular technology is applicable to his or her problem.
1.7

SUMMARY OF INCINERATION ALTERNATIVES

The alternatives to incineration discussed in this document were grouped into the
following categories:
•

Low-temperature oxidation processes

•

Biological treatment

•

Dehalogenation

1-8

•

Thermal desorption

•

Gas-phase organic destruction technology

•

High-temperature treatment technologies

•

Soil washing.

This section provides a brief summary of the technologies investigated in each category.
Details regarding operation, applicability to various waste streams, test results, and advantages
and disadvantages of these technologies are provided in Sections 2 through 7.
1.7.1

Low-Temperature Oxidation Processes
Low-temperature oxidation technologies may be classified into three groups as follows:
"Conventional" Chemical Oxidation
•

Wet Air Oxidation

•

Catalyzed Wet Chemical Oxidation

•

Acid Digestion

Electrochemical Oxidation
•

Mediated Electrochemical Oxidation

•

Persulfate Process

Radiation Induced or Enhanced Oxidation
•

Photolytic Ultraviolet Destruction

•

Ultrasonic Destruction

•

Electron Beam Destruction

•

X-Ray or Gamma Ray Destruction.
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Most low-temperature oxidation processes used in waste treatment systems involve the
production of free radicals in sufficient quantity to oxidize and destroy organics. However,
these processes vary in the methods used to generate the radicals and often use a combination
of strong oxidants (e.g., O3 and H2O2), catalysts (e.g., transition metal ions or photocatalysts),
and irradiation (e.g., ultraviolet, ultrasound, or electron beam). Direct chemical oxidation of
organic compounds is also achieved by exposing the target compounds to strong oxidizing
agents such as oxygen or air (as in wet-air oxidation), ozone, hydrogen peroxide, nitric acid (as
in acid digestion), catalyzed hydrogen peroxide (Fenton's reagent), or certain ions in an
oxidized state (as in the DETOX and electrochemical oxidation processes).
SM

"Conventional" Chemical Oxidation
Wet air oxidation destroys organic material in dilute aqueous solutions by exposing it to
oxygen at high pressure and temperatures in the 200°C to 350°C range. Catalytic wet oxidation
uses an acid solution and catalyst to enhance the destruction process. There are essentially two
processes being developed: one by Delphi Research, Inc. called the DETOX process, and a
wet oxidation process being developed by the JGC Corporation and AEA Technology.
sM

The DETOX process uses iron(III) in a hydrochloric acid solution as the primary
oxidant to oxidize waste organics to CO2 while solvating and concentrating heavy and/or
SM

radioactive metals in the acidic catalyst solution. A set of homogeneous cocatalysts increase the
oxidation rate for organics, and the rate of oxidation of iron(II) formed in the oxidation process
back to iron(m) by a second catalyzed reaction with oxygen. The process typically takes place at
100°C to 300°C, depending on the waste form and composition, and at pressures of 20 to 200
psig.
The primary application of the wet oxidation process is the volume reduction of
radioactive and mixed-organic solid wastes such as spent ion-exchange beads, powdered resins,
filter sludges, and organic liquid wastes. In this process, organic waste is decomposed by
hydrogen peroxide, catalyzed with FeSC»4 and/or CUSO4 in a reaction vessel at a lower
temperature and pressure than the DETOX

SM

process (100°C and atmospheric pressure).

There are two acid-digestion processes that have been considered for application within
the DOE complex. These are the sulfuric acid digestion process developed by Westinghouse
Hanford Company (WHC) in the 1970s and 1980s, and the phosphoric-acid process being
developed by Westinghouse Savannah River Company (WSRC). In both processes, the primary
oxidant is nitric acid and the oxidation process is carried out in either a concentrated sulfuricacid medium or a concentrated phosphoric-acid medium. The sulfuric acid carbonizes and
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partially oxidizes the waste, and acts as a corrosive on metallic and nonmetallic inorganic waste.
The concentrated phosphoric-acid medium acts as a dehydrating agent and raises the solution
boiling point from 125°C to 190°C thereby increasing the range of organics that can be treated
and increasing the reaction rates.
Electrochemical Oxidation
Electrochemical oxidation uses a concept similar to the DETOX
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process except the

primary oxidant is Ag(II) or cerium in a nitric acid solution, or peroxydisulfate. In these
processes, the metal ions are reduced during the organic destruction process, and are then
regenerated by oxidation at the anode of an electrolysis cell and recycled back to the reaction
chamber. In the persulfate process, the organic fraction of an aqueous waste is alternately
subjected to catalyzed peroxydisulfate ("persulfate") and catalyzed hydrogen peroxide (Fenton's
reagent). Membraneless bipolar cells are used for electrolysis of sulfate back to peroxydisulfate
ion.
Radiation Induced or Enhanced Oxidation
In the radiation induced or enhanced oxidation processes, radiation forms active free
radicals from interactions with the water or an oxidant, such as H2O2 or Os added to the
water. It is these radicals that attack and decompose the organics in the waste stream rather
than direct interaction of the organic molecule with the radiation. However, high-energy
radiation (e.g., x-rays or gamma-rays and in some cases ultra violet (UV) light) may also break
the molecular bonds of organic molecules directly. All the radiation technologies, except
photolytic ultraviolet destruction, can treat aqueous wastes with some level of suspended solids
depending on the particular technology. A major disadvantage of these technologies is their
inability to treat a variety of solid organic material. However, work is ongoing to demonstrate
the ability of this technology to treat certain classes of solids such as soluble and insoluble
cellulosic materials.
r

These low-temperature oxidation technologies are most commonly used to destroy dilute
liquid-organic contaminants in aqueous wastes. When high concentrations of contaminants are
present, oxidation rates in these systems may be too slow for practical use, and oil and grease in
contaminated media may lower oxidation process efficiency. However, residence time in the
reactor may be decreased significantly by controlling the waste feed rate, reducing the size of
the organic solids in the waste stream, and dispersing insoluble organic liquids in the reactor
solution, thereby increasing the surface area available for chemical oxidation.
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Oxidation processes such as acid digestion and the Delphi DETOX process are being
94

developed for treatment of waste sludges, and organic liquids and solids, and have been tested
for decontamination of inorganic matrices such as soil and vermiculite. These oxidation
processes may be used to solubilize RCRA metals and radionuclides to decontaminate soils and
debris.
Low-temperature oxidation technologies, which generally operate below 350°C, may not
have the permitting difficulties of incineration systems due to the relatively low gaseous
emissions generated. Low operating temperatures also minimize or eliminate the vaporization
of heavy metals and formation of dioxins and furans. However, in some cases, these processes
do not completely oxidize waste materials leaving organic byproducts in the aqueous and
gaseous effluents. These secondary wastes may then require post-processing, and any residual
inorganic solids may require additional treatment. In order to treat solids, most of these
technologies require extensive pretreatment to reduce the size of solids in waste feed streams
thus providing adequate surface area for the reaction to take place in a reasonable period of
time.
One issue that will require resolution on a site-by-site basis is the required DRE or
destruction efficiencies for these alternate processes. Destruction efficiencies of 99.99% required
for incineration of POHCs, where the effluent is released to the atmosphere, may not be
required for alternate treatment technologies in which the effluent is principally an aqueous
stream rather than an offgas.
1.7.2

Biological Treatment

Biological treatment (or biodegradation) refers to the degradation and detoxification of
wastes using micro-organisms like bacteria and fungi. Biodegradation is often a naturally
occurring phenomena, with the process residues generated generally being biomass in the form
of sludge (more micro-organisms), water and carbon dioxide, and organic byproducts in the
case of incomplete mineralization. Bioremediation is more applicable to some mixed waste
forms than others. Aqueous or organic liquid waste streams and soils have the most promise
for being treatable using bioremediation. Sludges and debris waste are less likely to be
candidates for bioremediation since their physical state (solid or solidified) does not promote
active microbial growth and limits the availability of the contaminant to the micro-organism.
The destruction efficiency from bioremediation will require evaluation on a case-by-case
basis since it depends on site conditions, environmental variables, and the microbial
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populations that can be achieved. When implemented successfully, destruction efficiencies can
be very high. However, even under optimal conditions, micro-organisms may not be able to
reduce contaminant concentrations to the required health-based limits due to inadequate
sustenance of the microbial populations at very low substrate concentrations.
Compared to physical/chemical treatment technologies like incineration, bioremediation
is less complex, less expensive, and not as much of a regulatory hurdle. Bioremediation is also
perceived as more acceptable by the public and other stakeholders. However, biological
treatment systems may be sensitive to variations in input streams and the presence of toxic
chemicals which can cause severe operational difficulties. In addition, degradation rates may be
relatively slow, and micro-organisms may not be able to meet destruction efficiency
requirements making the process relatively unattractive for the treatment of toxic and refractory
organic contaminants.
1.7.3

Dehalogenation

There are essentially three classes of dehalogenation technologies: chemical
dehalogenation, photo-dehalogenation, and biodechlorination. The technology is most effective
for wastes contaminated with semivolatile halogenated organic compounds such as
polychlorinated biphenyls (PCBs) and pesticides, and is suited for small-volume waste streams.
Dehalogenation removes the halogen molecules from the halogenated organic contaminant to
produce organic byproducts that are less hazardous and less refractory and which may be
amenable to other forms of treatment such as biological destruction. If complete destruction of
the organic by-products is required, then some form of post-treatment processing will be
necessary.
Chemical Dehalogenation
There are several chemical dehalogenation processes. The alkaline polyethylene glycolate
(APEG) dehalogenation processes typically mix wastes with the dehalogenation reagent
(typically an alkaline polyethylene glycolate, of which potassium ethylene glycolate is the most
common) and heat them in a reactor vessel. Some contaminants may require extensive
residence time, on the order of hours, in the reactor vessel to complete dehalogenation.
Dehalogenation replaces halogens with polyethylene glycol, rendering the compound
nonhazardous and generating a liquid secondary waste stream containing alkaline halides and
organic byproducts.
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Another class of chemical dehalogenation reactions involves the application of "solvated
electrons" generated by dissolution of elemental metallic calcium in liquid ammonia. The
products of reaction are calcium chloride, calcium hydroxide, and the organic basis of the
chlorinated waste (e.g., biphenyl).
The Base-Catalyzed Decomposition Process (BCDP) is a chemical dechlorination/
detoxification technology that has been focused on treatment of PCBs in soils. This process uses
a two-step treatment process: a solid-phase treatment and a liquid-phase post-treatment step.
During solid-phase treatment, PCB contaminated soil is reacted with sodium bicarbonate to
yield aliphatic hydrocarbons, biphenyls, sodium chloride and carbonate, carbon dioxide, and
water vapor. The resulting residue, which still contains unreacted PCBs and organic
byproducts, is then reacted with sodium hydroxide and a high-boiling point hydrocarbon oil in
the presence of a proprietary catalyst to produce aliphatic hydrocarbons, biphenyls, and sodium
chloride.
Photo-Dehalogenation
Photo-dehalogenation uses UV light combined with a reducing environment to
dehalogenate organics in a solvent, or dehalogenate vaporized organics mixed with a reducing
gas such as hydrogen or methane in a medium temperature (<500°C) reactor. Since the
photochemical process is initiated by the absorption of UV light, the wavelength must match
the absorption band associated with the chemical bond of interest in the molecule. Lowpressure mercury lamps have been used successfully for PCBs and chlordane. Depending on
the process, typical byproducts include HC1 and hydrocarbons such as biphenyls, ethane,
acetylene, ethylene, and methane.
Bio dechlorination
Biodechlorination may occur through aerobic oxidation of lightly chlorinated compounds
or anaerobic reduction of highly chlorinated compounds to produce less chlorinated materials.
Anaerobes, in general, leave the biphenyl rings intact while removing the chlorines, leaving less
chlorinated derivatives, whereas aerobes attack and destroy less chlorinated compounds. These
two naturally occurring processes are complimentary, and a two-step treatment process may
permit the biological destruction of nearly all the PCB mixtures commonly used.
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1.7.4

Thermal Desorption
Thermal desorption systems are essentially oxygen starved solid waste dryers that

thermally separate solids and volatile organic compounds, using temperatures and residence
times that will volatilize organic contaminants, and drive off volatiles. Thermal desorption has
been demonstrated on solid and sludge waste contaminated with halogenated and
nonhalogenated volatile organic compounds and fuels. Wastes contaminated with semivolatile
compounds may also be treated, but the technology may be less effective and higher
temperatures or residence times may be required. Depending on the temperature of the
desorber and the volatility of the contaminants, most radionuclides and heavy metals are
retained in the desorber with the solids. Low-temperature vacuum systems have been
developed to remove volatile organics from solids, such as plastics or wood, that may degrade
at higher temperatures. Volatilized contaminants are transported to a gas-phase treatment
system by a carrier gas which is typically nitrogen to prevent combustion from taking place in
the desorber.
1.7.5

Gas-Phase Organic Destruction

These technologies may be used for on-site destruction of organics volatilized by
soil /vapor extraction techniques, air or steam stripping of organics from groundwater, or by
thermal desorption systems. Some of these technologies may also be used for offgas treatment
for upstream thermal-destruction technologies. Although catalytic oxidation also fits into this
category, it was purposely left out of the discussion in this report. This is a well known,
commercially available technology and information regarding this technology can be obtained
from a variety of commercial sources and the literature. The technologies described here are
emerging, but may have improved performance and may eliminate the problems of poisoning
and fouling associated with catalytic systems.
The technologies discussed include the following:
•

Thermal Gas-Phase Reduction

•

Electron Beam Destruction

•

Nonthermal Plasma Destruction
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•

UV Photo-Destruction

•

Packed-Bed Reactor (Thermatrix Process).

Thermal Gas-Phase Reduction
The thermal gas-phase reduction process is based on the gas-phase, thermo-chemical
reaction of hydrogen with organic and chlorinated organic compounds at elevated
temperatures. The reaction takes place within a specially designed reactor, at 850°C or higher,
where hydrogen reacts with organic compounds to produce smaller, lighter hydrocarbons. This
reaction is enhanced by the presence of water, which also acts as a reducing agent and a source
of hydrogen from the water gas shift reaction. Since hydrogen is used to produce a reducing
atmosphere devoid of free oxygen, the possibility of dioxin or furan formation is eliminated,
and large volumes of combustion air are not required as with incineration. The product gases
enter an offgas treatment system, and the gases that exit the scrubber consist of excess
hydrogen, methane, carbon monoxide, light hydrocarbons, and a small amount of water vapor.
This gas can be flared in an afterburner.
Electron-Beam Destruction
Application of electron-beam technology to vapor-phase destruction involves mediumenergy electron beams (in the 200 kev range) created by accelerating electrons in an accelerator.
In these systems the energetic electrons may directly break the chemical bonds of the organic
compounds or produce reactive free radicals such as OH, O, and O 3 from the carrier gas which,
through oxidation reactions, also destroy the organic contaminants. The primary variable that
governs the destruction level for any set of inlet conditions is the absorbed dose, which is
determined by the beam acceleration voltage, the beam current, and the mass flow rate of the
contaminated air stream determining the residence time. Zapit Technology, Incorporated
reports complete destruction of organics to CO2, H2O and HCl in their tests, whereas tests with
the Tunable Hybrid Plasma system have resulted in trace amounts of phosgene in the offgas.
Nonthermal Plasma Destruction
Even lower energy electrons (in the 10 ev range) are used to destroy vapor-phase
organics in cold electric discharges produced in the nonthermal plasma technologies. In these
technologies, small electrical discharges are produced in the space between two opposing
electrodes connected to a source of alternating high voltage. In the case of insulated electrodes
with an open space between them, termed a silent discharge plasma (SDP), the discharge
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consists of a large number of microdischarges of short lifetime but high instantaneous current
uniformly distributed over the discharge space. In the case where the space between the
electrodes is filled with dielectric pellets, the high-strength electric fields developed in the
interstitial spaces between the pellets form multiple corona sites which generate high-energy
electrons. This configuration is termed a high-energy corona (HEC) process.
In either case (SDP or HEC), free electrons are accelerated in the electric fields producing
an avalanche of high-energy electrons that lead to the creation of free radicals and electronic
excitations of molecules in the plasma which react with the contaminants. Representative
byproducts identified in the exhausts from both systems during various tests included CO 2,
CO, N O and trace levels of various organic byproducts and PICs.
x

UV Photo-Destruction
Vapor-phase photochemical detoxification has been tested at near room temperature to
treat volatile organic compounds (VOCs) in the offgas from vapor-phase extraction systems, at
elevated temperatures to treat offgas from thermal desorbers, and to treat PICs and other
combustion byproducts using solar radiation. Unlike photolysis in an aqueous medium where
UV light is primarily used to produce oxidizing radicals from hydrogen peroxide or ozone, in
the gas or vapor phase, the initial destruction is due to direct photolysis of the organic molecule.
Depending on the contaminant and mixture of species, direct photolysis may be the only
method of destruction, or it may produce active radicals (e.g., organic radicals and CI*) that
initiate a chain reaction and reproduce CI* to rapidly and more efficiently destroy additional
contaminant molecules.
Application of xenon flashlamps to low-temperature photolysis of chloro-olefins has
demonstrated a very rapid destruction that has been attributed to chlorine atom chain reactions.
The products of chloro-olefin photolysis include chloroacetyl chlorides and phosgene, which
require further treatment. Photothermal photolysis reactions are conducted in a reaction
chamber at higher temperatures (200°C to 500°C) than conventional photochemical processes,
but lower than combustion temperatures (typically greater than 1000°C). This process has
proven effective in destroying a variety of chlorinated and unchlorinated organics; however, a
significant number of organic byproducts have been observed depending on the parent
contaminant. In addition, significant (>99%) destruction was achieved only at temperatures
>600°C but thermal degradation is reported to begin at much lower temperatures (~300°C).
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Packed-Bed Reactor
The packed-bed reactor technology has been developed by Thermatrix, Inc. and consists
of a flameless thermal destruction process for vapor-phase organics. This is a high-temperature
thermal oxidation process that occurs within a narrow reaction zone in a bed of chemically inert
ceramic material typically operated at 1600°F to 1850°F. This technology treats organics in a gasor vapor-phase. It cannot handle solids, and organometallic or organic phosphorus compounds
can precipitate on the packing. If there are particulates in the gas stream they must be filtered
out before the gas enters the oxidizer. Tests on a limited number of organic compounds indicate
no PICs, no detectable CO, and less than 2 ppm N O when the reactor is at operational
temperature. The typical output stream contains CO2, H2O, and acid gases. There has been no
indication of tests for recombination products, such as dioxins or furans, from the reaction.
x

1.7.6

High-Temperature Treatment Technologies

The high-temperature thermal processes discussed here use means of destruction other
than flame combustion in excess air normally used in incinerators. These include pyrolysis of
organics in an oxygen starved or inert environment, or reacting the organic material with
something other than oxygen (e.g., H2O in the form of steam). In pyrolysis processes, the offgas
will contain combustible materials and may contain PICs, which require combustion in an
afterburner; however, the air flow is lower and the combustion process is more complete than
with incinerators. Systems are also being developed to oxidize or pyrolyze wastes in baths of
molten salt or molten glass, or break down the organic molecules into their elements in baths of
molten metal.
There are a wide variety of high-temperature alternatives to incineration. Some will
require a secondary combustion chamber, monitoring, and offgas treatment technologies
similar to those of a conventional incinerator; others employ mechanisms entirely different from
those of incineration. These technologies will need to be carefully evaluated in order to
determine which will be viewed as incineration by regulators and stakeholders, or which will
be more acceptable as replacements for incineration.
The general categories of pyrolysis and fluidized bed combustion also fit within this
category; however, because these systems have been commercialized and will most likely need
to abide by incinerator regulations, they are not discussed in this report. Pyrolysis is a
commercialized process that may be carried out in a variety of furnace designs (e.g., rotary
hearth, rotary kiln, roller hearth, car bottom, etc.). These systems are normally custom designed
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to treat a specific waste, and various vendors are available to provide these services. Fluidized
bed systems are also available from a variety of commercial sources. One of the major concerns
with fluidized beds is the presence of compounds that may cause bed agglomeration such as
low-melting alkali materials and halide salts. Although these problems may be alleviated by
operating at low temperatures (<1000°C), longer residence times or additional passes through
the bed may be required to achieve required destruction.
The technologies described in this report include:
•

Molten Salt

•

Metal Melting Technologies

•

Steam Reforming

•

Supercritical Water

•

Pyroplasma

•

ChemChar

•

Packed-Bed Reactor

•

Vitrification (organic destruction)

•

Plasma Torch and Electric Arc Technologies.

Molten Salt
The molten salt oxidation (MSO) process uses a bath of molten salts maintained at 700°C
to 950°C to oxidize organic wastes and retain radionuclides, metals and acid gases in a salt
residue. During operation, a mixture of liquid or solid particulate wastes and air is injected into
the bottom of the melt contained in a ceramic-lined vessel. The high temperature and intimate
contact with the molten salt causes rapid reaction of the organic material with the oxygen in the
air to produce conventional products of combustion. Low British thermal unit (BTU), high ashcontent waste streams, or waste streams with very high chlorine content are less than ideal for
MSO treatment. High ash buildup in the salt bed will cause a significant increase in bed
viscosity and high chloride buildup will cause increased CO emissions and salt fume carryover.
However, proper operational controls and salt recovery and recycling to remove the ash and
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alleviate these problems. Recent tests have demonstrated low levels of PICs and the absence of
dioxins and furans in the offgas for tested contaminants.
Metal Melting Technologies
Metal melting technology is an established decontamination method in which
contaminated metals or other waste can be melted with a suitable slag. Generally, the waste is
introduced into a molten metal bath within a refractory-lined vessel. The organic contaminants
are disassociated almost immediately into their atomic constituents at the high temperatures
involved (~3000°F), and the remaining constituents are separated into a metallic layer that
contains most heavy metals, and a leach resistant slag layer (oxidized material) that contains
inorganics and most radionuclides. The slag acts as an insulator to increase the bath's thermal
efficiency, and may act as a primary scrubber to remove materials such as volatile heavy metals,
phosphates, and sulfur. The three basic end-products, depending on the feed, include
recoverable metals, an offgas stream, and the ceramic slag.
Metal melting systems can accept a wide variety of waste streams with generally
minimum pretreatment. Some systems can accept heterogeneous wastes, whereas others
require size reduction in order to introduce the wastes into the bath. The composition of the
waste that can be efficiently treated in a melter varies with the system, and some metal melting
systems are more versatile than others. However, waste often requires characterization in order
to control slag chemistry. Concerns with this technology include particle loading of the offgas,
which may result in radionuclide carry-over, and dissolution of the refractory material in an
oxidizing environment, the associated downtime, and required maintenance in a hazardous and
radioactive environment.
Steam Reforming
In steam reforming, hazardous organic chemicals are destroyed by reacting with
superheated steam to produce a synthesis gas consisting of CO, CO2, H2, H2O and CH4.
ThermoChem, Inc. employs an indirectly heated, fluidized-bed reactor to gasify organic
material with superheated steam injected at the bottom of the bed which then travels up the bed
countercurrent to the waste injected onto the bed surface. The Synthetica Detoxifier® consists of
a two-stage destruction process. In the first stage, organics are volatilized by superheated steam
at 600°F to 1100°F in a waste feed evaporator where the hydrocarbons are vaporized and the
steam reforming chemistry begins to thermally decompose and fragment the organic molecules.
The gases generated in the evaporator pass to a non-catalytic, high-temperature steam
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reforming reactor (or detoxifier) operated in excess of 2000°F where they are mixed with excess
superheated steam and the reactions proceed to completion.
Currently, the synthetica system is limited to the amount of chlorinated hydrocarbons in
the waste due to corrosion by HC1 in the detoxifier; however, work is continuing to develop a
device capable of removing HC1 from the gas stream. Production of S O , N O , dioxins, and
x

x

furans are avoided, but a significant quantity of reaction byproducts is emitted from the
detoxifier requiring an air emission abatement device, such as a catalytic converter, to reduce
these organic emissions to acceptable levels.
Supercritical Water
Supercritical Water Oxidation (SCWO) involves the oxidation of organic wastes in the
presence of a high concentration of water at temperatures and pressures above the critical point
of water: 374°C and 22 MPa (705°F and 218 arm). Above the critical point, the properties of
water change significantly such that oxygen and most organic compounds become completely
miscible with the supercritical fluid, thus eliminating the usual transport and mixing problems
associated with reaction of two or more phases. Inorganic salts become almost completely
insoluble above 450°C. The waste feed may be in the form of an aqueous waste stream
containing organics or a pumpable organic sludge, and the technology appears capable of
destroying nitrate, organic, and ferrocyanide contaminants. The oxidant may be air, oxygen,
hydrogen peroxide, and in some cases nitrates.
The destruction efficiency is a function of reactor temperature and residence time. A
reactor temperature of 600°C to 650°C and residence time of 5 seconds are adequate for DEs of
over 99.9999%. An advantage of SCWO is the minimal air pollution problems. However, a
major stumbling block for the technology is preventing corrosion from the acid that is generated
when treating halogenated organics, and handling certain inorganic solids that are present or
generated during processing and that may precipitate and build up in the reactor.
Pyroplasma
Westinghouse Electric Corporation has developed the Pyroplasma process, which is a
mobile pyrolysis system designed to destroy hazardous organic liquid wastes with a nontransferred thermal plasma torch. An electric arc is drawn across a collinear electrode assembly
to ionize a low-pressure gas stream forming a thermal plasma with temperatures in the 5000°C
15000°C range. Liquid wastes are injected into the discharge of the plasma arc where they are
dissociated into their elemental components. The atoms flow into the reaction chamber where,
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upon cooling, they recombine to form non-toxic gases. The typical output from the reactor
includes H2, HC1, CO, and powdered carbon.
ChemChar
The ChemChar process is a pyrolysis process that takes place in a reaction chamber that
consists of a cylinder packed with a triple reverse burn (TRB) char which is a low-grade
activated carbon product. The process can treat wastes in the form of solids, liquids, sludges,
and soils. Liquid wastes are adsorbed onto the char; contaminated soils and sludges are mixed
with the char; and solid organic wastes are pulverized and mixed with the char. Oxygen is
passed through the reactor from the top and flows countercurrent to a flame-front traveling
upward. The primary destruction process involves pyrolysis and reduction to convert waste
constituents to a combustible synthesis gas consisting of CO2, CO, H2O, H2, CH4, and trace
volatile organics, and to a dry, inert, carbonaceous solid. Radioactive and heavy metal
constituents are retained in the char residue or ash.
Packed-Bed Reactor
The Packed-Bed Reactor (PBR) is being developed by Los Alamos National Laboratory
(LANL) as the first stage of a destruction process for organic liquids. The PBR produces an
offgas containing PICs that are to be destroyed in the SDP. The PBR consists of the main reactor
enclosure, ceramic bed packing material, and an electric furnace to provide heat to the bed.
During operation the bed is heated by the surrounding electric heater, and combustible liquid
waste is atomized above the bed and injected into the hot PBR with air to initiate a combustion
process. Almost complete combustion occurs at temperatures in the 800°C to 1000°C range
without an open flame because of the lean waste/air mixture. Although high DREs are
achieved at high temperatures, PICs, dioxins, and furans have been found in the offgas and
condensate. Thus, secondary treatment of the offgas, and possibly the condensate, will be
required.
Vitrification
Vitrification is the process of converting materials into a glass or glassy substance (e.g., a
slag in the case of plasma or metal melters), typically through a thermal process at temperatures
in the range of 1000°C to 1600°C. Thermal vitrification processes destroy organic contaminants
by pyrolysis or combustion either at the surface of the melt, or in the plenum above the surface,
and immobilizes inorganics by incorporating them in the product glass. There are various types
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of electric melters used to vitrify waste material including vertical and horizontal Joule,
induction, microwave, plasma, and electric arc melters.
In Joule, induction, and microwave melters, the molten glass is heated internally to form
a semi-quiescent pool of molten glass in a refractory lined or "cold wall" steel vessel. In many of
these melters a.cold cap, or crust is formed on the top of the melt from the feed as it is
introduced from the top of the melter, and acts as the interface between the incoming material
and the molten glass. The cap's bottom contacts the glass and forms the interface where feed
material melts and enters the glass matrix. The cold cap also filters particulates, and condenses
and retains volatilized radionuclides and heavy metals for possible re-incorporation into the
melt. Water and organics volatilize from the cap and enter the plenum, where the organics may
be oxidized or reformed with the steam. Organic destruction may also occur through pyrolysis
in the melt or in a secondary combustion chamber.
There is a significant amount of activity in the development and commercialization of
vitrification technology. The various vitrification technologies seem to be well established and
tests and demonstrations have been performed, and continue to be performed, on various DOE
wastes. In general, high DREs have been achieved with few PICs in the offgas, and the
capability of converting N O to N2 has been demonstrated. Also, there does not appear to be a
limitation on waste type or matrix, but this depends on the type of vitrifier and its design.
x

Plasma Torch and Electric Arc Technologies
The plasma torch and electric arc are similar technologies that involve a high-voltage
discharge in a gas to form a plasma. The major difference is that in the plasma torch the plasma
discharge is formed in a flowing gas that stabilizes the arc and provides the thermal source,
while the electric arc is formed in a non-flowing gas medium and provides the primary energy
for heating and melting the waste material. Various versions of these technologies are being
developed by several companies alone and in conjunction with DOE and the national
laboratories. Several companies have commercialized and are applying this technology to
various hazardous waste streams.
These systems are robust and can accept a variety of input wastes and waste matrices,
including combustible and non-combustible wastes. Depending on the system design, liquid
waste may be injected into the plasma region, soils or sludges may be metered into the furnace,
or entire drums may be inserted and melted, along with their contents, to form a molten slag. A
reducing environment is usually used to minimize electrode erosion and pyrolyze the organics
to produce a combustible syngas and organic byproducts, which are combusted in an
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afterburner. Very small gas volumes are used in these systems resulting in low offgas volumes.
Molten solid material can be removed continuously by overflow or poured by batch to form a
leach-resistant, vitrified (glassy) waste form.
1.7.7

Soil Washing

Soil washing is a combination of physical and chemical treatments performed on soil in
an aqueous solution resulting in the extraction of contaminants from excavated soil by mixing
the soil with water, solvents, surfactants, or chelating agents. It is an available technology that
has been used as a remedial action for contaminated soils. Soil washing treatment systems
typically include four major sub-systems: 1) screening (soil preparation), 2) washing, 3) soil and
water separation, and 4) wastewater and sludge treatment and management. The contaminated
water or solution is then treated for removal of contaminants.
Soil washing is based on the observations that: 1) contaminants tend to concentrate in the
fine and organic fractions of the soil (e.g., silt, clay, humic matter) due to physical and/or
chemical adsorption, and 2) contaminants associated with the coarse-soil fraction (e.g., sand,
gravel) are often present as a thin surface coating which can be removed by vigorous scrubbing
and attrition of the soil particle surfaces. Thus, the objectives of the technology are to reduce the
volume of soil that requires further treatment or disposal by concentrating the contaminants in
a smaller volume of material, to transfer the contaminants to a more easily treated aqueous
phase, and to produce a washed soil-product that meets clean-up criteria.
The primary advantage of soil washing is volume reduction of waste requiring ultimate
disposition. Soil washing can be cost-effective as a pre-processing step in reducing the quantity
of material to be processed by another destruction and/or immobilization technology. The
primary disadvantage of soil washing is that contaminants in soils containing a high fraction of
silt and clay sized particles are typically strongly adsorbed and are difficult to remove by soil
washing. Hydrophobic contaminants generally require surfactants or organic solvents for
removal from the soil while complex contaminant mixtures in soils, as well as frequent changes
in the contaminant compositions, make it difficult to design a single washing fluid that will
consistently and reliably remove all of the contaminants. As a very general statement,
applicable contaminants can usually be removed from coarse-soil fractions with relatively high
removal efficiencies at low to moderate cost, while fine soils, silts, and clays achieve only
moderate contaminant removal efficiencies at a moderate to high cost.
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As indicated in Reference 5, soil washing techniques can be extended to debris in order to
apply the EPA debris rule and exit RCRA. In addition, a section on decontamination
technologies is contained in Reference 6.
1.8

CONCLUSIONS AND RECOMMENDATIONS

In conducting the research for this document, MWIP did not discover a new lowtemperature technology with the potential for single-handedly treating DOE's mixed waste
inventory. Rather, several of the technologies described in this report can treat specific waste
streams well. Thermal technologies are very effective, but DOE may want to seriously discuss
permitting with several state and regional EPA offices to determine whether they will be
affected by an "incineration stigma." In particular, plasma, electric arc, and vitrification systems
appear to be capable of treating many of the DOE waste streams, often in the "as received"
mode with minimum characterization. These are the most omniverous treatment technologies
identified that also produce a durable final waste form. However, offgases require additional
treatment, and plasma systems require a secondary combustor. Metal melters may be
appropriate for waste streams with high metal content, particularly if the metal is to be recycled
within the DOE complex.
In some cases, soil washing or thermal desorption may be the least-cost choices for
treating soils and some debris in order to retain the option of returning the soil to the site and
eliminating the cost of disposal. These decontamination methods may be used with aqueousphase organic destruction technologies, dechlorination to form less refractory organic species,
or gas-phase organic destruction technologies to destroy the resulting organic effluent and
eliminate the transfer of contaminants to another medium (e.g., activated carbon beds).
The Delphi chemical oxidation DETOX , acid digestion, and mediated electrochemical
oxidation (MEO) have much in common with respect to applicable waste streams, and appear
to be the most promising low-temperature oxidation processes. These are the most omniverous
of the low-temperature technologies, but these systems will never be able to treat the wide
range of wastes treatable by the plasma, electric arc, or vitrification systems. These lowtemperature systems are developing, are waste stream specific, and require coarse to fine
shredding of solids. The DETOX process in particular shows promise for treating inert
matrices such as soil and vermiculite contaminated with organics. This may be preferable to
incineration for treating large volumes of contaminated media generated in decontamination
and decommissioning (D&D) activities and aqueous wastes. MEO has been demonstrated to be
SM

SM
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effective on waste streams with approximately 90% water, 8% organics, and 2% solids, and also
for removal of surface contamination of paper, cloth, plastic, and rubber.
1.9
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SECTION 2
LOW-TEMPERATURE OXIDATION PROCESSES
For the purposes of this report, low temperature processes are those that take place at
temperatures less than 350°C. This is sufficiently below the temperature at which dioxins and
furans are thought to form and reactions at or below this temperature should preclude the
formation of these toxic species.
Direct chemical oxidation of organic compounds has been practiced in the water and
wastewater industries for several years. This technique usually involves converting the target
compounds into less toxic compounds by exposing them to strong oxidizing agents such as
oxygen or air (as in wet-air oxidation), ozone, hydrogen peroxide, potassium permanganate,
hypochlorite, and/or chlorine dioxide. Recently, ozone and hydrogen peroxide have become
popular oxidizing agents for application to aqueous solutions because they do not introduce
additional salts or chlorine compounds into the treatment streams.
Chemical oxidation with ozone and hydrogen peroxide is commercial technology used to
treat various waste problems. Ozone appears to have received the greatest attention; however, it
has been found that O3 can have two reaction modes: direct ozonation reactions and free radical
(such as hydroxyl radical) decomposition reactions. The direct O3 reaction involves molecular
O3 which produces a highly selective and relatively slow reaction'resulting in incomplete
mineralization and the formation of various intermediate compounds. The hydroxyl radical
formed during ozone decomposition reacts more rapidly with organic compounds than
molecular O3, and is much less selective. Thus, a major thrust for low-temperature destruction
of organics has been the direct generation of hydroxyl radicals in sufficient quantity to effect
organic destruction either through the use of H2O2 or other oxidant, irradiation, or a
combination of the two methods.
Most low-temperature oxidation processes used in waste treatment systems involve the
production of free radicals in sufficient quantity to oxidize and destroy organics. However,
these processes vary in the methods used to generate the radicals and often use a combination
of strong oxidants (e.g., O3 and H2O2)/ catalysts (e.g., transition metal ions or photocatalysts),
and irradiation (e.g., ultraviolet, ultrasound, or electron beam). Chemical oxidation is a general
category that contains many options for converting combustible organic wastes into gaseous
effluent, liquid effluent, and stable solid residues. Such options include generation of hydroxyl
radicals as well as direct oxidation by an acid medium or other strong oxidant (e.g., Ag(II) in the
MEO process or Fenton chemistry). Radiation induced or enhanced oxidation processes use an
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external radiation source to generate radicals which may destroy organics in contaminated
water. High-energy radiation (e.g., x-rays, gamma-rays, and even low-wavelength UV
radiation) may also break the molecular bonds of organic molecules directly.
Low-temperature oxidation is most commonly used to destroy dilute organic
contaminants in aqueous wastes; however, oxidation processes such as mediated
electrochemical oxidation (MEO), wet oxidation, acid digestion and the Delphi DETOX
process are being developed for treatment of waste sludges, and organic liquids and solids, and
have been tested for decontamination of inorganic matrices such as soil and vermiculite. These
oxidation processes may also be used to solubilize RCRA metals and radionuclides to
decontaminate soils and debris.
SM

Oxidation processes are generally appropriate for treatment of wastes with relatively low
levels of contamination. When high concentrations of contaminants are present, oxidation rates
in low-temperature oxidation systems may be slow although fine dispersion of the organic into
the aqueous media will help speed the process. Oil and grease in contaminated media may
lower the oxidation process efficiency. However, residence time in the reactor may be increased
significantly by controlling the waste feed rate, the size of the organic solids in the waste stream
may be reduced, and insoluble organic liquids in the reactor solution may be dispersed to
increase the surface area available for chemical oxidation.
This document divides oxidation technologies into three groups as follows:
"Conventional" Chemical Oxidation:
•

Wet Air Oxidation

• • Catalyzed Wet Chemical Oxidation
•

Acid Digestion

Electrolytic/Electrochemical Oxidation.
Radiation Induced or Enhanced Oxidation:
•

Photolytic Ultraviolet Oxidation Processes

•

Ultrasonic Detoxification
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•

Electron Beam Oxidation

•

X-Ray and Gamma-Ray Destruction of Organics.

Each of these technologies will be briefly described in the following sections.

2-3

2.1

2.1.1

WET AIR OXIDATION

Technology Description

Wet air oxidation (WAO) refers to the aqueous-phase oxidation of dissolved or
suspended organic substances at elevated temperatures and pressures. Oxygen (or air) and a
dilute organic/water mixture are introduced into a reactor vessel at subcritical conditions.
Typical reactor temperatures range from 150°C to 325°C (302°F to 617°F). Pressures of 2,069 to
20,690 kPa (300 to 3,000 psi) are maintained to control evaporation and maintain the liquid state.
If there is a sufficient concentration of oxidizable organic material, the process, once started, will
be thermally self-sustaining and will reduce the organics to rijO, CO2, and various
biodegradable acids. Reaction times of 60 minutes or longer are typical depending on the
contaminant and level of destruction required. A generalized continuous process flow diagram
is shown in Figure 2-1.
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Figure 2-1. Flow Diagram for the Wet Oxidation Process
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In this continuous process, waste is mixed with compressed air. The waste-air mixture
passes through a heat exchanger and then into the reactor where the oxidizable material in the
waste reacts with the oxygen in the mixture. Organic substrates are first carbonized (Ref. 1). The
dissolved oxygen reacts catalytically on the surface of the carbon centers produced from the
waste to yield H2O2 which then decomposes to form oxygen and hydroxyl radicals. These
radicals then react with the carbon to yield CO 2 (autocatalytic oxidation). Substrates, such as
acetic acid, that are difficult to carbonize will oxidize very slowly without the presence of easily
carbonized co-contaminants, whereas easily carbonized substrates will be completely degraded.
These reactions are exothermic, and the liberated heat raises the temperature of the
mixture to the design temperature. The water tends to moderate the oxidation rate by absorbing
the excess heat liberated. In cases in which the heat of reaction is insufficient to maintain the
design operating temperature (because of low concentration of oxidizable organics in the
influent), additional heat may be added by injecting startup steam into the reactor, or using a
startup heat exchanger between the reactor and the feed heat exchanger. The hot oxidized
effluent is passed through the feed heat exchanger to preheat the incoming waste stream. A
separator is used to separate the gas stream from the liquid effluent.
The degree of oxidation of organics and inorganics in a WAO unit is primarily a function
of the reaction temperature and residence time, and is limited by the solubility of oxygen in
water. However, the high reaction temperature and pressure greatly enhances the oxygen
solubility and oxygen-transfer coefficients. Thus, adequate oxygen transfer is achieved at inputs
up to 200 g/1 chemical oxygen demand (COD) providing 95 to 99% destruction in 15 to 60
minutes (Ref. 2) for many contaminants. For the oxidation reactions to be sustained without the
addition of auxiliary fuel, the COD of the feed must be greater than about 15 g/1 (Ref. 5).
In the course of the wet air oxidation reaction, intermediate products are formed. Since
some of these intermediate products resist further oxidation they tend to accumulate. As a
consequence, the reaction rate, which is based on a noncompound-specific parameter such as
the COD, decreases during the course of the oxidation reaction.
2.1.2

Input and Output Stream Characteristics

Wet air oxidation reactions occur regardless of whether the oxidizable substances are in
solution, are colloidal, or are, in fine or course suspension. The main criterion is that the oxygen
utilization, or COD, be in the range of about 20 g/1 to 200 g/1 (Ref. 2). Outside this range the
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organic concentration is either too dilute or too concentrated for a feasible application. Other
requirements on the input waste stream include the following (Ref. 4):
•

Solids content should not be such that heat-transfer surfaces become fouled, and
calcium and magnesium content should be less than 0.1 g/1 to minimize fouling.

•

Wastes that have high abrasive or corrosive characteristics may require more
expensive equipment and materials of construction.

•

Data based on pilot-scale units indicate that fluoride content should be held to less
than 0.1 g/1 for stainless steel and titanium, and chloride content held less than
20 g/1 for titanium and less than 1 g/1 for stainless steel. However, higher limits may
be applicable for larger field-scale systems.

•

Volatile organics may be unavoidably stripped from the aqueous phase before being
oxidized. Therefore, if volatile organics are in the waste stream, an offgas treatment
system will be required.

Wet air oxidation has application to a variety of aqueous waste streams containing
organic and oxidizable inorganic wastes including halogenated organics, inorganic/organic
cyanide, and phenols. Most organic compounds are stoichiometrically oxidized, the carbon
going to carbon dioxide, the hydrogen to water, any halogens to halides, sulfur to sulfate,
phosphorous to phosphate, and nitrogen to ammonia or nitrogen gas. However, the oxidation
products from treating toxic organic compounds may also consist of low-molecular weight
compounds such as acetaldehyde, acetone, acetic acid, and methanol distributed between the
offgas and oxidized liquid phase. The liquid effluent also contains carboxylic acids, other
carbonyl group compounds, suspended solids which are insoluble ash containing metal oxides,
and other insoluble salts such as sulfates, phosphates and silicates. Soluble metal salts will also
usually remain in the liquid effluent (Ref. 2).
Oxidized effluent from a WAO process generally requires further treatment to meet
effluent COD discharge limitations, and to meet EPA treatment standards of 99.99% DRE for the
toxic organics. The insoluble solids may be removed from the effluent by filtration and
dewatering; however, the effluent will require further treatment if soluble heavy-metal species
are present in sufficient quantities. The HC1, generated by the oxidation of chlorinated
hydrocarbons, must be scrubbed from the offgas, and volatile organics in the offgas must be
controlled. Oxidized sulfur and nitrogen species are retained in the liquid phase; thus, SO and
N O do not pose air pollution problems (Ref. 5).
x

x
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2.1.3

Technology Status
Wet air oxidation is a commercialized process and has been applied on a bench-, pilot-,

and full-scale basis to several industrial wastewaters and sludges containing hazardous organic
and inorganic compounds. These include a skid-mounted unit treating wastewaters from over
75 different generators at a hazardous waste landfill; a unit treating chemical process wastes
including regeneration of spent carbon from a PACT wastewater treatment system; treatment of
spent caustic scrubbing liquors; treatment of coke-oven liquors containing hydrogen cyanide,
thiocyanates, thiosulfides, and other nonbiotreatable compounds; and a variety of other
industrial wastewaters. Several other installations are described in Reference 2.
Systems are available from Zimpro Passavant Environmental Systems, Inc., Rothschild,
Wisconsin. Descriptions of installed systems are available from this company.
EnerTech Environmental Corporation has developed a new process to treat municipal
solid waste using wet air oxidation as the final step in a treatment train. The first step is to
subject the pumpable slurry to 260°C to 325°C and 4,700 to 12,200 kPa in the absence of air to
carbonize the waste. The slurry is then pumped to a wet air oxidation unit for oxidation and
final destruction. The developers claim that the hydrolysis reaction during carbonization
converts the chlorinated organics to simple organics and an aqueous salt that can be removed
from the slurry. Demonstrations have shown 94% of the chlorine can be extracted in this step.
This two-step process is still in the development stage, but a pilot plant is expected to be
operational by early 1995. EnerTech is also in the process of seeking corporate partners.
2.1.4

Destruction Efficiency

In most cases where wet oxidation is applied to hazardous waste, the objectives are to
detoxify the wastewater for subsequent biological treatment in a publicly owned treatment
works, or an industrial treatment plant. To meet this detoxification requirement, a reduction of
the specific organic compounds to low milligrams per liter concentration levels is usually
required (Ref. 2). However, this does not necessarily meet the EPA requirements for 99.99%
destruction and removal efficiency (DRE) for designated principal organic hazardous
constituents. Thus, post-treatment may be required.
Most organic compounds are destroyed with a destruction efficiency of better than 99%
in 15 to 60 minutes at temperatures in the range of 200°C to 280°C (392°F to 536°F). More
resistant compounds may require higher temperatures and longer residence times. The most
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resistant compounds are the halogenated aromatics such as 1,2-dichlorobenzene and PCBs. For
example, chlorobenzene and dichlorobenzene were reported about 70% destroyed in 60 minutes
in bench-scale tests (Ref. 3). Thus, this category of organics may require a catalyzed wet
oxidation process, or a post-process destruction technology. Adjustment of pH to lower values
may also accelerate reaction rates.
Reference 3 describes bench- and pilot-scale tests for a large number of organic
compounds, and provides DREs for various temperatures and residence times. The following
compounds can be destroyed by WAO: aliphatic compounds including those with multiple
halogen atoms can be oxidized; however, residual oxygenated compounds of low molecular
weight such as alcohols, aldehydes, ketones, and carboxylic acids might be formed. Aromatic
hydrocarbons such as toluene and pyrene are easily oxidized, and halogenated aromatics with
at least one nonhalogen functional group of an electron-donating nature present on the ring can
be destroyed. These substitutes include hydroxyl, amino, or methyl groups.
Table 2-1 provides DREs for a number of pure organic compounds for specified reaction
temperatures and residence times. Experimental results indicate that DREs for specific
compounds may be higher for multi-component mixtures.
2.1.5

Technology Comparison

The areas of greatest potential applicability may be treatment of liquid waste streams
containing less than 10 wt% organics, and regeneration of powdered activated carbon (Ref. 5).
These wastes may be externally generated, or generated as secondary waste streams within a
treatment facility. Secondary liquid wastes are typically generated by removal of organics from
an aqueous waste stream and concentrating them into an effluent stream by steam-stripping,
ultrafiltration, reverse osmosis, or another method.
2.1.5.1

Advantages

•

If the waste has sufficient COD, it is thermally self sustaining.

•

It is suited for dilute organic waste streams and requires small equipment volumes.

•

Its low offgas volumes are free of N O , SO , PICs, and particulates.

•

It can destroy organic solids as long as they are in the form of fine particulates.

x
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Table 2-1. Bench-Scale Wet Air Oxidation of Pure Compounds (Ref. 3)

Compound

Wet Oxidation
Conditions
°C/Minutes

Starting
Concentration,
mg/liter

Final
Concentration,
mg/Iiter

Percent
Destroyed

Acenaphthene

275/60

7000

Acrolein

275/60

8410

<3

>99.96

Acrylonitrile

275/60

8060

80

99.0

*275/60

12410

15

99.88

2,4-Dimethylphenol

275/60

8220

2,4-Dinitrotoluene

275/60

10000

26

99.74

1,2-Diphenylhydrazine

275/60

5000

6

99.88

4-Nitrophenol

275/60

10000

40

99.6

*275/60

5000

135

97.3

Phenol

275/60

10000

20

99.8

Formic Acid

300/60

25000

410

98.3

Chloroform

275/60

4450

3

99.9

Carbon Tetrachloride

275/60

4330

12

99.7

1,2-Dichloroethane

275/60

6280

13

99.8

N-Nitrosodimethylamine

275/60

5030

212

99.6

Hexachlorocyclepentadiene

300/60

10000

<15

>99.9

Toluene

275/60

4330

12

99.7

Nitrobenzene

*320/120

5125

2555

95.0

Chlorobenzene

*275/60

5535

1550

72

Pyridine

*320/120

3910

570

2,4-Dichloroaniline

*275/60

2,4,6-Trichloroaniline

*320/120

2-Chlorophenol

Pentachlorophenol

0.5

0.1

259

<0.5

10000

2.5

99.99

99.99

85.4
>99.8
99.97

Dibutylphthalate

275/60

5230

26

99.5

Isophorone

275/60

2650

29

99.4

*275/60

5970

5

99.92

Pyrene

275/60

500

0.26

99.95

Malathion

275/60

11800

18

*280/60

1000

690

31.0

20000

7400

63.0

6530

2017

69.1

1-Chloronaphthalene

Kepone
Arochlor1254
1,2-Dichlorobenzene

320/120
*320/60

*Catalyzed
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99.85

2.1.5.2

Disadvantages

•

Due to the limited solubility of air or oxygen in water, and depending on the organic
contaminant, complete oxidation of organic materials cannot be achieved limiting
the DREs for many compounds to less than 99.99%.

•

Wet air oxidation is predominantly used for pretreatment. Therefore, there is a
potential need for post-processing to achieve the required destruction efficiency or
complete oxidation of the organics, depending on contaminants and local discharge
requirements.

•

Compared to incineration, wet air oxidation is a slower process requiring long
residence times, and there are fewer types of waste that can be processed.

•

The wet air oxidation process is not highly predictable and existing full-scale units
are largely designed based on bench-scale test results on specific compounds.

•

Wastes that are amenable to wet air oxidation processing are limited to aqueous
streams containing between 20% and 0.2% dispersed organics.

•

High-pressure equipment is required in a radioactive environment.

•

Offgas treatment is required for volatile organics and acids that remain after
processing.

»

The wet air oxidation process is not very effective on halogenated aromatic
compounds such as hexachlorobenzene, dichlorobenzene, and PCBs.

°

In order to destroy solids, they need to be reduced in size to fine particulates causing
a potential dust problem and introducing a pre-processing step.

°
2.1.5.3

Large secondary wastes require additional treatment.
Development Needs

•

Improved system corrosion protection and corrosion monitoring.

•

Evaluation of oxyhydroxide formation with actinides.
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•

Evaluation of DREs for DOE wastes, pre- and post-processing needs, and evaluation
of ash content limits.

2.1.6

•

Adaptation to radioactive applications.

•

Demonstration of secondary waste processing with radioactive feeds.
Cost of Technology or Equipment

Cost data and cost curves are provided in Reference 2. The average costs are
approximately $1.25 million for a 10 gpm cyc^^x, and $3.25 million for a 50 gpm system.
Wet oxidation systems are complex so that skilled labor is required for operation and
maintenance. Current operating costs may be as low as 3 to 6 cents per gallon (Ref. 6).
2.1.7
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CATALYZED WET CHEMICAL OXIDATION

The catalytic wet oxidation process uses an oxidant in a catalyzed solution to enhance the
destruction of organic wastes. There are two processes being developed, one by Delphi
Research, Inc. called the DETOX process, and similar wet oxidation processes by JGC
Corporation and AEA Technology.
SM

2.2.1

2.2.1.1

Delphi DETOX

S M

Process

Technology Description

The DETOX process uses iron(III) in a hydrochloric acid solution as the primary
oxidant to oxidize waste or gardes to CO 2 while solvating and concentrating heavy and/or
radioactive metals in the acidic catalyst solution. A set of homogeneous cocatalysts increase the
oxidation rate for organics, and the rate of oxidation of iron(II) formed in the oxidation process
back to iron(III) by a second catalyzed reaction with oxygen. Typically, these cocatalysts are
copper ions and one or more of the ions platinum(IV), palladium(II), and ruthenium(III) (Ref. 1).
The process typically takes place at 373°K to 573°K (100°C to 300°C), depending on the waste
form and composition and at pressures of 20 to 200 psig. The standard DETOX solution
consists of 60 wt% ferric chloride, approximately 3.6 wt% HCl, and water. Catalyst
concentration is approximately 0.001 M.
SM

SM

For treatment of bulk wastes, the DETOX solution is maintained in the oxidation
reactor vessel at a constant temperature of about 200°C. The DETOX " solution is agitated by
recirculated headspace gases and/or by a mechanical stirrer. Waste is added to the vessel
continuously through a solid or liquid-feed assembly. This is an exothermic reaction so the
waste needs to be metered into the reactor to prevent a runaway reaction, and larger systems
will require active cooling for temperature control (Ref. 2).
SM

9

1

Oxidation of organics occurs principally at the surface of contact between the organics
and the DETOX solution. Carbon dioxide generated by the oxidation reaction is carried out of
the oxidation vessel with the headspace gases (Figure 2-2). The headspace gases, which are
primarily water vapor, CO2, O2, and HCl, are passed through a condenser to remove most of
the water vapor and HCl. The condensed acidic water is typically returned to the DETOX *
SM

3
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solution, but can be neutralized and disposed of as excess water, or used to rinse residual solids
before being returned to the reaction chamber. The remaining gases, principally CO2 and O2/
are recirculated to aid in agitation of the solution and to accelerate oxidation of any volatile
organic materials. Excess pressure due to CO2 generation is vented in the recirculation loop, or
the CO2 may be removed by a membrane separator or captured in a basic solution. Oxygen
levels in the recirculated gases are monitored continuously, and gaseous oxygen added as
necessary. Volatile organics may also be carried over in the headspace gases. The gases can be
injected back to the reactor to contain and destroy the organics or passed through an activated
carbon adsorption unit to remove the VOCs from the gas stream. At the end of the treatment
process, the activated carbon may be fed to the DETOX* solution to complete the destruction of
organic wastes.
4

The DETOX solution is used until analysis indicates an accumulation of metallic
contaminants or residual solids. Residual solids can be filtered from the solution, rinsed, and
disposed, or further treated as required. Metal and radionuclide salts can be selectively
precipitated from the DETOX solution by cooling, precipitated as hydroxides or oxides by
neutralization of the DETOX solution, or concentrated by evaporation (Ref. 2). The resulting
sludge can then be rinsed with dilute HC1 and water to remove remaining acid and soluble
metals. The resulting sludge typically passes TCLP tests and may be disposed directly, or
stabilized in a final form for disposal.
SM

SM

SM

In application to the treatment of soils, the DETOX* solution would be pumped from a
main tank into a reaction chamber containing the soil to oxidize the organics and remove toxic
metals. After treatment, the DETOX solution would be pumped back to the main tank, and
the soil rinsed with DETOX* condensate and then with water; all rinses would be returned to
the main tank.
1

SM

4

The best combination of materials for construction appear to be a Grade 7 titanium
reactor shell with a tantalum liner. The tantalum liner would give superior resistance to
chemical attack, and the titanium shell would act as a corrosion-resistant secondary
containment and pressure vessel. Valves and piping exposed to hot vapors from the DETOX*
solution should also be constructed from tantulum. Teflon-lined valves may be used for the
inlet feed lines. The gas outlet line may be hardened zirconium, if it is not exposed to iron from
the process solution, or tantulum. The condensate catch tank may be a commercial glass-lined
steel vessel or it can be fabricated of EPDM-lined steel (Ref. 3).
4
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2.2.1.2

Input and Output Stream Characteristics

The process is highly tolerant of waste composition, form, water content, and particle
size. It is applicable to a variety of waste types, including mixed solvents, sludges or bottoms
containing hazardous organics and/or metals, hazardous organic liquids, shredded organic
solids, and soils and other inorganic materials that may be contaminated with hazardous
organics and/or metals. Many toxic metals are dissolved and concentrated in the solution;
however, some toxic metals are converted to insoluble forms depending on the composition of
the waste stream. The low-temperature process produces no N O , S O , dioxins, or furans
x

x

(Ref. 4). Neither heavy metals (including mercury) nor radionuclide surrogates have been
found in the exhaust gases (Ref. L,.
Secondary waste streams from the process include the neutralized process solution at the
conclusion of the waste processing; heavy metal and radionuclide hydroxides or oxides, and the
hydrated oxide of iron precipitated from solution upon neutralization; and salts resulting from
the destruction of organic compounds. These may include chlorides from the destruction of
halogenated hydrocarbons or phosphates from the destruction of tributyl phosphate. Trace
amounts (in the mg to fig/liter range) of residual volatile and semi-volatile organics, including
chlorinated hydrocarbons, have been found in the condensate and process solution (Ref. 5).
Studies in which the process oxidation reactions were interrupted have shown the
presence of both oxygenated and chlorinated intermediates. However, the formation of
chlorinated intermediates represents a minor reaction pathway for the process. Typical
chlorinated intermediates seen in this study included chlorinated ethanes in very small
amounts. Chlorinated benzenes have also been found as intermediate reaction products during
the oxidation of Aroclor 1260 (a polychlorinated biphenyl). Release of these compounds can be
minimized during the reaction by refluxing the outlet of the reaction vessel to contain the
organics. Most of the intermediates have boiling points greater than water and can be
concentrated in the bottom of the column and kept in the reaction vessel until they are
destroyed. However, small amounts of trichloroethane, bromodichloromethane, and
chloroform have been found. These lighter compounds may escape the reaction vessel but will
be dissolved in the much larger volume of the condensate. These organics can be removed from
the condensate by sparging it with oxygen, and returning the lighter organics to the reaction
vessel with the oxygen until they are destroyed.
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2.2.1.3

Technology Status

The process is currently at the bench-scale level of development. Most tests have been
conducted in static, unmixed reaction vessels; however, several tests have been performed in a
4-liter (1-gallon) mixed-reaction vessel. In the unmixed vessels (bombs), DREs are limited by
the lack of mass transfer and volatility of some of the compounds. Tests in the mixed-reaction
vessels indicate reaction rates one to two orders of magnitude greater than those in the unmixed
vessels. Several test programs have been performed including a series of tests at Los Alamos
National Laboratory (LANL), tests performed under a PRDA for Morgantown Energy
Technology Center (Ref. 6), and tests performed for EG&G Rocky Flats Plant (Refs. 3 and 5).
As part of the PRDA, conceptual design studies were performed for two wastes: PCB
transformer oil and hydraulic fluid at Rocky Flats Plant, and tributyl phosphate located at
Weldon Springs Site. Savannah River and Weldon Springs have been identified as sites for the
demonstration of a prototype system under Phase rV of the PRDA.
Oxidation studies on simulated LANL mixed waste were conducted by LANL and
Delphi Research, Inc. Vacuum pump oil, trichloroethylene, and two scintillation cocktails were
tested to determine the viability of the process for the destruction of hazardous organics. Blank
vermiculite was loaded with these organics to determine the effectiveness of the DETOX
process in removing organics from an inorganic matrix. These organics were also spiked with
metals and tested for metal solubility using mercury metal, mercuric oxide, neodymium
isopropoxide (as a surrogate for plutonium), arid cerium naphthanate (as a surrogate for
uranium) (Ref. 4).
SM

These studies demonstrated that the DETOX solution oxidized the simulated wastes in
approximately 3 hours with temperatures ranging from 200°C to 225°C in the mixed reactor.
The reaction rate was superior by a factor of ten in a concentrated chloride-based solution
versus a sulfate-based solution, and was proportional to the contact area above about 2 wt%
loading of organics. Reaction rates achieved in the mixed bench-top reactor were one to two
orders of magnitude greater than in the unmixed reactions. The reaction rate constants obtained
in these preliminary studies indicated that a thoroughly mixed reactor could oxidize 10 to 100+
grams of organics per liter-hour (Ref. 4). It was found that the ratio of iron(III) to iron(II) had
little effect on the apparent reaction rate or the formation of reaction intermediates, and reaction
intermediate compounds had no significant effect on oxidation reaction rates. The reaction rates
increase with the addition of small amounts of sulfate and phosphate, decrease in the presence
of ammonium ions, and decrease when the acidity of the DETOX solution exceeds 1M
SM

sM
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(Ref. 7). Because acids will be formed when halogenated organics are oxidized, a pilot plant will
require a neutralization system to maintain acidity levels.
When organics containing cerium and neodymium were oxidized in the catalyst solution,
no amounts of these metals were found on the solid residues. The detection limits for these two
metals give a minimum solvation of 97%, but the actual values may be considerably higher.
Neodymium solubility was adversely affected by the presence of sulfate anion. Mercury is
soluble in the chloride-based DETOX

SM

solution to the extent of about 400 g/1, and is not

affected by minor changes in acidity or the presence of sulfate anion up to 0.2M. The amount of
mercury found in the solids resulting from organic oxidation indicate a minimum solvation of
99.98% (Ref. 4).
The 4-liter (1-gallon), titanium bench-top reactor was equipped with a gas entrainment
impeller. Oxidation tests using the original simulated wastes indicate that use of the gas
entrainment impeller increases the apparent reaction rate by a factor of two, and the reaction is
organic concentration dependent. The organic concentration in the present reactor configuration
is limited by the amount of oxygen that can be preloaded into the reactor. Future development
work should use a system that operates continuously with the ability to replenish oxygen.
The test program performed for Morgantown Energy Technology Center (METC) (Ref. 6)
used only unmixed reaction vessels. In this test program, the destruction efficiency for various
organic compounds and the solubility of various metals were determined. The ability of the
DETOX solution to dissolve metals and destroy organics adsorbed onto various soil types
was also determined. The organic compounds picric acid, poly vinylchloride,
tetrachlorothiophene, pentachloropyridine, Aroclor 1260, and hexachlorobenzene were oxidized
in 125 ml reaction vessels at 473°K.
SM

The metals arsenic, barium, beryllium, cadmium, cerium, chromium, lead, mercury,
neodymium, nickel, and vanadium were tested for solubility in the DETOX solution. Barium,
beryllium, cerium, chromium, mercury, neodymium, nickel, and vanadium were all found to be
very soluble (>100 g/1) in the solution. Chromium(VI) was reduced to chromium(III) with 90%
efficiency with 100% Fe(III). When Fe(II) was added the reduction of chromium(VI) was
complete. The solubilities of arsenic, barium, cadmium and lead are in the range of a few grams
per liter. Metal levels in any residual solids after rinsing with DETOX condensate (dilute
HCl) and water were all sufficiently low to make the residuals nonhazardous by the RCRA
TCLP test.
SM

SM
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Six soils were contaminated with arsenic, barium, beryllium, chromium, lead, and
neodymium oxides at approximately 0.1% by weight, and benzene, trichloroethane, mineral oil,
and Aroclor 1260 at approximately 5% by weight. The metals were removed by the DETOX *
solution and rinsed to levels that made the soils nonhazardous by the TCLP test. The more
volatile organics, which were not protected by the soil, were well oxidized. In the 24-hour tests
no benzene was detected in any of the soils and good trichloroethane destruction was achieved
with the maximum amount remaining being 7 jxg in clay soil. Aroclor 1260 was the most
resistant to oxidation; only half was oxidized in the 24-hour tests, and the amount remaining
was highly dependent on the soil type. In these unstirred tests it was apparent that the
nonvolatile and semivolatile organics were protected from oxidation due to poor contact
between the soil particles and the DETOX solution. Stirred reaction vessels should provide
improved reaction rates and DREs.
9

1

SM

Tests have been performed on Rocky Flats' wastes to develop a bench-scale solids feed
system and investigate the destruction of organic wastes (Refs. 3 and 5). These wastes included
shredded, solid, combustible material (sawdust, paper, cotton, wood, contaminated HEPA
filter media,, polyethylene, poly vinylchloride, latex, and Tyvek), and mixed-waste cutting oils
(Trim Sol and Regal). The HEPA filter media was contaminated with Trim Sol, trichloroethane,
and carbon tetrachloride. The solids were shredded to increase the surface area and reaction
rate. Reaction rate constants, activation energies, and DREs were measured in unstirred reactors
for these materials (Refs. 3 and 5).
2.2.1.4

Destruction Efficiency

In the LANL studies, oxidations in unmixed reactors were performed for 24 hours to
obtain fairly complete oxidation of the organics. Results showed that greater than 99.9997% of
the o-xylene and 1,2,4-trimethylbenzene had been destroyed, and 99.995% of the TCE had been
destroyed. Some amounts of other organic intermediates were observed, giving absolute DEs of
about 99% in these tests. For the vermiculite loaded with organics and oxidized for 24 hours in
an unmixed reactor, 99.55% of the trichloroethylene and over 99.98% of the 1,2,4trimethylbenzene was destroyed (Ref. 4).
Organic oxidations in the 4-liter stirred batch reactor were conducted over 1 to 3 hours
and with significantly greater amounts of organics. Oxidation of the vacuum pump oil was
complete, and the absolute destruction efficiency for all the organic material in the reactor was
99.96%. For the scintillation cocktails, oxygen consumption indicated complete oxidation with
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an absolute destruction efficiency for all organic material of 99.5% after 3 hours. A destruction
efficiency of 99.95% was achieved for TCE after 3 hours, with an absolute destruction efficiency
for all organic material of 99.5% (Ref. 4). The destruction efficiency (DE) was lower than
expected because of an unforeseen erosion/corrosion mechanism of the Grade 2 titanium
impeller and impeller shaft that consumed oxygen needed to completely oxidize the TCE
(Ref. 7).
Additional studies have been performed for LANL on chlorinated aromatics (PCBs and
hexachlorobenzene), chlorinated heterocyclics, and a chlorinated plastic (poly vinylchloride).
The solubility of various contaminant metals was also investigated (Ref. 6). These studies were
performed in unmixed reactors for 24 hours to achieve fairly complete oxidation of the organics.
Absolute oxidation efficiencies were obtained by summing all of the organic material in the
catalyst solution at the end of the reaction period and dividing this sum by the amount of
organic added. Except for hexachlorobenzene, absolute DEs ranged from 99.7% to 98.1%, and
specific DREs were greater than 99.5%. Destruction of hexachlorobenzene requires extended
oxidation times at higher temperature (250°C) and the reaction vessel was not suited for these
conditions.
Results of the tests performed for METC are shown in Table 2-2 where the absolute
destruction efficiency is for all organic compounds in the reaction vessel. DEs developed for
Rocky Flats' waste in unstirred reaction bombs are shown in Table 2-3. Reaction rates are
expected to be much higher with higher organic loadings and in stirred reaction vessels.
In unstirred reaction vessels the reaction rate for oily liquids was limited because these
materials will float on the surface of the DETOX solution thereby limiting the surface area for
reaction. Similar effects were found for polyethylene and Tyvek (a spun polyethylene fiber)
because this material becomes liquid (or very soft) and, due to its low density, floats on the
DETOX ^ solution. Paper and cotton undergo the fastest oxidation. Various residual organic
compounds remained in solution in the 10 to 100 |ig range after these tests were completed. Test
results indicate that the optimum combination of reaction rates for a variety of organic materials
and operating temperature is in the range of 423°K to 443°K. In this range, the pressure is
relatively low (20 psia vapor pressure at 423°K) and can be easily contained.
M
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Table 2-2. Organic Oxidation Times and DEs in Unstirred Reactors
Absolute Destruction
Efficiency (%)

Organic Material

Oxidation Time (hrs)

Hexachlorobenzene

99.97

216

Polychlorinated Biphenyl

98.9

216

Picric Acid

99.7

24

Poly vinylchloride

99.8

24

Tetrachlorothiophene

98.1

24

Pentachloropyridine

99.5

24

(Aroclor 1260)

Table 2-3. Oxidation Conditions and Efficiencies in Unstirred Reaction Bombs
for Organic Material in DETOX Solution
SM

Organic Material
Trim Sol
Texwipes
Cotton
Latex Rubber
Poly vinylchloride
Polyethylene
Tyvek

Temperature (°K)

Time (hrs)

Absolute
Destruction
Efficiency (%)

408

240

53

473

24

>80

408

240

92

473

24

>93

408

240

88

473

24

>92

408

240

58

473

24

>80

408

240

87

473

24

85

408

504

29

473

24

>75

408

504

Notel

473

24

69

Note 1: An apparent negative destruction efficiency, probably due to weight gain of the Tyvek from partial oxidation.
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Treatment of the contaminated filter material in an unstirred reactor resulted in complete
destruction of trichloroethane and carbon tetrachloride. This seems to indicate that hazardous
organics can be effectively removed from HEPA filter material by the DETOX process. Again,
SM

various residual organic compounds remained in solution in the 10 to 100 |xg range. Particle size
tests were performed with wood at 408°K and indicated no significant difference in the reaction
rate for particle sizes between 0.1 cm and 1.0 cm..
2.2.1.5

Required Development

•

Demonstration of a complete system with offgas treatment, residuals treatment, and
acid recovery.

•

Demonstration of a larger scale system that operates continuously with the ability to
replenish oxygen.

•

Evaluation of large-scale system corrosion issues and development of system
corrosion protection and corrosion monitoring.

•

Development of an acid recovery process and demonstration of a recovery/recycling
system.

•

Evaluation of destruction of hexachlorobenzene and other difficult organics and
solids in mixed reaction vessels.

•

Evaluation of destruction of various organic solids as a function of process
parameters, solid composition, and particle size.

2.2.1.6

Cost of Technology or Equipment

The treatment system can be engineered as a truck- or skid-mounted unit for on-site
treatment, or may be designed as a larger fixed facility for centralized treatment. A small, highly
mobile 50-gallon reactor vessel should be capable of oxidizing 4.5 to 22.7 kg (10 to 50 lbs) of
hazardous organics per hour. A larger, centralized 5,000-gallon reactor would oxidize 450 to
2,270 kg (1,000 to 5,000 lbs) of hazardous organics per hour (Ref. 2). Costs for mixed waste
treatment units have been estimated in Reference 3. Capital costs for a 10 kg/hr mixed waste
transportable treatment unit are estimated to be between $800,000 and $1,000,000. Treatment of
10 kg/hr for a total of 1,500 hrs/yr over 10 years (with two operators) results in an estimated
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operating cost of $15/kg. Capital costs for a 100 kg/hr mixed-waste treatment unit at a fixed
installation is estimated to be $2,100,100 to $2,800,000. The operating cost of a 100 kg/hr unit is
approximately $2.50/kg. The cost of treatment per weight of soil or other inorganic material
will be considerably less than the per weight cost of organic material. These costs do not include
any pre-treatment of the waste, post-treatment of residues, or ultimate disposal costs for the
residues. The DETOX process can also be used to treat waters containing low levels of
contaminants, subject to increased capital and operating costs related to evaporation and
condensation of water in the treatment system.
SM

2.2.2

2.2.2.1

Wet Oxidation Processes

Technology Description

Two similar wet oxidation processes have been developed by commercial entities: one by
the JGC Corporation of Japan, and the other by AEA Technology of the United Kingdom (UK)
Lawrence Liyermore National Laboratory. (LLNL) is modifying the AEA design for use in their
Mixed Waste Management Facility (MWMF). The principle differences between these processes
and the other non-thermal processes are that these operate at low temperature (80°C to 100°C)
and atmospheric pressure, and the reaction mixture is relatively non-corrosive. Except for
wastes with high chloride content, stainless steel reaction vessels are adequate; where chloride
content is high, Hastelloy C or a glass-lined vessel can be used (Ref. 8).
Wet oxidation uses Fenton chemistry to oxidize organics dispersed in water. It operates
under mild temperature and pressure conditions and a pH. ~ 3, using hydrogen peroxide and
iron as the oxidant and catalyst, respectively. The JGC process may also use copper as a catalyst.
Under these conditions, hydroxyl free radicals are produced from the hydrogen peroxide. These
are strong oxidizing agents that initiate oxidation of the organics.
The decomposition reaction rate depends on the concentration of the waste mixture and
the waste constituents, the reaction temperature, the concentration of catalyst, the pH of the
reaction mixture, and the hydrogen peroxide supply rate. The liquid or slurry waste is supplied
to the reactor, and FeSC>4 and/or CuSC>4 catalyst is added. Sulfuric acid is added as necessary
to adjust the pH of the mixture. After heating the reactor to the operating temperature, the
oxidation reaction proceeds by continuously supplying hydrogen peroxide. The pH must be
controlled to maintain the activity of the catalyst, and it is important to monitor and control the
hydrogen peroxide supply. If the percentage of H2O2 is too high, the oxidizing efficiency
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decreases because excess peroxide scavenges hydroxyl radicals; when the supply is too low, the
decomposition rate is unpractically low (Ref. 9).
The process will treat liquids, sludges, and solids; however, the solids must be in a form
capable of being dispersed and suspended in water. A generalized flow sheet for the process is
shown in Figure 2-3. Waste feed is introduced into the reactor bottom and an in-tank mixer
maintains the liquid and solid wastes having < 50 urn particle size in an aqueous dispersion.
The feed system uses hydraulic transfer of wastes because there would be little advantage to
dry solid feed since the waste must be suspended in water during the reaction. The steam and
gases produced by the wet oxidation reaction, primarily CO2 and oxygen with traces of CO and
VOCs, are passed through a heat exchanger and cooled. Condensed water may be stored in a
distillate tank, and non-condensables pass through an acid scrubbing column and HEPA filter
before discharge to the atmosphere. The process can be carried out under distillation or reflux,
however, the distillation option is usually preferred if radionuclides are to be retained and
concentrated (Ref. 8). On completion of oxidation, the mineral residue is neutralized using
calcium oxide or sulfuric acid and the batch evaporated to a thick but mobile slurry of
30-40 wt% which is discharged for drying and/or stabilization (Ref. 10).
The liquid condensate contains volatile and moderately volatile organic compounds in
solution or organic phase. A phase separator removes the non-aqueous phases which are
returned to the reactor. A fractionator separates the aqueous phase into two streams: the stream
high in organics is sent back to the reactor, and the stream low in organics (20 to 2000 mg/liter
of low molecular weight organics) is transferred to a downstream aqueous phase destruction
process. In LLNL's MWMF, this is a UV photo-oxidation process (Ref. 11). Because of relatively
low destruction rates, and the presence of intractable organics in the waste, some organic
materials will accumulate in the system. These are periodically purged and discharged with the
batch residual to a water treatment process if non-volatile, or returned to the liquid feed system
if volatile.
In the case of the JGC process, the pH of the mixture is neutralized by adding NaOH after
decomposition of the organic waste (Ref. 9). The reaction mixture is then concentrated by
evaporation until the Na2S04 concentration is approximately 25 wt%. The concentrate is then
drained, dried, or solidified, and packaged for storage or disposal.
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Figure 2-3. Wet Oxidation Process Flow

2.2.2.2

Input and Output Streams

The general categories of organic material which can be treated directly by this process
include (Ref. 8):
•

Any organics that are water soluble or partially water soluble.

•

Organic compounds containing unsaturated carbon bonds.

•

Organic compounds containing functional groups, e.g., carbonic acids, esters,
sulphonate, phosphate, chloro- and nitro-substituted compounds, etc.

The only pretreatment requirements are to insure that the waste is in a physical form that
can be transferred through the feed system, and can be readily suspended and dispersed by the
mixer in the reaction vessel. The presence of inorganic solids or intractable organic polymeric
materials within the reaction mixture has no detrimental effect on the destruction of the
treatable organic species. For some intractable organics, such as PCBs, chemical pre-treatment
may be considered.
The following waste have been studied and have been identified as suitable for treatment
by this process by either the JGC Corporation (Ref. 9), AEA Technology (Ref. 8), or LLNL
(Ref. 11):
Radioactive Wastes
•

Organic ion exchange resin (chelate resin, spent bead resin, spent powdered resin)

•

Mixed organic/inorganic reactor sludge

•

Organic decontamination liquors

•

Organic scintillants

•

Spent reprocessing solvents (tri-butyl phosphate)

•

Cellulosic-based solid waste (paper, cotton, filter aid)
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Hazardous Organics
Glycolic Acid

Formic Acid

Alcohols

Acetic Acid

Tributyl Phosphate

Trimethylamine

Diethylene Glycol

Ethylene Glycol

Acetone

Xylene

Toluene

Trichloroethylene

Carboxylic acids

Thioacetic acid

Formaldehyde

Pyridine

EDTA

Thiophene

Dimethyl Formamide

PCBs (after pre-treatment)

Tetrachloroethane

Pesticide effluents

Ketones

Aldehydes

Phenol, nitrophenols and chlorophenols
Wastes that have very slow kinetics or are unsuitable for this process include alkanes
(motor oil), haloalkanes (trichloroethane), poly vinylchloride, rubber, and polyethylene.
Generally, the organics are converted to CG*2, H2O, and inorganic salts while inorganics
and intractable organic compounds are largely unaltered. However, there may be some
oxidation of inorganic components (e.g., Fe(II) to Fe(III), sulfite to sulfate, etc.). Effluents from
the process include:
•

Primary product - mixture of inorganic salts, intractable organic compounds, and
water as a solution or sludge depending on the waste being treated.

•

Distillate - an aqueous solution containing some low molecular weight organics at
concentration of 20 to 2000 ppm.
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•

Gaseous discharge - CO2 and C*2 (generated from a secondary H2O2 degradation
reaction).

•

Scrubber liquor - used to remove acid or alkali gases; depending on the feed, it may
contain some VOCs.

2.2.2.3

Technology Status

JGC has conducted bench-scale testing and development, and in 1987 built and placed in
service a full-scale demonstration wet oxidation facility at its Oarai Research Laboratory in
Japan. The daily process capability of this facility is 400 kg of powdered or bead resin on a dry
basis. JGC and ADTECHS, JGC's wholly owned U.S. subsidiary, are beginning to commercialize
this process for nuclear power plants and centralized mixed and radioactive waste-processing
facilities (Ref. 9). A system is being installed at the 200 Area Effluent Treatment Facility at
Hanford Site to process 150 gpm of aqueous waste.
LLNL has selected a modification of the AEA Technology process for inclusion in their
Mixed Waste Management Facility. This system is now in the design phase.
The wet oxidation process has been under development by AEA Technology since 1987,
initially for the treatment of spent ion exchange resins and organic-containing reactor sludge. In
parallel with the radioactive waste treatment program, a parallel program was initiated in 1991
for the treatment of hazardous waste.
A mobile pilot facility has been built which is fully contained in a single ISO transport
container for the treatment of radioactive waste. The design waste throughput is 50 100 kg/day with a maximum activity within the containment glovebox of 2.7 Ci. This
throughput corresponds to approximately 120 liters/day of ion exchange resin based on an 8hour day. The upper limit of a mobile plant is about 400 kg of organics per day. Above this, the
size of the system becomes too large to be accommodated within a transportable container. For
a fixed installation, limits are determined by the ability to provide adequate mixing in the
reaction vessel and heat removal from the process.
AEA has recently completed a second demonstration plant for the treatment of toxic
organic wastes in aqueous effluents. This plant is designed to operate on a continuous basis and
potentially has a throughput in the range of 1 to 5 m^/hour (265-1325 gallons/hour) of effluent
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containing up to 5% organics. A conceptual design for a continuous plant processing
100 m-Vday has been developed.
2.2.2.4

Destruction Efficiency

JGC Corporation reports typical degrees of decomposition of 90% in 4 to 6 hours for bead
resins; 90% in 5 to 6 hours for powdered resins; and 98% in 2 to 4 hours for filter sludges
(Ref. 9). The weight of the reaction residue for powdered resin is 40% of the dry sludge weight,
and the reaction residue for filter sludge is 10% of the dry sludge weight.
Volume reductions are as follows:
•

2.5 for spent resin at a rate of 60 cf/day.

•

13.2 for filter sludge at a rate of 75 cf/day.

•

5.2 for chelate waste at a rate of 1,100 gal/day.

Because this is a low temperature and pressure process, DREs for many of the hazardous
organic compounds do not reach the 99.99% level, and are typically less than those reached by
the DETOX process (Ref. 12). However, the process can be adjusted to achieve distillate
concentrations to meet most required technical specifications.
SM

AEA has published results of tests performed using the mobile system for the treatment
of organic radioactive waste (Ref. 10). These were non-radioactive tests on ion exchange resin
and decontamination solution (consisting of 7% EDTA dissolved in a dilute ammonia solution).
The results are shown in Table 2-4. These tests demonstrated >95% total carbon removal, and
significant waste volume reduction factors.
2.2.2.5

Required Development

•

Evaluation of the DREs for hazardous organic wastes, the reaction rates and times
required for destruction, and the fate of inorganic materials in the waste.

•

Demonstration of the process and system on DOE mixed waste.
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Table 2-4. Results of AEA Tests in Mobile Wet Oxidation System (Ref. 10)

Waste Type

Feed
Vol.(L)

1

% Total
Carbon
Removal

Peroxide
Used
(kg/m )

Volume
Reduction
(% dry)

Volume
Reduction
(% wet)

Reaction
Time (hrs)

3

2

IX Resin

25

96

3,600

82

43

3

IX Resin

103

99.2

2,700

87

60

10

IX Resin

125

98

2,900

92

74

12

IX Resin

125

97

2,700

92

74

11.5

IX Resin

165

96

3,200

86

57

18

Decon Sol'n.

116

99.1

480

n/a

n/a

3

1. For IX resin, feed volume refers to flooded volume.
2. Peroxide used is kg of 50% H2O2 (aq) per m of waste.
3

2.2.2.6

Cost of Technology or Equipment

No cost data was available.
2.2.3

Technology Comparison

2.2.3.1

Advantages

•

The primary benefit of the catalyzed wet oxidation process is the ability to
catalytically oxidize organic constituents of a waste stream in a contained reactor.
This technology is potentially more convenient to use than other forms of wet
oxidation because of its ability to accept a wide variety of waste streams and sizes.

•

Lack of NO ; SO , dioxin, or furan formation.

•

Relatively low-power usage.

•

Containment and concentration of heavy metals and radionuclides.

•

Ability to operate at moderate temperatures (100°C to 225°C) and near atmospheric
pressures (atmospheric to 40 psig). Because these are low-temperature processes,
and can be operated as a closed or confined system, there is less potential for the
escape of toxic materials in exhaust gases.

x

x
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The catalyst solutions can remove organic and inorganic contaminants from mineral and
sorbent materials. DETOX DREs have shown 99.9999% destruction in well-mixed reactors for
SM

many organic contaminants without build-up of byproducts, and gas analysis has shown
complete oxidation to carbon dioxide.
The JGC and AEA wet oxidation processes operate at low temperature and pressure and
are therefore less hazardous. They are less aggressive and therefore material compatibility is a
lesser issue. These processes have been commercialized and are at the full-scale level for
implementation.
2.2.3.2

Disadvantages

•

The DETOX ^ technology is at the bench-scale level of development and will require
scaleup and pilot-scale testing and demonstration before it can be implemented.

•

The spent acid solutions will require processing to recover the dissolved heavy
metals for subsequent disposal. A regeneration and recycling process for the acid
solution, with catalysts, needs to be developed and demonstrated. Otherwise, the
acid solution will be a secondary waste requiring disposal. If this is the case, a
process may be required to recover the expensive cocatalysts.

•

There are material compatibility issues with the highly corrosive DETOX * solution
9

1

that require resolution.
•

Compared to incineration, wet oxidation is a slower process and there are fewer
types of waste that can be processed.

•

Depending on the organic contaminant, DREs may be less than 99.99%. This is
particularly true for the less aggressive JGC and AEA wet oxidation processes. Thus,
there is a potential need for post-processing to achieve the required destruction
efficiency, depending on contaminants and local discharge requirements.

•

In order to destroy solids, they need to be reduced in size causing a potential dust
problem and introducing a pre-processing step.
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ACID DIGESTION

There are two acid-digestion processes that have been considered for application within
the DOE complex. These are the sulfuric-acid digestion process developed by Westinghouse
Hanford Company (WHC) in the 1970s and 1980s, and the phosphoric-acid process being
developed by Westinghouse Savannah River Company (WSRC). The sulfuric acid or the
phosphoric acid are used in concentrated amounts to enable increasing the working
temperature of the mixture to well above the boiling point of water, and to dehydrate and
carbonize organic matter. Both processes use nitric acid as the primary oxidizer of organic
waste.
2.3.1

2.3.1.1

Sulfuric-Acid Digestion

Technology Description

This acid-digestion technology is an oxidation process carried out in a concentrated
sulfuric-acid medium which functions to break carbon-hydrogen bonds in organic waste, and
also acts as a corrosive on metallic and nonmetallic inorganic waste. The sulfuric acid
carbonizes and partially oxidizes the waste; but the primary oxidant is nitric acid, which is
added continuously to the digester at a rate proportional to the waste addition rate. In this
process, the organics are converted to carbon dioxide, water, and other gaseous products, and
the nonvolatile inorganics form insoluble oxides and/or sulfate salts.
A process diagram for the acid-digestion process is shown in Figure 2-4. The waste
material is fed into the digester vessel which contains the acid solution. Oxidation and corrosive
destruction takes place in the digester. Sulfuric and nitric acid are fed in the proper proportion
to maintain the required acid concentration ratios (sulfuric-acid/nitric-acid ratio > 100) to
ensure the waste is chared and oxidized rather that nitrated. An external electric heater is used
to maintain an operating temperature of 250°C .to 300°C. Metal catalysts can be used to increase
the rates of oxidation (Ref. 1).
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Figure 2-4. Diagram for Sulfuric-Acid Digestion Process
The composition of the offgas consists of CO2, CO, H2O, and HC1 from oxidation of the
waste; entrained acid solution; and S 0 2 , N 0 2 , NO, N2, and H2O from decomposition of the
acids. This offgas flows to an offgas treatment system designed to remove water vapor, nitrogen
oxides, entrained acid aerosols, and particulate matter. Reaction endproducts are removed from
the offgas with an aqueous alkaline scrubber, and the acidified scrubber solution can be
distilled to recover the acids for recycling to the digester vessel. Recovery and recycling of the
acid solution is important to minimize vapor emissions and decrease the amount of new acid
that must be added to the process. The solid residue is separated from the acid medium by
periodically withdrawing a portion of the acid slurry from the digester, and distilling the acid
back to the digester.
The three most important factors affecting the processing rate of the digester system are
heat input, acid concentration, and vapor disengaging space (Ref. 1). The heat rate is limited by
the allowable temperature differential across the vessel wall to avoid thermal stress-related
damage to the glass lining. The processing rate is also affected by the offgas flow rate; very high
offgas rates may convey part of the waste into the offgas system and plug the demister and the
offgas line. This is primarily a problem with certain reactive materials, such as plastic film with
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high surface area to volume ratios, and with high feed rates. The rapid evolution of gas that
occurs with oxidation of some reactive organics can also, cause severe foaming which can be
alleviated by agitation with air, controlling the feed rate, and/or operating at a higher
temperature.
In addition to oxidation reactions, nitration reactions may occur under some conditions
leading to unstable nitro compounds. However, the degree of nitration depends on the
temperature of the reaction mixture and on the ratio of sulfuric-acid to nitric-acid. Nitration falls
off rapidly both at high temperature (>100°C) and at high sulfuric-acid/nitric-acid ratios (>100).
Thus, the normal operating temperature range should be held to 220°C to 260°C. The upper
limit prevents an exothermic reaction from damaging the glass liner due to a rapid temperature
rise, although temperature control is relatively easy due to the thermal inertia of the acid
inventory.
Tests at Hanford included a tray digester and an annular digester. The annular digester
design (shown in Figure 2-5) provided more intimate waste-acid contact and improved heat
transfer, yielding significantly higher digestion rates than the tray digester design. The annular
design consisted of two vessels: a digester and a heat exchanger. Each vessel, in turn, consisted
of two vessels: an inner vessel with the glass coating on the outside of the shell, and an outer
vessel with the glass coating on the inner surface. This construction provided a favorable
geometry for nuclear criticality safety and permitted a much higher inventory of fissile material
in the digester. Due to the corrosiveness of the acid solution, acceptable materials of
construction include glass-lined steel for the reactor vessels, teflon for vessel and pipe liners
and gaskets, and ceramics for internal hardware.
In the annular digester system, waste was introduced and digested in the annulus of the
digester vessel. Two internal gaslift recirculators located on either side of the feed inlet sprayed
incoming waste with acid. Vigorous agitation of the waste-acid slurry, and wetting the waste as
it fell into the digester, prevented small plastic particles from melting and fusing together into
large particles that would require longer digestion times. The second vessel acted as a heat
exchanger, providing added heat-transfer surface area to boil away excess water in the system.
The two vessels were connected at the bottom by a glass-lined steel settling chamber to trap
heavy, undigested solids and at the top by a glass-lined steel recirculation line.
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Figure 2-5. High-Rate Digestion System Schematic
Mechanical damage to portions of the glass liners occurred due to localized overstressing
caused by inadequate support or over-torquing of clamps holding the vessel covers. In addition,
localized excess heating caused a layer of tightly adhering residue to buildup on the glass.
Differential thermal expansion between the glass and residue damaged the glass; however, the
residue layer protected the underlying steel vessel and prevented any serious damage (Ref. 1).
Laboratory tests were also conducted using hydrogen peroxide as the oxygen source,
which minimized N O in the offgas (Ref. 1). Organic ion-exchange resins were readily digested
in a hydrogen-peroxide/sulfuric-acid digestion process. This process takes place in two steps: 1)
initial carbonization reaction with sulfuric acid, and 2) subsequent oxidation of the carbon with
H2O2. Although direct oxidation of carbon by H2O2 is possible, the peroxide can also react
with sulfuric acid to produce peroxomonosulfuric acid, which in turn reacts with carbon to
produce either CO or CO2. The peroxomonosulfuric acid can also decompose unproductively to
sulfuric acid and oxygen. Tests indicated that H2O2 utilization depended on the amount of
undigested carbon in the sulfuric acid, and this was adversely affected by both the presence of
x
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metal catalysts and the presence of metal sulfates. Though apparently successful, the nitric-acid
process was too well developed to proceed with peroxide studies and system development.
2.3.1.2

Input and Output Stream Characteristics

Acid-digestion systems are able to treat a wide variety of waste streams containing
hazardous organics. The process works especially well for cellulosic materials (e.g., gloveboxtype materials), and is suitable for chlorinated nonvolatile organics such as PCBs and polymers
such as polyethylene. Lubricating oils could probably be handled by injection under the liquid
surface to prevent flash-off and increase residence time.
Wastes should be sorted to remove noncombustible materials, and the remaining
combustibles shredded into approximately 3-cm pieces before feeding to the acid-digestion
system. Based on the results of the demonstration conducted at Westinghouse Hanford, the
process is also able to handle a wide variety of radioactive waste forms.
The Westinghouse Hanford process generated N O and S O in the offgas, and if
chlorine-containing waste was treated (e.g., PVC), hydrochloric acid was also generated. This
offgas required treatment (scrubbing) before release to the atmosphere. The offgas was
quenched and scrubbed with cooled, recirculated acid in the presence of added air to oxidize
and recover SO2 and N O as dilute sulfuric and nitric acids. The offgas leaving the primary
scrubbing tower passed through a wet, packed, fiberglass filter to remove entrained acid mist,
then through a secondary scrubber to remove residual N O before it was heated above the dew
point, then through three stages of HEPA filters before being discharged. In this process, no
detectable radionuclide carryover was observed in the exhaust offgas.
x

x

x

x

An acid fractionation module was used to recover and concentrate the dilute acids from
the scrubbers for recycling to the digester. The fractionator offgas contained most of the water
and HC1 generated during the digestion process plus some volatilized nitric acid. This offgas
was heated and filtered through HEPA filters before being discharged.
Virtually all the sulfuric acid lost in the digester offgas was recovered in the first
scrubber, about 20% of the nitric acid introduced into the digester was recovered in each
scrubber for a total recovery of about 40%, and none of the chlorine in the waste was detected in
the final scrubber offgas. Although the nitric-acid recovery was low, offgas samples showed
little or no N O in the final offgas. Presumably, much of the missing nitric acid was reduced to
N2 in the digestion process.
x
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The dilute mixed acids recovered in the process offgas system were concentrated about
twofold by the acid fractionator in the acid recycle system before being returned to the digestion
system. The fractionator recycled all the sulfuric acid input to the system and about 40% of the
nitric acid. Any absorbed chloride in the fractionator feed was exhausted to the stack. Tests
indicated that HC1 in the exhaust would be accompanied by an equimolar amount of HNO3
bound with the HC1. The lack of a rectifying section on the fractionator also meant that the
offgas would contain free nitric acid as well in the amount of 7 to 9 moles per kilogram of waste
processed.
A Belgian group's design (Ref. 2) included an offgas system to separate all acids
quantitatively and recycle sulfuric and nitric acids into the process. To separate the acid gases,
conventional scrubbing columns were used. A two-step rectification process was then used to
separate reusable sulfuric acid (85%) and nitric acid (55%). This separation process required the
use of two stripping columns, the first operated at 225°C and the second operated at 120°C.
In the Westinghouse Hanford process, acid digestion of dry combustible waste resulted
in the generation of a solid noncombustible residue at about 10 to 15 wt% of the incoming
waste. The residue was primarily composed of sulfates and oxides; silicates of calcium,
magnesium, and iron; and other minor constituents. These inert materials were either present in
the waste as fillers, or came from digestion of tramp metals that escaped the sorting process.
Plutonium, if present, also ended up in the residue as plutonium sulfate, which could be readily
leached from the sludge with dilute nitric acid with >99% recovery, provided the residue was
not dried first. The inert residue was kept low by continuously removing a bleed stream,
passing it through a centrifuge to concentrate the slurry, and transferring the resulting sludge to
drying pots. Sulfuric acid that evaporated from the drying pots was routed back to the digester
for recovery.
The dried product was a friable cake with 30 wt% consisting of materials volatile below
450°C, presumably mostly sulfuric acid and thermally unstable sulfate salts. The sulfate fraction
accounted for at least 50 wt% of the residue. Sulfate materials tend to limit the fraction of
residue that can be immobilized in concrete and still have good waste-product characteristics.
Also, sulfates are incompatible with glass and will cause secondary phase formation if present
in any appreciable concentration. The acid-digestion residue can be immobilized in both the
Portland cement and borosilicate glass waste forms, and the volume significantly decreased if
the sulfate is removed by heat and a reducing agent. Cementation of a desulfated residue will
result in a volume comparable to the original residue volume, and vitrification of a desulfated
residue can decrease the waste volume to 50%'of the original residue volume.
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The Hanford pilot-plant reactor vessel was emptied only about once each year. The
digester acid (about 20 wt% solids) was evaporated to recover sulfuric acid for reuse. Sulfuric
acid was totally recovered and recycled in the process. Nitric-acid recovery was typically 25 to
40%. Losses were due to the formation of free nitrogen during digestion, reaction with
chlorides in the waste to produce NO2CI in the fractionator offgas stream, and other process
losses.
The process does not work well for high-ash waste because of the large volume of
residual that is created. Wastes containing significant quantities of metals (electronic weapons
components), particularly aluminum, may generate sulfates that produce a larger volume of
secondary wastes than that initially entering the system (Ref. 4). Also, highly volatile materials
may not be appropriate for treatment, because a deep vessel would be needed to provide
sufficient contact time. Fiberglass waste also proved to be a problem. It tended to float in the
acid medium and became distributed throughout the digestion system. Screens placed in the
recirculation lines were reasonably effective in removing the fiberglass, but had to be cleaned
frequently.
2.3.1.3

Technology Status

Acid-digestion treatment of radioactive/transuranic combustible wastes was initiated in
1972 at Westinghouse Hanford Company and continued until the early 1980s, when successful
completion of the program's objectives were met and funding was no longer available. This
system has recently been dismantled. At the Karlsruhe Nuclear Research Center in Mol,
Belgium, an acid-digestion demonstration plant was built to treat about one ton of combustible
waste remaining from former plutonium conversion operations, with recovery of about 7 kg of
plutonium.
The Westinghouse project focused on treatment of transuranic wastes, and the research in
Belgium focused on combustible waste with high-plutonium content. However, the
fundamental principles of these developments would be applicable to treatment of low-level
mixed waste.
Westinghouse Hanford cold tested an acid-digestion pilot plant in the late 1970s. A tray
digester was tested in this plant and found to provide inadequate contact between waste and
acid. In response to this, Westinghouse developed an annular digester, which better satisfied
the requirements for treating high levels of nuclear materials.
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Over 5,000 kg of synthetic and actual wastes were processed starting in December 1979 in
the annular radioactive acid-digestion pilot plant. Special tests were conducted to assess the
system's ability to process particular waste forms, including ion-exchange resins,
decontamination rags, HEPA filter frames, wooden structural materials, high plutonium sludge,
and plastic shipping bottles. Also, over 500 kg of waste containing large quantities of
plutonium were processed during a 2-week run in 1980. Laboratory tests demonstrated the
removal of plutonium from the treatment residue.
The acid-digester pilot plant was constructed in modular glovebox units, including:
•

A waste storage and assay area

•

A feed preparation module

•

The acid-digestion module, including the annular digestion and heating vessels, and
an air-cooled wire-mesh mist eliminator

•

An offgas treatment module, where offgas was condensed and scrubbed

•

An acid fractionation module, where recovered dilute acids from the scrubbers were
concentrated for recycling to the digester.

The annular digester had instantaneous processing rates ranging from 5.2 to 13.5 kg/hr.
Average processing times including shutdown (e.g., the system was shutdown and allowed to
cool over weekends and holidays) was 5 kg/hr; predominantly cellulosic wastes were
processed at rates around 10 kg/hr. Downtime was typically caused by equipment
maintenance (18%), low temperature or low liquid level (29%), waste feed problems or plugs
(26%), and miscellaneous (27%). The screens placed in the recirculation lines to remove the
fiberglass in some of the glovebox wastes were effective, but had to be cleaned frequently. A
greater heat input was required because the recycled acid contained 40% water that needed to
be evaporated so that the production rate was not as great as had been predicted.
2.3.2
2.3.2.1

Phosphoric-Acid Digestion
Technology Description

This process is being developed at Savannah River, with design principles very similar to
the sulfuric/nitric acid-digestion process that was developed at Hanford in the 1970s and 1980s.
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Nitric acid is used as the oxidant, and is regenerated by air in an acid recovery system. The
Savannah River team has replaced the sulfuric acid of the Hanford system with a concentrated
phosphoric-acid medium, which acts as a dehydrating agent and allows nitric acid to be
retained in solution at atmospheric pressure and temperatures up to 190°C—well above its
normal boiling point of 121 °C. Many organics will not decompose below 150°C, and
preliminary results indicate that a 30°C increase in temperature increases reaction rates by an
order of magnitude. Thus, by raising the temperature at which nitric acid remains a liquid,
complete oxidation of organic intermediates which do not decompose below 150°C is ensured.
Also, the phosphoric acid aids in the decontamination of the noncombustible materials in the
waste since many actinide oxides are soluble in concentrated phosphoric acid at temperatures
near 200°C.
The system is being developed by Westinghouse Savannah River (WSR) to operate below
200°C at moderate pressures (0-15 psig). It consists of five primary unit operations: feed
preparation, nitric/phosphoric acid oxidation and decontamination, acid recovery and recycle,
metal precipitation and recovery, and solids vitrification (Figure 2-6). The feed preparation step
involves shredding the solid organics to increase their surface area because experimental data
indicate a strong surface area dependence for the dissolution and reaction rates. The solids are
then placed in oxidation vessels where they are oxidized and dissolved in the nitric- and
phosphoric-acid mixture.
Direct oxidation of most organic compounds by HNO3 is energetically favorable but very
slow due to its inability to break the carbon-hydrogen bond. The oxidation of organic
compounds is usually initiated by the production of organic radicals generated by dissolved
N 0 2 and NO« radicals in solution (Ref. 6). For aliphatic compounds, high concentrations of
N 0 2 and NO* are needed requiring a pressurized system. The organic radicals are then
oxidized by nitric or nitrous acids, or nitrated by N02*. As the organic molecules gain more
oxygen atoms, the organic molecules become increasingly more soluble. Once in solution, the
molecules are quickly oxidized to CO2, CO, water, and HCl if the original compound contains
chlorine.
#

-

Most organic chemicals, with the exception of aliphatic and resonant-stabilized
compounds, can be oxidized at moderate temperatures (below 180°C) and at ambient pressure.
Oxidation of aliphatic and resonant-stabilized compounds requires moderate pressurization to
attain higher concentrations of NO 2* and NO* in solution. As the reaction progresses, NO and
NO 2 are released from solution, and nitric acid is depleted. As a result, the NO and NO2 need
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to be recovered as nitric acid in order to continue initiating the reactions. The net oxidizer for
the process would then be oxygen from the air added to the acid recovery system. At the same
time, HC1 gas from the oxidation of chlorinated hydrocarbons must be allowed to pass through
to be recovered in a subsequent step.
Many organic materials have been completely oxidized to CO 2/ CO, and inorganic acids
in a 0.1M HNO3/I4.8M H3PO4 solution (see Table 2-5). Addition of 0.001M P d reduces the
CO to near 1% of the released carbon gases. Minimizing CO in the gas phase is important
because CO and NO and/or NO2 can form explosive mixtures. To accomplish complete
oxidation the solution temperature must be maintained above 150°C. The oxidation is usually
complete in a few hours for soluble organic materials (Ref. 6).
+ 2

Table 2-5.

Carbon Balance for Oxidation of Various Organic Compounds
in a 0.05-0.1M HNO3/I4.8M H3PO4 Solution, 120°C to 160°C

Co-catalyst
Metal (cone.)

Percentage
Carbon Released
as CO 2 and CO

Cellulose

none

9812

Cellulose

Pd (0.0012M)

99+2

Cellulose

Rh (0.003M)

97±3

Compound

EDTA

Percentage CO
of CO2 and CO
20+1

a

0.9±1
6.3±1.5

a

99+2

25±1

Pd (0.0012M)

>91±2

0.9±1

Rh (0.003M)

>84+3

TBP

none

103±3

TBP

EDTA
EDTA

• none

19±1.5

a

a

43±1

Pd (0.0012M)

-

1.3+1

Nitromethane

none

101±2

60+1

Nitromethane

Pd (0.0012M)

-

2.3±1

Tartaric acid

none

>96±2

15±1

Pd (0.001)

101±10

<17

Neoprene
a

GC analysis observed no H2, methane, or ethane.

D

Determined from butanol (a hydrolysis product of TBP)

b

The materials that have been oxidized at atmospheric pressure and below 180°C include
neoprene, cellulose, EDTA, tributylphosphate, tartaric acid, and nitromethane. More stable
compounds such as paraffinic and naphthenic oils, benzoic acid, ion-exchange resin, PVC, and
polyethylene have been successfully decomposed below 200°C and 15 psig (Ref. 6). In addition
to dissolution of plastics, hot concentrated phosphoric acid has been shown to efficiently
dissolve plutonium oxide.
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Microwaves have been used to enhance the dissolution and oxidation of insoluble
organics. Oxidation of aliphatic compounds can be accomplished under microwave digestion
conditions of 180°C and 4 atmospheres pressure. High-density polyethylene (HDPE) can be,
within experimental error, quantitatively oxidized to CO 2 and CO under typical microwave
digestion conditions (approximately 100 Watts) in relatively dilute nitric acid. However, the
microwave energy is used to heat the solution because the energy is insufficient to cause bond
breakage.
Observation of the effect of microwaves on dissolution and reaction rates indicate the
following (Ref. 6): (1) they provide a higher liquid surface temperature (sometimes up to 20°C30°C higher) than the bulk of the solution; and (2) they appear to heat partially-reacted plastics
that are not normally susceptible to microwave energy absorption thereby increasing
temperatures and reaction rates at the plastic surface. Additional work is needed to determine
the effect of microwaves on the process and to determine if they play a sufficiently
advantageous role in the dissolution and destruction of plastics and other organic materials.
Dissolution appears to be the key process that will control the system throughput.
Although good results for dissolution have been achieved at elevated pressures, work is
continuing to initiate dissolution at low pressure due to the presence of radionuclides. For the
enhancement of dissolution of insoluble organics, the benefits of microwave heating are still
considered important although the effect of microwaves is unclear. Oxidation is another critical
aspect of the process. If the surface area of the plastics can be increased by dissolution, the
temperature of the oxidation reaction may be lowered and still maintain an acceptable reaction
rate. It is felt that dissolution will be the rate-limiting step in the process. This combination of
dissolution and oxidation as separate steps may improve the effectiveness and throughput of
the entire process.
Initiation of the reaction by NO* and NO2 • is also an important step. Once initiated, it is
expected that the reaction will proceed at an acceptable rate until all solids are in solution
because the reaction itself generates NO* and NO2 •• Research is still required to determine the
preferred method for reaction initiation. Using NOx gas, nitrous acid, or a nitrite salt are the
most obvious approaches, but further research on reaction initiation will identify the preferred
method (Ref. 7).
As the reaction progresses, NO and NO2 are released from the solution and nitric acid is
depleted. Thus, the NO and NO 2 need to be recovered as nitric acid to maintain the reactions.
At the same time, HCl evolved from the oxidation of chlorinated hydrocarbons must be allowed
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to pass through the nitric acid recovery process to be recovered in a subsequent step due to the
highly corrosive nature of the combination of HCl and HNO3. Acid recovery units for
converting N O to nitric acid are a commercially available technology, and methods for
recovering HNO3 separately from HCl are being evaluated. An approach is to take advantage
of the solubility of nitric acid in phosphoric acid relative to the solubility of HCl. Recovery data
indicates that much of the N O reabsorbs back into the phosphoric acid, thereby reducing the
size of the required acid recovery system.
x

x

Metals and radionuclides will accumulate in the acid solution. However, heavy metals
are highly insoluble in phosphoric acid at room temperature. Thus, upon cooling, these metals
can be recovered by precipitation either as phosphates or oxalatophosphates. The precipitate
can be separated by an appropriate separation process, rinsed, dried, and immobilized for
disposal. Immobilization may be performed by use of polymers, vitrification, or phosphate bonded ceramics depending on the metal compounds.
Materials need to be considered for two applications: room temperature and 200°C. One
advantage of a phosphoric-acid system is that the phosphate passivates the surface of many
metals, including stainless steel, even in the presence of chloride (Ref. 7). This is particularly
advantageous at room temperature where common stainless steel can be employed wherever
the equipment will experience only room-temperature acid streams. This includes equipment
associated with cold feed, filtration, and solution handling following oxidation.
At elevated temperatures, the passivation effects are less pronounced resulting in greater
attack on a wide variety of materials. Vapor phase corrosion data (Ref. 8) indicate that 317L SS
and Hasteloy C-22 are good candidates for the acid recovery system. Because the system will
operate near atmospheric pressure, glass and Teflon® linings are good candidates for the
oxidation vessel and will keep the capital cost of equipment and replacements lower than if
tantalum were used. All other equipment subject to low temperatures can be constructed from
inexpensive materials such as 304L or 316L stainless steel, or Hasteloy C-276.
2.3.2.2

Input and Output Stream Characteristics

This technology is being developed for the treatment of heterogeneous waste streams by
converting hazardous liquid and organic solids to inorganic gases and salts while performing a
surface decontamination of the noncombustible items. The process is intended to oxidize the
combustibles (cellulose, rubber, plastics, oils, resins and sludges, and miscellaneous organics)
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without requiring separation from the noncombustibles. In addition to dissolution of plastics,
hot concentrated phosphoric acid has been shown to efficiently dissolve plutonium so that the
solution should be effective in decontaminating non-combustibles. The system has been tested
on combustibles such as plastics, neoprene, cellulose, and tributylphosphate, with cellulose and
tributylphosphate oxidizing more readily than neoprene and plastic. Reaction rate reflects a
strong surface-area dependence, and shredding will be a necessary feed-preparation step. It has
also been observed that the oxidation of plastics progressed more rapidly in the presence of
microwaves.
The offgas will depend on the feed composition, but will consist of large amounts of NO,
N O , nitric-acid mist, phosphoric-acid mist, and halogen acids if halogens are present in the
waste feed. As the reaction progresses, N O is released from solution and the nitric acid is
depleted. Thus, the offgas system design will be very important because of the potential for
high levels of offgassing and the need to recover nitric acid. Preliminary experiments with
EDTA indicate that approximately 2.5 moles of N O are generated per mole of carbon.
Commercial nitric-acid absorption/recovery columns exist which are capable of recovering
150 lb/hr of NOx g
nitric acid. This level of nitric-acid recovery is expected to be capable
of supporting organic oxidation rates of 200 to 500 lb/hr. Acid recycle and HC1 capture have
been examined mostly from a theoretical standpoint based on the literature and personal
experience. A test unit is being constructed at Savannah River to verify the proposed
arrangement for separating HC1 from the other gases while minimizing nitric-acid losses.
x

x

x

a s a s

Inert materials and soluble products of oxidation, such as salts, will require removal from
the acid-digestion system through neutralization/precipitation, ion exchange, complexation/
precipitation, or other techniques. The residual low-level waste, TRU, and hazardous metal
components can be collected and placed in a safe form for storage or disposal. Metals can be
recovered by precipitation as either phosphates or oxalatophosphates. The precipitates can then
be separated using filtration and stabilized in a ceramic or glass matrix. Water will be mostly
treated and recycled.
2.3.2.3

Technology Status

The phosphoric-acid system is currently at the lab/bench-scale and requires additional
development and testing before scale-up to pilot-scale. Preliminary work has demonstrated a
high level of promise for handling the solid TRU waste on-site. Most of the hardware
components of the system are commercially available, streamlining the necessary remaining
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work. The basic chemistry is understood and demonstrated, but has not yet been optimized or
tested on an engineering scale.
Several approaches are being developed to simplify the process as much as possible. One
approach would recover the nitric acid using the actual oxidation solution instead of separating
the acid in a different process stream, taking advantage of the solubility of N O gases and nitric
acid in phosphoric acid relative to the solubility of HC1.
x

The results of these investigations appear promising, especially for low-volume
generators. Metal removal from the acid is considered the most significant area of development
remaining for treating mixed wastes (Ref. 9).
2.3.3

Destruction Efficiency

Much of the research on the sulfuric-acid process was done before the establishment of
destruction efficiency requirements, but DREs have been measured at 99.99% (Ref. 2). This
destruction efficiency is considered likely for the nitric/phosphoric acid-digestion process as
well.
The feed processing rate for the nitric acid/phosphoric acid process is rapid for soluble
materials, where the reactions can take place homogeneously in the acid medium, and moderate
for readily dissolved materials, neoprene, and plastics with microwave assistance. The reaction
rate is slow for plastics without microwaves. Assuming 1 liter of nitric/phosphoric acid,
throughputs have been estimated for EDTA, cellulose, and polyethylene as 140 g/hr, 90 g/hr,
and 15-40 g/hr, respectively (Ref. 9). These throughputs are based on the maximum oxidation
rates observed over the first 5-10 minutes of reaction. Polyethylene is stated as a range because
this work is incomplete; 15 g/hr represents experimental observations while 40 g/hr reflects
experience with other compounds (Ref. 9).
Figure 2-7 (Ref. 8) shows the oxidation of cellulose, polyethylene, and polyvinyl chloride
(PVC). Because polyethylene dissolves faster than PVC, it has a faster reaction rate due to the
increased surface area in the dissolved state. Experiments on Trimsol (a water soluble oil)
indicate that reaction rates increase with both temperature and nitric acid concentration, and
that reactions at temperatures less than 150°C do not appear to go to completion. Based on these
experiments, it is believed that optimum conditions for easily oxidized compounds (cellulose)
involve lower temperatures and higher acid concentrations due to rapid reactions and
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Figure 2-7. Oxidation of Primary Organics

corresponding rapid acid depletion. However, cellulose reaction rates increased significantly as
the temperature was increased from 140°C to 165°C (Ref. 9). Optimum conditions for plastics
use elevated temperatures where the dissolution of the plastic and oxidation of the more stable,
long-chain intermediates is more important.
Pressure alone has no observable effect on plastic oxidation. However, pressurized
systems permit both higher reaction temperatures and acid concentrations instead of forcing the
selection of one or the other. The effect of having both higher temperature and acid
concentration is shown in Figure 2-8. Thus, the optimum system for plastics will be a safe way
to maximize temperature and nitric acid concentration using elevated pressures.
120

205°C, 10-15 psig

40

60

Time (min)

80

100

94-0320-TR-G-32

Figure 2-8. Oxidation of Polyethylene
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120

Experiments on a 15% EDTA solution indicated that reaction rates at 140°C, 160°C and
170°C were essentially identical (Ref. 10). Results of subsequent experiments, performed at
140°C and with the batchwise additfor, of solid EDTA to vary me concentration, are shown in
Table 2-6. The highest concentration of EDTA caused the reaction temperature to increase to
168°C indicating a runaway reaction was possible. However, this may not be a major safety
issue because the system may be self-correcting, since the nitric acid will boil off as the
temperature rises, thereby stopping the reaction.
/

Table 2-6. Oxidation of EDTA at 140°C (Ref. 10)
EDTA Concentrations
Time (Minutes)

0.33 g
EDTA in
28 ml

0.68 g
EDTA in
30 ml

1.38 g
EDTA in
32 ml

2.15 g
EDTA in
34 ml

5

—

—

—

50.4

10

50.3

62.5

57.7

72.8

15

69.1

72.2

70.2

82.7

20

78.9

80.5

77.3

90.4

30

87.4

86.3

85.3

94.7

40

91.1

91.6

89.8

96.8

50

93.9

93.5

92.6

96.5

60

95.4

95.1

95.6

97.0

These experiments with EDTA (Ref. 9) show that high throughputs generate large
amounts of offgas. Thus, a reaction vessel will require a large head space or means of
controlling foaming.
2.3.4

Technology Comparison

Both processes have been demonstrated to effectively treat such combustible organics as
cellulosics and glovebox materials, with very little ash generation. However, waste streams
containing significant quantities of metals may produce a larger, secondary waste stream than
the initial feed stream. Therefore, this technology would be suited to a well characterized
organic combustible feed stream or contaminated inert material. The acid-digestion process is
relatively low temperature (compared to incineration), but may have significant offgas
treatment system concerns.
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Currently there are no commercial manufacturers of acid-digestion systems.
Disadvantages include acid handling, removal of the radionuclides from the acid after
digestion, and disposal of the acid after it has been depleted. In addition, the feed requires
sorting and shredding, and acid gases are produced requiring acid recovery and recycling.
Additional advantages and disadvantages of acid digestion are as follows:
2.3.4.1

Advantages

•

Can achieve relatively rapid, efficient destruction of a wide variety of organics at
lower temperatures than incineration.

•

Small offgas flowrates and low-temperature operation reduces volatile metals in the
offgas.

•

Performs well on low ash, dry wastes.

•

Can treat a wide variety of wastes including decontamination of inorganic debris.

•

A soluble residue is produced that allows actinide recovery.

•

Provided the appropriate geometry, it can process high levels of radioactivity.

2.3.4.2

Disadvantages

•

Capability for DOE waste is not demonstrated: development and demonstration
required especially for particle sizing, solids processing, and system operation and
reliability.

•

Not well-suited for wastes containing significant amounts of metals.

•

High levels of acids and NOx in the offgas must be recycled or disposed.

•

Technology is emerging with no treatment units presently in operation.

•

The solid products, offgas products, and spent acids require further treatment to
meet disposal criteria.

•

Very acidic solutions are not compatible with many materials of construction.
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•

Safety and operational concerns are more complex with such high concentrations
and quantities of acids.

2.3.5

•

All effluent materials including unreacted feed, inorganic solids, sludges of
dissolved and precipitated inorganic material, and offgas system solids will require
further treatment to immobilize fine particles, metals, and radionuclides. Waste
water will require processing for recycle or disposal.

•

The acid-digestion system is fairly complex with feed and acid preparation and
mixing, digestion, solids recovery, acid fractionation, and offgas treatment.
Cost of Technology or Equipment

The system cost is expected to be comparable to that of other chemical oxidation options.
Cost/benefits and acceptability of secondary waste-stream generation would be different for
high- versus low-level waste, and will also vary with amount of metals and noncombustibles
fed to the system. Explicit cost estimates have not been developed.
2.3.6

References

1.

Allen, C.R., et al., "Radioactive Acid-digestion Test Unit (RADTU), Final Status Report,"
HEDL-TME 82-23, Hanford Engineering Development Laboratory, Richland, WA,
September 1982.

2.

Cecille, L. and R. Simon, "The Acid-digestion Process for Radioactive Waste," Proceedings
of a seminar jointly organized under the R&D Programme of the European Communities
on Radioactive Waste Management and Storage, and held at the Central Bureau for
Nuclear Measurements (CBNM Euratom), Geel, Belgium, September 28,1982.

3.

Crippen, M., Westinghouse Hanford Company [(509) 376-8653], Personal Communication
with Frances Steinacker Fadullon, November 11,1993.

4.

Wheelis, T., WeDID IDC, Personal Communication with Bill Schwinkendorf, November
12,1993.

5.

Smith, J.R., "Acid Destruction of Solid TRU-Contaminated Waste," Office of Technology
Development Technical Task Plan Summary, Westinghouse Savannah River Company,
FY93.
2-50

6.

Smith, J.R., "Acid Destruction/Decontamination of Mixed and Hazardous Waste,"
Technical Task Plan No. SR1-5-PR-36, Westinghouse Savannah River Company, March 3,
1994.

7.

Memo from Robert A. Pierce to Ed Stevens, Subject: Acid-digestion Conceptual
Configuration, (Rev. 1, November 10,1993).

8.

Pierce, R.A., "Progress Report on Nitric-Phosphoric Acid Oxidation," WSRC-TR-94-0471,
Westinghouse Savannah River, Company, Aiken, SC, 1994.

9.

Pierce, R.A. and J.R. Smith, "Nitric-Phosphoric Acid Oxidation of Organic Waste Materials,"
WSRC-MS-95-0080, Poster Presentation at Waste Management '95 Conference. Tucson, AZ,
February 27 - March 2,1995.

10. Pierce, R.A., "Nitric-Phosphoric Acid Oxidation of EDTA," SRT-CTS-95-0003, Savannah
River Technology Center, January 6,1995.

2-51

2.4

ELECTROLYTIC/ELECTROCHEMICAL OXIDATION

There are two electrochemical processes being investigated within the DOE complex; the
mediated electrochemical oxidation (MEO) process, and the persulfate process. These processes
are applicable to the destruction of organic liquids and the removal of mixed wastes from
surfaces of heterogeneous or homogeneous solids.
In these processes an electrochemical cell is used to generate an oxidizing species at the
anode in an acid solution (typically nitric acid), which then migrates into the bulk electrolyte to
oxidize and destroy the organic compounds. A microporous membrane is usually placed
between the electrodes to prevent the oxidizer produced at the anode from being reduced by
cathode-generated species. The oxidizer will produce hydroxyl free radicals from water; and
the oxidizer and free radicals both attack organic compounds converting most of them to CO 2,
water, and inorganic ions. The oxidizer is reduced in these reactions and is regenerated
(oxidized) at the anode. The oxidizers and acid destroy hazardous organic compounds and
dissolve inorganic compounds which may contain radionuclides, including Pu02 which is not
soluble in nitric acid alone. To keep waste generation to a minimum, the chemicals that are
added are recycled. Recovery /recycle processes have been developed or are under
development for the materials used in the MEO process.
Because of the corrosive nature of the electrolytes, special attention must be paid to the
materials of construction. In the Pacific Northwest Laboratory (PNL) tests (Ref. 1) all materials
that come in contact with the anolyte solution are titanium, PVDF, Teflon, or glass. The
catholyte is also corrosive, but stainless steel has provided adequate corrosion protection.
2.4.1

2.4.1.1

Mediated Electrochemical Oxidation (MEO) Process

Technology Description

The MEO process is being studied and developed at LLNL, PNL (where it is called the
catalyzed electrochemical oxidation (CEO) process), AEA Technology in the UK, and LANL.
This process uses strongly oxidizing cations (or mediators) such as Ag(II), Co(ffl), Fe(III) and
Ce(IV) in supporting electrolytes of HNO3 or H2SO4. These mediators oxidize organic
materials at low temperature (<80°C) and atmospheric pressure directly and indirectly by first
reacting with water to generate OH radicals. In contrast to Ag(I), Co(II), Fe(II) and Ce(IV)
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remain soluble in the presence of halide anions generated during the destruction of halogenated
organics. However, Ag(II) is a more powerful oxidizer than Co(III) or Fe(III). PNL has also
tested cerium as an oxidizing agent in HNO3 and, at higher temperatures (~ 100°C), found it to
provide the same or better oxidation rates for Trimsol as did silver (Ref. 1).
LLNL has performed tests with both the silver-nitric acid system and the cobalt-sulfuric
acid system. In the silver-nitric acid system, A g is oxidized at the anode producing Ag2+
+

which, in the absence of organics, complexes with the nitrate ion to produce A g N 0 3 . The
+

Ag(II) also reacts with the nitric-acid solution to produce hydroxyl and NO3 radicals which are
highly reactive, and the complex reacts with organic material according to the following
example reaction with ethylene glycol (Ref. 2):
10AgNO3+ + (CH20H)2 + 2H2O ->10Ag+ + 2CO2 + IOHNO3
Carbon dioxide and carbon monoxide may both be formed, the ratio depending on the
organic material in the waste stream and the oxygen atoms arising from the water in the
anolyte. Inorganic products (e.g., sulfates, phosphates, and metal cations) may also be formed
depending on the waste composition.
The catholyte is similar in composition to the anolyte but typically has a higher Ag
concentration due to the migration of A g and hydronium ions across the membrane. The
principal cathode reaction is the reduction of nitric acid to nitrous acid:
+

NO3- + 3H+ + 2e" ->HNC»2 + H2O
Microporous glass or a nanoporous polymeric cation-exchange membrane were found to
be effective in preventing reduction of Ag(II) by HNO2 produced at the cathode (Ref. 2). As the
nitrous acid concentration increases, it decomposes to NOx- Contacting the nitrous acid with
oxygen will regenerate nitric acid and prevent N O build-up. Because oxygen has limited
solubility in the solution, LLNL developed a turbo-aerator (Refs. 3 and 4) which achieves very
high conversion efficiencies in a small volume. The turbo-aerator is installed in the catholyte
loop and draws the gas and fluid together, and passes them through a row of stator blades
which disperses the gas into very small bubbles. The intimate mixing and high surface area
produce measured conversion efficiencies of 95 to 99%.
x
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An integrated flowsheet for an MEO system is shown in Figure 2-9. An integrated
system would consist of an anolyte and a catholyte loop. Organic waste plus make-up water is
fed to the anolyte loop. The CO, CO2, etc., formed during organic destruction is vented through
an offgas treatment system to ensure no acid fumes or volatile organics are discharged. To
achieve good mass transfer and uniform reaction across the anode, tests were performed using
a rotating cylindrical anode, and in a larger system the anode contained turbulence promoters
so that turbulent flow was maintained throughout the anode cell.
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Figure 2-9. Flowsheet for Integrated Mediated Electrochemical Oxidation System (Ref. 3)

The catholyte loop is more complex because this loop involves the recovery of nitric acid
from the nitrous-acid offgas. In addition, the water produced in the catholyte from the oxidation
of the organic waste, or from the migration of hydronium ions across the membrane, must be
distilled and returned to the anolyte as make-up water or discharged. This excess water is
removed from the system by using an evaporator in conjunction with a fractionating column.
The electrolyte is passed through the evaporator and a small amount is evaporated off, enough
to remove the excess water. The concentrated electrolyte is returned to the cells. The vapor from
the evaporator contains both water and nitric acid, which are separated in the fractionating
column that produces sewerable water and reusable acid.
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To be applicable to waste treatment, this process will require an integrated systems
design in which the electrolyte is bled off to limit the concentration of ions resulting from the
waste stream and the destruction process (e.g., metal ions and anions produced from
compounds containing sulfur, phosphorus or chlorine), and to recycle the Ag and HNO3.
Recycle of silver will be necessary for economic reasons, and because it is a RCRA metal. When
chlorinated organics are destroyed in the anolyte, chloride ions combine with silver ions to form
insoluble silver chloride. The silver chloride precipitate is removed from the electrolyte by
settling or centrifuging. It is then introduced into a hot solution of sodium hydroxide and
hydrogen peroxide to reduce the silver chloride to silver (Ref. 3):
AgCl + NaOH + H 2O2 —> Ag° + NaCl + H2O + O2
The silver is filtered or centrifuged and dissolved in nitric acid for reuse. The chloride
remaining in solution in the form of NaCl is dried and disposed.
Since silver chloride is almost insoluble, it affords a method for removal of silver from the
electrolyte, when desired. When the electrolyte becomes loaded with dissolved radionuclides
and metals they must be removed, but the silver in solution must be removed first for reuse. By
adding chlorides to the electrolyte, the silver precipitates out and is separated. The solution is
boiled off until almost dry by passing it through a thin film evaporator, and the bottoms are
removed for disposal or further treatment.
2.4.1.2

Input and Output Streams

The operation of the process overall has been reported to be unaffected by the organic
concentration in the feed stream (Ref. 5). The organic content of the waste feed can vary
between 100% to 5% without materially affecting the process. A wide range of water content in
the feed stream can be accommodated by changing the ratio of the volume of water recycled
back to the anolyte to the volume of water discharged. However, recent tests (Ref. 1) indicate
increased rate of destruction with increased oil content in the electrolyte when cerium was used
as the electro-catalyst.
The organic content may consist of soluble or insoluble organic liquids, or solids that
have been size reduced to increase the surface area for the reaction to take place. A significant
number of compounds have been identified which can be destroyed by the Ag/nitric acid
process. These include aliphatic and aromatic hydrocarbons, phenols, organophosphorus and
organosulfur compounds, and chlorinated aliphatic and aromatic compounds (Ref. 5). The
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oxidation of several real and surrogate organic wastes, including ethylene glycol (EG),
isopropanol, 2-monochloro-l-propanol, l,3-dichloro-2-propanol, benzene, and Trimsol cutting
oil have been studied at LLNL, using various mediators in supporting electrolytes of HNO3 or
H2S04(Ref.2).
Cellulosic solids have been destroyed by both the Co/sulfuric acid and the Ag/nitric acid
systems, and ion-exchange resins have been readily destroyed by the Ag/nitric acid process
(Refs. 5 and 6). Preliminary tests at LLNL indicate that latex gloves, Tyvek coveralls, plastic
bags (polyethylene), and biomass were destroyed with good destruction efficiency (Ref. 6).
However, the plastics required a long time for destruction, and trials at AEA Technology with
flaked polyethylene showed almost zero reaction because of the hydrophobic nature of the
material and the restricted surface area available for reaction (Ref. 5). AEA Technology reports
that the Ag/nitric acid system has been used to destroy 20% n-tributyl phosphate in kerosene,
rubber gloves, polyurethane manipulator gaiters, epoxy resins, hydraulic fluid, and lubricating
oil at a rate greater than 5 liters/day (Ref. 2).
Tests at PNL demonstrated destruction of non-cellulosic solids in a A g / H N 0 3 solution
(Ref. 1). As shown in Figure 2-10, wood was destroyed by approximately 80% in one hour,
paper by 60%, and cloth by 50%. The remaining material tested, such as surgeons gloves,
polyethane plastic, vinyl plastic, and fire retardant tape, showed no significant reduction in
mass.
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Metals and radionuclides may be distributed in the waste stream, or may exist as surface
contaminants on debris in various forms. The combination of hot nitric acid and the strong
oxidizing conditions will result in dissolution of the metal compounds in the anolyte and
oxidation to the highest stable state. However, for decontamination applications, this process
can be applied inappropriately resulting in dissolution of the bulk solid rather than separating it
from the surface contaminant.
The output streams consist of CO2 and CO in the anolyte offgas which may also include
acid vapors. The catholyte offgas consists of NOx and HNO2, which requires recovery and
regeneration of HNO3. The solution must be processed to remove excessive metal ions and/or
anions, and any insoluble inorganics that may be in the waste feed, through a continuous bleed
or by periodic batch processing. As the solution is removed from the reaction vessel for
processing, silver is removed in the solution. As indicated previously, a method has been
proposed to recover the silver and recycle it back to the reactor.
2.4.1.3

Technology Status

This technology is under development at three national laboratories (LLNL, PNL, and
LANL), and by AEA Technology in the UK. The work at LLNL has included bench-scale tests
on a variety of organic compounds, and tests on a large bench-scale facility using an industrial
electrochemical cell. LLNL is currently developing a design for a pilot-scale integrated system
(Figure 2-9) to be installed in their Mixed Waste Management Facility. The system is expected
to be ready for demonstration in 1998. The effort at PNL and LANL is at the bench-scale level
and is proceeding to develop optimum operating conditions for the wastes of interest. The work
at PNL is progressing to the design and build phase of a modular pilot-scale unit. AEA
Technology uses the same principle as the MEO process developed by LLNL, and has reported
on bench-scale testing at their laboratory in Scotland (Ref. 5). They hold patents for the use of
the process for organic waste destruction, including U.S. patents, and have engineering designs
for a full-scale' plant (100 tons/yr) for treating radioactive waste. Issues regarding the
importation of waste into the UK have prevented the signing of a contract with a European
company to process radioactive ion exchange resin and solvent. During testing, AEA
successfully treated chemical warfare agents (e.g., mustard gas, lewesite, and nerve gases) and
they will be using the process for commercial recovery of enriched uranium. AEA has a
licensing agreement with a U.S. company to use the process for treatment of military and
industrial waste.

2-57

This technology appears to be proven and ready to be commercialized for destruction of
a variety of organic materials including liquids and some solids, for treatment of mixed waste,
and for decontamination of inorganic debris.
£.4.1.4

Destruction Efficiency

The parameters that can be controlled in the MEO process are system temperature,
strength of the electrolyte, type of mediator and electrolyte, current density at the electrodes,
and residence time in the solution. Control of these parameters will determine destruction
efficiency and, in turn, coulomb efficiency and cost.
Experiments were performed at LLNL on Trimsol, which contains 11% chlorine by
weight, and cellulose with the Ag/nitric acid system and the Co/sulfuric-acid system (Refs. 2,4
and 6). Batch tests were performed in the small bench-scale rotating cylindrical electrode device,
and continuous flow tests were performed in the larger bench-scale system. The destruction
efficiency reported in this work refers to the total destruction of the organics to the extent of
complete mineralization of carbon to carbon dioxide. The best performance was obtained with
the highest possible current density below the limiting current density at which oxygen begins
to be produced at the anode.
Destruction of Trimsol with Co(III)/sulfuric acid in the small-scale system proved to be
very inefficient due to the insufficient oxidizing power of Co(III) and the low solubility of
Trimsol in the acid solution. Trimsol is a cutting oil composed of a mixture of various oils and
other organics. When it is fed into a strong acid, the emulsifier is attacked immediately by the
acid causing the oils to separate out with a tendency to coelesce into larger droplets and float to
the surface. These oils then become difficult to destroy because of their limited contact with the
mediator. Although the solution was mixed to entrain the oils in the bulk of the solution, the
oxidizing power of Co(III) is insufficient to destroy the oils before they coelesce into larger
droplets.
For Trimsol, the best results were obtained under high-oxidation conditions and in the
presence of high mixing and shear conditions. High-oxidation conditions include a Ag/nirricacid solution, 8 to 10M nitric-acid concentration, 0.5M Ag, and 50°C to 70°C system
temperature. The high mixing and shear conditions require fully turbulent flow throughout the
system, and a mixer anywhere the oil can separate and float to the surface. As expected,

2-58

destruction efficiency increased, or time to reach a given destruction efficiency decreased, as the
nitric acid concentration or temperature increased.
In the batch reactor, DEs for Trimsol ranged between 95% to over 99% in 11 to 20 hours
depending on the molar concentration and temperature of the nitric acid. In the continuous
flow system, DEs for Trimsol ranged from 96% to 99.8% for feed rates between 290 and 100
grams/hr, respectively. This system had two anodes with an active surface area of 0.85 m^ per
anode (Ref. 6).
For batch destruction of reagent grade cellulose, DEs of 99.8% were achieved in 5 hours in
Co/sulfuric acid with 6M sulfuric acid, 0.5M Co, at 70°C. Decreasing the concentration of
sulfuric acid to 4M and the temperature to 50°C increased the time to reach 99% destruction
efficiency to almost 18 hours. For the Ag/ niiric acid system with 4M nitric acid and at 70°C,
99.4% destruction efficiency was achieved in 9.6 hours. In 8M nitric acid and at 70°C, a 98.5%
destruction efficiency was reached in 5.5 hours. Although the mediator/acid combination does
not appear to have a major effect on the destruction efficiency for cellulose, the Ag/nitric acid
system has better coulombic efficiency. Batch tests were also performed on wipes and cloth rags
with a destruction efficiency of 94% to 98% over a period of 2 to 8 hours. Only the Ag/nitric
acid combination was used in the continuous flow reactor which provided DEs of over 99% for
reagent grade cellulose with feed rates of 150 to 400 grams/hr (Ref. 6).
For both Trimsol and cellulose, DEs of 99% or higher can be achieved at coulomb
efficiencies of 70%. To obtain DEs of 99.99%, coulomb efficiencies are required in the range of
40 to 50% (Ref. 3). The coulomb efficiency refers to the theoretical amount of electric charge
needed to destroy the organics versus the actual amount required.
Work in the United Kingdom (Ref. 5), using the same Ag/HNC»3 based electrolyte, has
shown that a variety of organic materials can be destroyed. In these experiments, oxidation of a
solvent (tributyl phosphate/kerosene) from 2,000 to 3,000 ppm to 100 ppm with the generation
of CC»2, H2O, and phosphoric acid was achieved at low temperature and little generation of
secondary waste. Several ion-exchange resins were also destroyed with the oxidation of the
organic component nearly complete as judged by the low organic content of the anolyte
(typically < 100 ppm). The success with these ion-exchange resins was attributed to their
porosity, which ensures that the reaction occurs within the body of the resin beads rather than
only on the surface, and to the chemical reactivity of the resins. Comparative trials with flaked
polyethylene showed almost zero reaction because of the hydrophobic nature of the material
and the restricted surface area available for reaction (Ref. 5).
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PNL is also evaluating the MEO technology for the treatment of TRU-contaminated and
mixed-combustible waste materials (i.e., Pu contaminated cutting and lubricating oils and solid
combustible materials) for the Rocky Flats Plant (RFP). Tests initiated in FY91 determined that
this process could destroy the oils with reasonable efficiency, and currently PNL is developing a
pilot plant to be delivered to RFP for further evaluation and demonstration (Refs. 1 and 7). The
AgN03/HN03 electrolyte is used in the PNL system where the cycle between Ag(I) to Ag(II) at
the anode, and Ag(II) to Ag(I) in the reaction with organic material, is repeated continuously to
maintain a supply of oxidant and minimizing the consumption of Ag.
PNL tests have achieved DEs for RFP cutting oil of >99.9% of the organic carbon at
temperatures in the range of 60°C to 90°C. A key to this process for immiscible organics in
water is the use of an ultrasonic generator, thereby producing a micro-emulsion that greatly
increases the surface area and the oxidation rate of the organic material. A side reaction at the
anode evolves O2 which reduces the current efficiency of the process. At the cathode, the
electrolysis of HNO3 or water produces NO x or H2, respectively. Additional studies have been
performed to evaluate the process for the destruction of solid combustibles such as cloth, paper,
wood, plastics, and filter media (Ref. 1).
LANL is investigating the Co(III)/nitric acid system for the destruction of cheesecloth
wipes used in the general cleanup in radioactive glovebox environments (Ref. 8). The
cheesecloth is made from cotton that is about 90% cellulose. As with the Ag system, Co(II)
produced during the oxidation reaction migrates to the anode where it is oxidized back to
Co(in) in a continuous regeneration process. Preliminary tests in a small flow-through reactor
indicate that these wipes can be completely dissolved in the solution, that varying the particle
size of the cloth did not affect the dissolution rate, and that no hazardous organic intermediates
were found. To date the maximum dissolution rate achieved is approximately 10 grams/hr,
which corresponds to a destruction efficiency of 20%. However, since the dissolution rate
continues to increase with increasing current density, the maximum dissolution rate has not
been reached for this system. An interesting phenomena with this system is the decrease in
dissolution rate and current efficiency with increasing temperature. One explanation may be an
increase in parasitic reactions (e.g., reaction of Co(III) with solvent) at elevated temperatures.
2.4.1.5

Required Development

Additional tests are required to determine parameters for the destruction of mixtures of
organic liquids which are typical of organic mixed wastes. Parameters expected to affect
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destruction rate and efficiency include temperature, electro-catalyst type and concentration,
current density, and waste type and concentration. Since organic liquids are a small percentage
of the mixed waste stream, this process should be tested on organic sludges and
aqueous/organic mixtures to determine its effectiveness, and tested on contaminated soils and
inorganic debris. Optimum parameters need to be determined to scale up to pilot scale for
demonstrations on real waste streams. The balance of plant (i.e., anolyte offgas treatment,
catholyte offgas treatment and acid recovery, extraction of anions and cations from the
oxidizing solution, and recovery of the mediator) should be designed and demonstrated at the
pilot scale. This process should also be compared to alternatives to determine their relative
performance, cost, and reliability.
2.4.1.6

Cost of Technology

An estimated cost of approximately $1.78/kg for destroying aniline has been made
(Ref. 2) for an assumed cell efficiency and power cost. Experimental data collected at PNL
(Ref. 1) indicate a cost of approximately $1.50 to destroy a pound of paper based on an electric
rate of $0.05/kWh. Operating cost will depend on the material to be treated, the cell coulomb
efficiency, and the local cost of power. Capital cost data is not currently available.
2.4.2

Persulfate Process

The persulfate process is being investigated at LLNL primarily for the purpose of
destroying chemical warfare agents (CWAs). It consists of a coupled direct-chemical-oxidation
process in which the organic fraction of an aqueous waste is alternately subjected to catalyzed
peroxydisulfate ("persulfate") and catalyzed hydrogen peroxide (Fenton's reagent) in an
ambient temperature, closed system (Ref. 9). The alternating treatment is designed to destroy
the weaker bonds with the less expensive Fenton's reagent, while the more expensive reagent
(persulfate) is used to destroy the more resistant species. Membraneless bipolar cells are used
for electrolysis of sulfate to peroxydisulfate ion which is a very strong oxidizer. The process for
making peroxydisulfide ion is commercially available and using it to raise the valence of a
mediator ion to destroy organics has been demonstrated on a laboratory scale. The persulfate is
produced by the following reaction with incidental production of hydrogen peroxide at an
oxygen depolarized electrode (Ref. 10):
2NH4HSO4 + O2 -^ (NH4)2S208 + H2O2
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Sulfate resulting from the persulfate reaction is recycled through the electrolysis cell, and
persulfate and H2O2 are coproduced by electrolysis of the sulfate solutions. Distilled water
from the reaction, and tramp water, are secondary wastes. Studies of the oxidation of organic
ion exchange resins and other wastes indicate that most (90 to 95%) of the intermediate species
arising in the oxidation of chemical warfare agents can be oxidized using Fenton's reagent.
Thus, the overall reaction kinetics for chemical warfare agents are such that 90% of the
oxidation may be accomplished by low-cost commercial peroxide (Ref. 10). Tests have shown 98
to 99% of the surrogates used for chemical warfare agents (CWA) detoxification were oxidized
to CO2 in 3 minutes with commercially available peroxydisulfate salts.
Use of peroxydisulfate salts as an oxygen source produces a very large waste stream of
sulfate and sulfuric acid which can be recycled for electrolytic regeneration of the
peroxydisulfate. However, methods for the removal of byproducts containing phosphorus and
halogens need to be developed.
The applicable waste streams include concentrated or dilute halogenated and
nonhalogenated organic liquids, CWAs, and ion-exchange media. This process is currently at
the laboratory-scale level of testing and additional design or destruction data is not available.
The goal is to achieve economic destruction of CWAs in an ambient temperature, totally
contained process with no secondary waste streams other than distilled water, CO 2 offgas, and
inorganic components of the waste feed.
2.4.3

Technology Comparison

Since electrochemical oxidation is an aqueous process, it is primarily applicable to mixed
wastes that are soluble in the electrolyte. However, insoluble liquids can be treated by
emulsifying and dispersing them in the electrolyte using mechanical mixing or ultrasonic
devices. Solid wastes can also be treated after size reduction and by agitating the solution. This
technology is not suitable for destroying all types of organics. Plastics and other highly
polymerized organics may be attacked by the oxidizer, but at very slow rates.
As an alternative to incineration, this process has some advantages:
•

The process operates at low temperature thereby reducing the possibility of
volatilizing and discharging unreacted waste and noxious offgases.

•

The process operates at atmospheric pressure.
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•

The process can be stopped quickly by turning off power to the cells.

•

Nearly the same operating conditions can be used for a wide variety of organic
materials negating the need for process modifications as the waste stream changes.

•

Tests indicate little or no volatilization of low molecular-weight species formed as
intermediates during the reaction.

Potential problems with the Ag(II)/HN03 process include precipitation of Ag as a halide
salt by anions liberated by the destruction of halogenated organics. However, a silver recovery
concept has been developed. Problems with electrochemical oxidation in general include
excessive corrosion of the anode in the presence of concentrated acids; generation of HNO2 and
N O at the cathode when nitric-acid solutions are used; leakage of cations and anions through
x

the electrode separator; and rupture, fouling, chemical attack, and radiation-induced
degradation of polymeric membrane separators. In addition, MEO is more expensive than other
treatment methods such as biological treatment and incineration.
2.4.4
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2.5

PHOTOLYTIC ULTRAVIOLET DESTRUCTION PROCESSES
Photolytic reactions (reactions induced by exposure to light) can destroy certain

hazardous organic wastes at room temperature. In general, the processes require the UV light
source to emit wavelengths in the regions absorbed by either the contaminant to be destroyed
or an oxidant and/or catalyst to produce free radicals. While various systems differ in details,
they share a common method of operation. Typically, they destroy the waste compounds
through an indirect photochemical process that uses UV energy provided by a small number of
high-energy lamps, or large numbers of low-energy lamps such as in the Ultrox unit, to
photolyze either hydrogen peroxide or ozone to generate hydroxyl radicals (OH») in the bulk
fluid. These radicals then react with the organic species in the water. One process, discussed
later, uses UV energy and a catalyst to produce hydrated electrons which reduce organic
contaminants.
Many organic compounds have broadband absorption characteristics in the absorption
region of these oxidants. Thus, when UV radiation is used to produce OH>, the UV radiation
may also photolyze some organic contaminants, such as tetrachloroethane (PCE), aromatic
halides, and pesticides thereby increasing their removal efficiency (Ref. 1). However,
applications of these technologies in large-scale hazardous waste remediation has been limited,
largely due to small throughput rates and an inability to completely mineralize the targeted
wastes. For aqueous waste streams, these problems have been partially addressed by using
indirect photochemical reactions involving a highly reactive oxidant and/or catalyst. Although
UV oxidation processes are being used to destroy VOCs in soil and contaminated water, the
best application of this technology appears to be for final treatment of dilute solutions of
organic compounds.
UV light-induced oxidation of organic contaminants in an aqueous waste stream has been
commercialized and is under investigation by the EPA and at several DOE facilities to
determine its applicability to specific waste streams. Several processes can be found that use UV
radiation; the differences lie in the use of different wavelength light sources and different
oxidants or catalysts. Light sources typically include mercury, xenon, and excimer lamps, and
potentially excimer lasers. However, due to the high cost of laser systems, those companies that
have investigated this technology have reverted to high-energy UV lamps (Ref. 2). Hydroxyl
radicals are generated through UV photolysis of various oxidants such as H2O2,0^ or Fenton's
reagent. In addition, catalysts and other energy sources, such as heat and hydrodynamic
f
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cavitation, are used to enhance the production of OH» or hydrated electrons and the
destruction of organic bonds.
Several photolytic processes are applicable primarily to destruction of organics in the
vapor or gas phase. These systems will be discussed in Section 6. The processes described in this
section are applicable to destruction of dilute organics in an aqueous phase.
2.5.1

Oxidizer Enhanced

In a photochemical reaction, only the light absorbed is effective in producing a
photochemical change. Therefore, there must be an overlap between the emission spectra of the
light source and the absorption spectra of the reacting species, whether it be the oxidizing agent
(H2O2 or O3) or the organic substance to be destroyed.
Low-pressure mercury-vapor UV lamps are typically used in commercial applications
because of their low cost and long life. However, the dominant emission wavelength is about
254 nm, whereas the maximum absorptance by H2O2 occurs at 220 nm. Also, the molar
extinction coefficient of H2O2 is low at 254 nm so that a high concentration of H2O2 is required
to generate sufficient hydroxyl radicals. However, an excess of H2O2 is harmful because it can
scavenge the hydroxyl radicals that were formed to react with the organics present. UV
photolysis of O3 is not expected to have the same limitations with these lamps because the
molar extinction coefficient of O3 is 170 times that of H2O2 at 254 nm (Ref. 1). However, the
solubility of ozone in water is only 70 ppm (Ref. 3) which would be the upper limit for
producing hydroxyl radicals. Thus, the application of ozone to streams containing reasonably
high concentrations of organics is not practical, and large-scale destruction of organics is better
accomplished by photolysis of H2O2 because it is fully miscible with water and commercially
available in concentrations up to 70% .
To overcome the limitations with H2O2 and O3, some technology developers (e.g., Purus,
Inc.) use xenon lamps which emit higher intensity, shorter wavelengths more readily absorbed
by organic contaminants and H202- The broadband emission of xenon lamps in the UV region
(240 to 300 nm) can excite most simple organic compounds to enhance their reactivity with
oxidants. In addition, the higher intensity of the Xe lamp in the region near 230 nm will
decompose H2O2 into OH» more effectively than the Hg lamp (Ref. 4). However, the main
application of this system is currently for organics in a vapor or gaseous state. LLNL is
attempting to extend this technology to higher concentrations of hazardous organic materials in

2-66

aqueous streams by developing reliable lamps that produce the proper wavelength for either
direct activation of organic molecules, and/or very high efficiency conversion of H2O2 to OH
radicals (Ref. 3). Direct photolysis applied to an aqueous stream would require a high-intensity,
broadband light source to break the bonds of the variety of organic compounds in DOE waste
streams, or the light source would have to be tailored to specific compounds, and would require
a wavelength that is not readily absorbed by the window material or water.
In addition to the lamp wavelength, adjustable operating parameters include hydraulic
retention time, oxidant dose, radiation intensity, pH level, and gas-to-liquid flow rate ratio (Ref.
1). In general, increasing the retention time will increase destruction efficiency up to an
equilibrium value. Increasing the retention time beyond this point will not increase the
treatment efficiency.
Increasing the oxidant dose generally increases the destruction efficiency. However, there
are limitations. Excess hydrogen peroxide can act as a free radical scavenger, thereby decreasing
the hydroxyl radical concentration. Ozone can react directly with hydroxyl radicals consuming
both ozone and radicals. Also, ozone and OH» may be consumed by scavengers in the water to
be treated. Therefore, the optimum proportion of oxidants for maximum destruction or removal
efficiency cannot be predetermined, but must be determined by tests on a case-by-case basis.
Low pH will decrease the concentration of carbonate and bicarbonate scavengers by
shifting the equilibrium toward carbonic acid. However, if carbonate and bicarbonate alkalinity
is low, high pH should improve the treatment efficiency by increasing hydroxyl radical
formation. If ozone is used as an oxidant, the gas flow rate can also influence the treatment rate
(Ref. 1). The ratio of gas flow rate to liquid flow rate dictates the hydraulic characteristics of the
reactor. At low gas-to-liquid flow rate ratios, the mixing regime in a reactor is close to that of
plug flow; whereas, at high ratios the mixing regime is close to that of a mixed reactor. Since
plug flow mixing characteristics produce higher treatment rates for reactions with a positive
reaction order, low gas-to-liquid flow rate ratios should be used. In addition, a low gas-toliquid flow rate ratio minimizes stripping of VOCs.
In the following sections, descriptions of systems using various oxidants and energy
sources are provided along with the results of system tests.
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2.5.1.1

Technology Description
UVIOzone

Photolysis of aqueous ozone produces hydrogen peroxide and subsequently hydroxyl
radicals in a chain reaction. As a result, compounds normally refractory to ozonation alone may
be rapidly converted to CO2 and water. PCBs, which are very stable to ozone, are rapidly
destroyed to less than 0.1 ppm with UV and ozone. This process has been specified by the EPA
as Best Practicable Control Technology Currently Available for the treatment of PCBs in water
(Ref. 5). However, only one commercial system, marketed by Solarchem Environmental
Systems (Ref. 6), has been found that uses only ozone as the oxidant. Most systems that have
been commercialized, and that are being developed and tested by DOE laboratories and EPA
use direct photolysis, H2O2/ or a combination of H2O2 and ozone as oxidants. This is because
the hydroxyl radical typically has a reaction rate constant 10 " to 10° times that of ozone (Ref. 6).
Based on operating cost, the use of ozone can be attractive, especially for waters with
high UV absorptance. However, capital cost, stripping of volatile contaminants, ozone
destruction, and health, safety, and environmental considerations can make ozone less desirable
than other oxidants. One case where ozone is cost effective is in the destruction of
trinitrotoluene (TNT) contaminated water (Ref. 6). The treatment of TNT with UV/peroxide
generates a toxic byproduct, trinitrobenzene (TNB), which is refractory and difficult to treat.
UV/ozone treatment of water contaminated with TNT can avoid the production of TNB.
UV/H2O2
UV photolysis of H2O2 generates OH«. Studies have shown that this system can destroy
a wide variety of hazardous compounds in water at low-concentration levels (Ref. 5) including
aromatic and haloaromatic compounds, chloroalkenes and alkanes, ethers, alcohols, carboxylic
acids, and ketones (Ref. 6). Organic chlorine in chlorinated aliphatic compounds has been
converted to chloride ion, indicating destruction of the chlorinated structures. In the case of
aromatic compounds, many intermediates are formed which could be eliminated by extending
the residence time in the reactor. It has been found that the oxidation rate increases with
increasing hydrogen peroxide, up to a point where excess peroxide scavenges hydroxyl
radicals, and decreases with increasing organic concentration.
This technology has been commercialized by Peroxidation Systems, Inc., Purus, Inc.,
Solarchem Environmental Systems, and several national laboratories have used these
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commercial systems, or modifications thereto, to perform tests and evaluations of the
technology on waste streams of interest to DOE.
Peroxidation Systems, Inc.
The Peroxidation reactor is annular in configuration with the lamp in the center and the
waste stream circulated through the annular region around the lamp. The lamp is a mediumhigh pressure, broadband, mercury-arc lamp. Several lamps may be used in series as shown in
Figure 2-11 (Ref. 1), and lamps are available with different power levels, depending on the
application. Hydrogen peroxide may be injected at multiple points to make it available
throughout the reactor. Peroxidation systems range from small, straight-through designs
operating at less than 100 gpm and approximately 30 kW, to large systems operating at over
5,000 gpm with recycling and over 800 kW (Ref. 7).
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Figure 2-11. Schematic of PSI UV/Oxidation System

Although most contaminants are rapidly destroyed by hydroxyl radicals, some
compounds, such as low molecular weight chlorinated alkanes, are resistant to OH* attack and
require large systems with recycling to achieve adequate destruction, or direct photolysis. W.J.
Schafer Associates, Inc. has developed a new surface-discharge (SD) UV lamp that generates
two to four times the UV energy with the same electrical input as conventional high intensity
UV lamps. Much of this UV light is generated below 250 run where it has enough energy for
direct photolysis of chlorinated alkanes. This lamp was integrated with the Peroxidation
system and tested on groundwater at the K-25 site at Oak Ridge National Laboratory (ORNL) in
1993 (Ref. 8) resulting in a factor of two increase in the destruction rate of TCA over destruction
by OH» radicals. A combination of UV peroxide with UV photolysis can be effective for
aqueous wastes containing a variety of organic contaminants, and can decrease the treatment
cost by a factor of two below the cost of a UV/peroxide system alone.
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This SD lamp uses a pulsed plasma discharge along a dielectric surface between two
electrodes and produces UV light from the dielectric material that is generated in the plasma.
The radiant emission from the surface discharge can be enhanced in a specific spectral region by
choosing a substrate material with constituents that have emission lines in the desired region.
A gas recirculation system is required to filter and cool the gas from the discharge region, and a
liquid cooling system is required to cool the electrodes and substrate.
Purus, Inc.
Purus, Inc. uses pulsed xenon arc-lamps which are more efficient than Hg lamps for
direct photolysis of organics in the vapor or aqueous phases, and more efficient in decomposing
H2O2 in the aqueous phase. This system is used for destruction of organics in both the vapor
and aqueous phases (Ref. 9). Vapor-phase organics may be produced by vapor extraction from
soils or groundwater, air stripping from groundwater, or thermal desorption of soils.
The UV source is a xenon arc-lamp that operates in a pulsed mode. The company reports
that the source is intense enough to destroy highly stable compounds including carbon
tetrachloride, and destruction is 50% faster than other systems (Ref. 10). Problems with fouling
the lamps are minimized by a mechanical wiping device that cleans the lamp's surface twice a
day. The pulsed mode of operation reduces the total input cost by converting over 20% of the
electrical energy into UV energy in the spectrum below 300 nm. The system is reported to be
suitable for destroying organics in aqueous waste in concentrations less than 500 ppm. It can
process hundreds of gallons per minute, depending on influent concentration, effluent
concentration requirements, and the rate of reaction with water.
Solarchem Environmental Systems
This company markets various treatment processes based on UV oxidation chemistry,
including the UV/H2O2 process; the option selected depends on the particular contaminants to
be treated and the characteristics of the water. Solarchem has developed a proprietary, 30 kW
high-temperature mercury lamp with over 30% efficiency. The lamp has 30% of its output
between 200 and 300 nm, and a wiper is used periodically to clean the quartz sleeve.
One variation on the UV/H2O2 process is the UV/visible/peroxide process for waters
with a high background UV absorptance (i.e., COD > 500 ppm). Peroxide is a relatively weak
absorber in the 200-300 nm wavelength band and, in waters with high COD, the H2O2 must
compete with other UV absorbers for photons (Ref. 6) and the production of OH> becomes less
efficient. Solarchem has developed a proprietary catalyst that strongly absorbs both UV and
visible light from 200 to 500 nm thereby making more use of the lamp energy. Absorbing the
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radiation, the catalyst is excited to a higher energy level. The excited catalyst reacts with the
peroxide to produce hydroxyl radicals and is de-excited to its ground state.
UV/Ozone/H202
A combination of UV radiation, ozone, and hydrogen peroxide is used by Ultrox
International to oxidize organics in water. The major components of the system are the
UV/oxidation reactor module, hydrogen peroxide feed system, and catalytic ozone
decomposition (Decompzon) unit (Figure 2-12). The UV/oxidation reactor is available in
various sizes. The unit used in an EPA SITE program (Refs. 1 and 11) had a reactor volume of
150 gallons which was divided into 6 chambers with three 65-watt UV lamps per chamber
(Figure 2-13). Each chamber had a sparger to uniformly diffuse ozone gas from the base of the
reactor into the water. Hydrogen peroxide was added to and mixed with the contaminated
water in the influent line. The Decompzon unit uses a nickel-based proprietary catalyst to
decompose ozone to oxygen in the reactor offgas.
The maximum initial concentration of organic material is 10,000 ppm with a system
throughput dependent on the compounds to be treated and the final decontamination level
required (Ref. 12). Typical throughputs vary from less than 10 gpm to over 1,000 gpm.
Tests have shown that in the Ultrox system using ozone, stripping is a significant removal
method for those compounds that are difficult to oxidize. However, though the Decompzon
unit's primary function is to remove ozone, significant removal of VOCs also occurred. For
example, the Decompzon unit removed TCE, 1,1-DCA, 1,1,1-TCA and vinyl chloride (present in
the reactor offgas at levels of approximately 0.1 to 0.5 ppm) to below detection levels (Refs. 1
and 11).
Oxidation using the Ultrox system has been tested in a full-scale plant at the DOE Kansas
City Plant for treating groundwater contaminated with TCE and other chlorinated VOCs
(Ref. 11). In addition to VOCs, the contaminated groundwater contained bacteria, suspended
solids, iron, manganese, and oil and grease at levels that would reduce the effectiveness of the
operation. Results indicated that the effluent from the system met applicable discharge
standards, nitrogen (as ammonia and nitrite) was oxidized to nitrate, and about 98% of the
bacteria was removed. However, very little of the oil and grease was removed, and
precipitation of the iron and manganese within the system caused plugging of the ozone
spargers and coating of the UV lamps. This indicates that effective pretreatment of the waste
stream is required for proper, long-term functioning of the system and to minimize downtime
and maintenance requirements.
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Figure 2-12. Isometric View of the Ultrox System
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Figure 2-13. Ultrox System Flow Diagram
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UV/Fenton's Reagent
The hydroxyl radical can be efficiently generated from H2O2 and catalysts such as
transition metal ions without an external energy source, such as UV radiation. One such system
is Fenton's reagent in which H2O2 is decomposed into a hydroxyl radical and hydroxide ion in
the presence of Fe(II) ions. The use of Fenton's reagent to oxidize toxic organics began in the late
sixties and has been widely applied to the treatment of hazardous organic compounds (Ref. 5).
The major advantages of Fenton's reagent as a hazardous waste treatment technology are: 1)
there are no chlorinated organic compounds formed during the oxidation process as in
chlorination or ozonation; 2) both iron and H2O2 are cheap and nontoxic; 3) there is no mass
transfer limitation due to its homogeneous catalytic nature; and 4) there is no external energy
source required as a catalyst so the reactor system is much simpler.
Fenton-type reactions can also be enhanced by light at wavelengths >300 nm in acidic
solutions of Fe(III) and H2O2 by photoreduction of Fe(IH), photolysis of an Fe(III) peroxide
compound, and photo-oxidation of ferric-coordinated organic compounds. These processes
produce OH radicals directly or indirectly, or contribute to oxidation of the organic (Ref. 13).
Batch studies at LLNL on powdered fibrous cellulose indicate that Fenton's reagent will
enhance the destruction efficiency of insoluble fibrous cellulose (Ref. 14). Solarchem
Environmental Systems markets a process using UV/Fenton chemistry and reports up to a
5-fold enhancement in treatment rate for aromatic and olefinic compounds (Ref. 6).
Laser-Induced Photolytic Oxidation
This technology is the same as UV/H2O2 oxidation except that the UV light is generated
using an Excimer laser. The organic compound and H2O2 both absorb the beam energy, which
makes them reactive. The technology as developed by UV Technologies (formerly Energy and
Environmental Engineering, Inc.) is reported to reduce saturated concentrations of organics in
water to nondetectable levels (Ref. 15). The system operated by UV Technologies for EPA's
SITE program was able to treat a solution containing 32 ppm of TOC at a rate of 1 gpm.
Typically, contaminated groundwater is first pumped through a filter unit to remove
suspended particles. Reaction products were C02/ water, and a halogen acid if halogenated
hydrocarbons were treated.
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UV Radiation with Hydrodynamic Cavitation (CAV-OX Process)
The CAV-OX process (developed and patented by Magnum Water Technology) uses the
synergistic effects of hydrogen peroxide, hydrodynamic cavitation, and UV radiation to
produce hydroxyl radicals and oxidize organic contaminants and cyanide in aqueous waste
streams (Ref. 16). This technology induces hydrodynamic cavitation through the shape of its
cavitation chamber which causes pressure variations in the flowing fluid. The waste stream can
be recycled through the cavitation chamber to control the hydraulic retention time before it is
transferred to the UV reactor (Figure 2-14). The UV reactor houses low-pressure mercury-vapor
lamps housed in UV-transmissive quartz tubes. Two systems are manufactured: the low-energy
CAV-OX I system containing six 60-watt lamps per reactor; and the CAV-OX II system
containing two UV reactors with one lamp each and operating at 2.5,5.0,7.5, or 10 kilowatts.

J!

FLOW
METER

GROUND WATER
HOLDING TANK

INFLUENT

i f f

: -' ?
'•>

•' •

TO
DISCHARGE
.
OR
" * REUSE

"j

/

* i

N

». - \ - \ •, \ ;

»

>

'

m

i

x

'

'

•

'-

'

/

CAV-OX* II
H.E. U.V. REACTOR
(OPTIONAL)

.

\

t

) i
CAV-OX® I
L.E. U.V. REACTOR
CAV-OX*
PUMP

CAV-OX*
CHAMBER

Figure 2-14. The CAV-OX Process

The process is designed to treat aqueous waste contaminated with organic compounds. It
cannot handle free product or highly turbid waste streams because they lower the efficiency of
the UV reactors; although the cavitation chamber is unaffected by these conditions. Test results
indicate that scaling of the quartz tubes has not occurred in these systems. These systems are
available in various sizes from less than 10 gpm to 250 gpm, and can be grouped in modules
and operated in parallel for large applications.
2-74

2.5.1.2

Input and Output Stream Characteristics

Photolytic and UV oxidation systems are generally designed to remove organic
pollutants in plant process water, groundwater, and drinking water to below regulatory
requirements. These systems are generally limited to waste streams that have been diluted or
wastes pretreated by other means to allow for sufficient penetration of the UV light and to
remove contaminants that might cause scaling or fouling of the UV windows. Typical removal
characteristics would lower contamination levels from 10 ppm in the influent down to 0.5 ppb
in the effluent. However, some systems are being developed to accept influent streams with
contamination levels up to 10,000 ppm. In general, the processes cannot handle free product or
highly turbid waste streams, because these conditions tend to lower the efficiency of UV
reactors. Reaction products are primarily carbon dioxide and water; however, when treating
hydrocarbons with a halide, sulfur, or phosphorous the corresponding anion will be produced
in the effluent.
The contaminant removal efficiencies depend on the type of contaminant to be treated.
For example, organics with double bonds, such as TCE, PCE, and vinyl chloride, and aromatic
compounds are easily removed because they are easily oxidized. In systems that use ozone,
organics without double bonds and with high Henry's law constants are also removed.
However, since they are difficult to oxidize, removal is most likely due to stripping. Organics
without double bonds and with low Henry's law constants would be difficult to remove
because they are not easily oxidized or stripped (Ref. 1). In general, VOCs have not been found
in the offgas from these systems; with ozone as a stripping agent VOCs have been destroyed in
the ozone destruction unit.
Any species in the waste stream that scavenges the oxidants diminishes the ability of the
system to destroy the organic contaminants. Such scavengers include anions such as
bicarbonate, carbonate, sulfide, nitrite, bromide, and cyanide. Metals present in their reduced
state are likely to be oxidized to a more toxic form (e.g., trivalent chromium to hexavalent
chromium), or to a less soluble form which may precipitate and cause scaling of the UV lamp or
window, or produce suspended solids. Suspended solids and oil or grease will reduce UV
transmission and may foul the windows, thereby decreasing the treatment efficiency. Thus,
pretreatment may be required for proper functioning of the UV/oxidation system depending
on the waste characteristics.
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2.5.1.3

Technology Status

UV photolytic oxidation is a well-developed technology that is available from several
manufacturers at the commercial scale for various applications. These systems may be
modularized and skid mounted for portability, and range in size from a few gallons per minute
to several thousand gallons per minute throughput.
Most of the developed systems have been tested at the pilot- or full-scale level as part of
EPA's SITE program and are continually being improved upon. Peroxidation Systems, Inc. has
fielded over 40 systems for groundwater and wastewater treatment, and was tested in an EPA
pilot-scale study at a site on the Aberdeen Proving Grounds in Maryland (Ref. 1). This system is
also being studied at the bench-scale at LLNL (Ref. 3 and 4), and an improved surface-discharge
lamp is under development (Ref. 8). Ultrox International has fielded several pilot and full-scale
systems, and was tested as part of EPA's SITE Program (Ref. 11 and 12). Several case studies are
described in Reference 11, including the results of testing a 725-gallon unit at the DOE Kansas
City Plant. Solarchem has over 50 installations at industrial facilities and superfund sites, with
several case studies described in Reference 6.
The CAV-OX process has been tested at several private and public sites and was accepted
into the SITE Demonstration Program in 1992 with a demonstration at Edwards Air Force Base
(Ref. 16). Recent tests at a Superfund site treated leachate containing 15 different contaminants.
In other tests, the process has successfully treated cyanide contamination. Two small systems
are being used to treat gasoline contaminated groundwater at gas stations (Ref. 17).
The system developed by Purus, Inc. has been used for treating contaminated
groundwater and wastewaters, and for destruction of organic vapors. Purus has been working
with ANL to investigate treatment of vapor-phase organics derived from soils by the soil vapor
extraction process in continued demonstrations at DOE's Savannah River Site. The system was
accepted into EPA's SITE Program in 1992 for a demonstration at LLNL. This demonstration
involved treating trichloroethylene in the vapor phase at 200 to 350 cfm extracted from soil and
groundwater using air stripping and vacuum extraction. The Purus system has also been tested
on a bench-scale at LLNL for the destruction of Trimsol in water (Ref. 18).
The bench-scale Purus system used for treating Trimsol consisted of a 6-inch, 3,675 W
pulsed-xenon lamp contained in a 7-cm-diameter, cylindrical quartz housing concentric to the
reactor cylinder, leaving an effective light pathlength of 9 cm through the solution. Trimsol was
diluted to 25% v / v in water and flowed through the reactor at 14 ml/hr. The sum of TOC and
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TIC (HCO3") accounted for 73% of the TOC added; a thin oil film was detected on the top of the
water at the end of the reaction which may account for the missing TOC. These tests
demonstrated the ability to destroy 2 to 3 grams per hour of TOC derived from Trimsol.
The laser-induced photolytic oxidation technology developed by UV Technologies was
accepted into the SITE Emerging Technology Program in 1987. However, laser systems were
found to be too expensive to operate, and the vendor abandoned this technology in favor of
high-power mercury lamps coupled with a photocatalyst (Ref. 2). With new lamps having a
power output of 3 kW/ft and H2O2 as the oxidant, the flow rate was increased to 100 gpm. This
company is attempting to address higher contaminant concentrations on the order of 100 to
1,000 ppm. This technology is currently capable of performing treatability studies but is not yet
at the pilot scale.
To successfully convert mixed waste containing hazardous organics to low-level
radioactive waste, the UV photolysis process must convert all the toxic organic compounds to
nontoxic compounds (i.e., all carbon atoms converted to CO2, all hydrogen atoms to H2O, and
other nonmetallic elements to corresponding anions). However, this process has not yet been
demonstrated as an incineration alternative for treating this class of mixed waste. Also, further
research is needed on the effectiveness of dry or wet scrubbers for removing acidic photo oxidation products, methods for pretreatment and post-treatment of undesirable products, and
the possible use of shorter-wavelength UV lamps or catalysts.
2.5.1.4

Destruction Efficiency

UV/H2O2
Tests using the Peroxidation Systems, Inc. process were performed at the Aberdeen
Proving Grounds at a site containing VOCs, organosulfur compounds, and explosives in the
range of 10 |ig/l to 500 ug/1 (Ref. 1). An 80-gallon reactor was used with four chambers each
containing a 15-kw UV lamp. The tests were conducted at a flow rate of 15 gpm resulting in a
retention time of 5 minutes. The test results are shown in Table 2-7 where, for most compounds,
the effluent levels were below detection levels, and the removal efficiencies were greater than 82
to 99%.
Additional data for the Peroxidation system was obtained from company literature for
bench-scale and full-scale tests and is presented in Table 2-8.
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Table 2-7. Performance Data for the Peroxidation System (Ref. 1)
Compound

Influent

Effluent

Percent
Removed

Chloroform

41

12

97

1,2-dichloroethane

22

<1.6

>92

195

<1.6

>99

8

<1.1

>86

Trichloroethylene

21

<1.4

>93

Benzene

52

<2.0

>96

Thiodiglycol

477

<10.0

>97

1,4-Dithiane

200

<22

>98

1,2-dichloroethylene
Methylene Chloride

1,4-Oxathiane

82

<2.14

>97

Benzathiazole

20

<3.47

>82

1,3,5-Trinitrobenzene

15

0.53

96

Table 2-8. Destruction Data From Peroxidation Systems, Inc. Literature
influent

Percent
Removed

Effluent

Oxidation
Time min.

150

<1

0.3

>99.3

3480

<1

0.55

>99.97

PCE

24990

<1

1.5

>99.99

TCA

940

89

4.0

90

2510

<20

4.0

>99

100,000

<100

1.0

>99.9

Contaminant
TCE
1,2-DCE

Methylene Chloride
Phenol
Pentachiorophenoi

5600

<0.1

1.5

>99.99

2,4,6-Trichlorophenol

2310

<0.1

2.0

>99.99

2,4-DinitrophenoI

250

<0.1

1.0

>99.96

Napthalene

891

<2

1.0

>99.7

Acenapthene

205

<0.1

1.0

>99.9

5500

02

4.0

99.99

110

4

2

96.4

Benzene

12900

2

1.3

99.98

Toluene

7600

2

2

99.97

Ethyl Benzene

3000

0.6

2

99.98

8

2

99.96

1,2-DCA
Dichloropropane

Xylenes

18500
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Bench-scale studies have also been performed at LLNL using a 2-kw mercury lamp to
evaluate the performance of the UV/H2O2 oxidation process for treating water-soluble organics
such as ethylene glycol, low-level waste oils such as Trimsol which is a water-dispersible
lubricant, and cellulosic material (Ref. 4 and 14). Ethylene glycol was reduced to essentially zero
TOC in approximately 80 minutes in 30% H2O2. Trimsol, which is a mixture of more than ten
organic compounds, was substantially mineralized to nearly zero TOC. To maintain the
dispersability of Trimsol in the water and prevent the immiscible components from separating,
the pH of the solution was maintained above eight.
Water-soluble cellulosic material was destroyed to nearly zero TOC in approximately 120
minutes. It was found that Fenton's reagent doubled the destruction efficiency of waterinsoluble powdered fibrous cellulose. However, the highest destruction efficiency achieved was
only about 60%. This study indicates that the UV/H2O2 process can effectively mineralize the
nonhalogenated organic compounds in aqueous waste streams; however, the process is much
less effective for dispersible but insoluble organic liquids or insoluble fine-powdered cellulosics
(Ref. 14).
Tests with a 90kW Solarchem system at Kelly Air Force Base for the treatment of
contaminated groundwater exhibited the following results (Ref. 6):
Contaminant

Flow Rate (gpm)

Influent

Effluent

DCE

130

1200 ppb

<70 ppb cis, <100 ppb trans

TCE

130

130 ppb

<5ppb

Vinyl chloride

130

120 ppb ,

<2ppb

The operating cost for this system was $1.34/1000 gallons. Applying a 270 kW Solarchem
system with an operating cost of $1.98/1000 gallons provided the following results:
Contaminant

Flow Rate (gpm)

Influent

Effluent

1,1 DCA

250

60 ppb

< 3.5 ppb

DCE

250

300 ppb

<70 ppb cis, <100 ppb trans

PCE

250

200 ppb

<5ppb

Vinyl chloride

250

240 ppb

<2ppb

UV/Ozone/H202
The Ultrox system was tested in a pilot-scale study to treat groundwater at a site in San
Jose, California (Ref. 1 and 11). The site was used for drum recycling operations and the
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groundwater contained high levels of VOCs including TCE (280 to 920 ug/1), vinyl chloride (51
to 146 (J-g/1), and 1,2-trans-dichloroethane (42 to 68 ug/1). The system used a 150-gallon
UV/oxidation reactor with 24 64-watt UV lamps. Several tests were performed in which the
operating parameters were varied to determine the optimum operating conditions. These
conditions were as follows: influent pH of 7.2; hydraulic retention time of 40 minutes; ozone
dose of 110 mg/1; hydrogen peroxide dose of 13 mg/1; and all UV lamps operating.
Results at these operating conditions were total VOC removal of 90%, while removal
efficiencies for TCE were about 98% and those for 1,1-DCA and 1,1,1-TCA were about 60% and
85%, respectively. Analysis of the treated water did not indicate the formation of new
compounds. Because the Ultrox system treated groundwater by bubbling ozone through it,
some VOC removal occurred due to stripping in addition to oxidation. The percentage of
removal by stripping was high for 1,1-DCA and 1,1,1-TCA because these compounds are
difficult to oxidize, whereas TCE and vinyl chloride were removed primarily by oxidation even
though vinyl chloride has a higher Henry's law constant than the other compounds. Thus, for a
UV/oxidation process using ozone, stripping is a significant removal pathway for compounds
that are difficult to oxidize. Although these VOCs were removed by stripping and were present
in the reactor offgas in measurable quantities, the ozone destruction unit (Decompzon unit)
removed them from the offgas to below detection limits.
Other tests with a 150-gallon Ultrox system demonstrated removal levels of 98 to 99.9% of
benzene, toluene, ethylbenzene, and xylene from groundwater (Ref. 11). Residence times and
other operating parameters were not identified.
An 18 kW Solarchem system was used to treat pesticide contaminated water from a soil
washing operation. The water contained 400-600 ppm of Dinoseb which was destroyed to less
than 100 ppb in 1000 gallon batches using ozonation followed by UV peroxide treatment.
Greater than 99.9% destruction of Dinoseb and other contaminants was achieved at an
operating cost of $40/1000 gallons (Ref. 6).
UV/Fenton's Reagent
Application of Fenton's reagent with UV oxidation of insoluble cellulosics by LLNL was
discussed previously. Other studies on the enhancement of Fenton-type reactions by UV light (a
300 to 400 nm fluorescent black lamp) have been performed on pesticides and halogenated
hydrocarbons (Ref. 13). These studies demonstrated destruction of metolachlor, atrazine, and
methyl parathion in less than 10 minutes; however, reaction products remained for up to 6
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hours—except for methyl parathion, which was completely mineralized iij 30 minutes.
Halogenated aliphatic compounds, dioxins, and furans were also degraded.
Application of a Solarchem 60 kW system, at a wood treating facility to treat PCP
contaminated ground water resulted in the following: with an influent concentration of 1000
ppb, the PCP was reduce to < 100 ppb at a flow rate of 90 gpm, and to < 10 ppb at a flow rate of
30 gpm. The operating cost for this system was $1.30/1000 gallons.
Laser-Induced Photolytic Oxidation
SITE tests on industrial groundwater indicate DREs greater than 95% for chlorophenol
and phenol in 72 hours, and for chlorobenzene in 114 hours. A reaction time of 96 hours was
required for 91% DRE for benzene (Ref. 15).
CAV-OX Process
The CAV-OX process was demonstrated at Edwards Air Force Base (Ref. 16) on
groundwater containing TCE (1,475 to 2,000 ppb), benzene (240 to 500 ppb), toluene (8 to 11
ppb), and xylene (0 to 100 ppb). Several tests were performed varying the hydrogen-peroxide
level and flow rate for the CAV-OX I system operating at 360 watts, and the CAV-OX II system
operating at 5-kw and 10-kw. Both systems achieved up to 99.9% destruction of these
compounds depending on the flow rate and H2O2 levels. For the CAV-OX I system, DREs of
99.9% were achieved at a flow rate of 0.5 to 0.6 gpm and H2O2 levels of 30 mg/1. The CAV-OX
II system achieved over 99% destruction at flow rates of 1.5 to 2.0 gpm and 30 mg/1 of H202The lamp power had little effect on the results.
The CAV-OX process can treat organics such as benzene to nondetectable levels; others
such as 1,1-dichloroethane are typically treated to 96% removal efficiencies. In addition,
organisms such as salmonella and E. Coli are significantly reduced (Ref. 19). Data from
Reference 16, using a 20 gpm CAV-OX I system with 36 low-pressure lamps (2,160 watts) are
shown in Table 2-9.
2.5.2

UV Reduction

Halogenated alkanes, such as carbon tetrachloride, chloroform, methylene chloride,
dichloroethane (DCA), TCA, pentachloroethane (PCA), and chlorofluorocarbons (Freons) are
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Table 2-9. CAV-OX I Destruction of BTEX and TPH (Ref. 16)
Inlet Concentration
ppb

Compound

Outlet Concentration
ppb

Benzene

450

6.0

Toluene

44

1.9

Xylene

100

1.5

Ethyl Benzene
TPH

25.0

ND

0.8

ND

treated slowly with UV/oxidation (Ref. 6). Solarchem Environmental Systems has developed a
patented UV/reduction process that they report is able to treat saturated halogenated organics
with improved performance over UV/oxidation. This process involves the photochemical
generation of hydrated electrons (e q~) via a proprietary catalyst. The hydrated electron reacts
with halogenated organics to generate inorganic halide ions with rate constants for
chloroalkenes 1000 to 16,000 times greater than the hydroxyl radical. This process may also be
effective in treating halogenated alkenes (e.g., TCE, DCE, and vinyl chloride).
a

Details regarding destruction efficiency, industrial applications, and cost were not
available.

2.5.3

2.5.3.1

Catalyzed (TiC-2) UV Oxidation

Technology Description

In aqueous systems, complete mineralization of many organic compounds is possible
when a sufficient OH» flux is available in situ. The various UV treatment technologies described
in the previous section produce quantities of OH» on the order of <10"-^ M, whereas steadystate OH» concentrations of the order of 10"° M can be generated in aqueous solutions over
immobilized particles of UV-irradiated titanium dioxide (Ref. 20). The illumination of Ti02 in
water with light of wavelength < 400 nm generates excess electrons in the conduction band
(e'cb) and positive holes in the valence band (h vb)- At the surface, the holes react with either
adsorbed H2O or surface OH" groups to form OH» radicals:
+
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h+vb + H2O (ads.) -> OH- + H+
h+vb + OH" (sur.) -> OHExcess electrons in the conduction band react with molecular oxygen to form superoxide
ions which further disproportionate to form more OH- radicals:
e"cb + O2 ->02"
2 0 2 " + H2O ->20H- + 20H- + O2
Thus, the efficiency of the UV/oxidation process can be increased with the addition of
titanium dioxide catalysts. Studies have demonstrated that the addition of titanium dioxide can
improve the efficiency and loading capacity of UV/oxidation systems dramatically, and
increase the range of application of the system. Titanium dioxide excited by UV light generates
hydroxyl radicals which break the carbon bonds, eventually degrading the organic material to
CO2 and H20, and halide ions if the molecule contains halogen atoms. In some cases, efficient
destruction within 30 seconds to 2 minutes is achieved depending on the contaminant.
One practical problem in using Ti02 as a photocatalyst is the "electron-hole"
recombination process. In the absence of efficient electron acceptors, this process is very
efficient. For high concentrations of organics or more refractive contaminants, additives that are
electron acceptors such as hydrogen peroxide, ozone, ammonium persulfate, and potassium
bromate may be added in small quantities (0.003 M) to inhibit the "electron-hole" recombination
process and accelerate reactions (Ref. 21). The use of these additives may increase the
processing rate within this system by 3 to 6 times. However, the destruction efficiency achieved
for each of these additives depends on the organic contaminant. For some organics, the
degradation rate was greater with potassium bromate than for ozone; whereas, for other
organics the reverse was true. For 1,1,2-TCA the degradation rate was increased with the
addition of ozone, but decreased with the addition of H2O2 (Ref. 21).
The rate of photocatalytic removal of organic compounds depends on various parameters
such as initial concentration, pH, radiant flux, wavelength, mass and type of photocatalyst, type
of photoreactor, and other material (such as metal ions) in the waste stream (Ref. 22 and 23). The
rate of removal of pollutants increases with increasing amounts of Ti02 up to a limit
corresponding to complete absorption of photons. The removal of an organic compound was
found to be slower at wavelengths > 290 nm than at wavelengths > 340 ran, despite the greater
number of photons available. This is due to the direct photolysis of the contaminant at lower
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wavelengths and the competition of resulting intermediate compounds with the primary
contaminant at adsorption sites. Because of this, direct photolysis has a detrimental effect on
photocatalytic degradation. Consequently, the wavelength range must be carefully chosen
when using photocatalysis to decontaminate water (Ref. 22).
Since this method of treatment involves a surface, its efficiency decreases for low
concentrations of pollutant, and the rate of degradation of a given pollutant can be modified by
competition for the surface sites. This competition may be due to intermediate compounds and
other organic or inorganic material in the waste stream.
In addition to the oxidation of water by the positive holes to produce OH», and the
subsequent oxidation of organic material in an aqueous solution, the electrons, which are
reducing agents, can react with oxidizing chemicals on the semiconductor surface (e.g., Hg^+ +
2e" -» HgO). Investigations at Sandia National Laboratories/New Mexico (SNL/NM) (Ref. 23)
on TiO 2 photocatalysis for treating water contaminated with dissolved metals and a variety of
organics demonstrate a synergism between the oxidation and reduction processes, and efficient
design must consider both processes. Thus, a dissolved metal in a positive valence state is
reduced and usually plates out onto the photocatalyst in the form of dispersed metallic
crystallites (Ref. 24), while simultaneous oxidation occurs to retain elecroneutrality.
Consequently, organics may be destroyed by photocatalytic oxidation while metals are
removed by reduction.
The rate at which the organic material disappears depends on the nature of the organic
compound and the metal in solution (Ref. 23 and 24). The presence of oxygen accelerates the
disappearance of the organics, but the rate of oxidation is controlled by the rate of reduction of
the metal. In some cases (e.g., Hg(II)) O2 competes for conduction-band electrons thereby
decreasing the reduction rate; however, when treating organics and metals simultaneously,
dissolved oxygen may be necessary if the concentration of the metals is insufficient for complete
oxidation of the organics. In these studies, the low molecular-weight acids, alcohols, and
aldehydes produced reduction rates of Cr(VI) similar to those observed without organic
material present. In contrast, EDTA, salicylic acid, and citric acid all produce rapid reduction. In
addition, with the exception of phenol, all the singly substituted benzenes experienced only
slight mineralization at the low pH used.
These results point out the need to characterize the waste stream, and the need to tailor
the process characteristics for the contaminants present in order to achieve optimum
destruction and minimize generation of toxic end-products.
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2.5.3.2

Input and Output Stream Characteristics

The efficiency of the photocatalytic process depends on the various parameters identified
above. As with noncatalyzed UV oxidation, the input stream must be filtered to remove
suspended particulates and other material that may hinder the transmission of UV radiation,
and radical scavengers must be eliminated. Nonhazardous organic material in the waste stream,
as well as destruction intermediates and inorganics, may compete with adsorption sites, thereby
affecting the destruction rate. Because the oxidation of organics and the reduction of metals are
intrinsically related, detailed characterization of the waste stream is required to select the
process parameters.
Toxic organic compounds found in contaminated groundwater can be decomposed by
this process; however, the end-products tend to be other organic compounds which may, or
may not, be hazardous depending on the original contaminants and the details of the
destruction process (i.e., light intensity and wavelength, residence time, presence of oxidizing
agents, solution pH, etc.). Although most simple small hydrocarbons are easily oxidized
completely to CO2 and H2O, the reaction of larger, more complex compounds involves many
intermediates and requires a much longer time for complete mineralization versus simple
removal of the original compound.
During the reduction of heavy metals, the metals plate out onto the TiC>2 catalyst, thereby
consuming the catalyst surface. These metals may be removed in a post-treatment step to allow
recycling of the catalyst, or the catalyst with heavy metals becomes a secondary waste requiring
treatment and /or disposal.
2.5.3.3

Technology Status

There is a significant amount of research being performed by university, EPA, and DOE
researchers into photocatalytic treatment of wastewaters. Most of this is at the laboratory or
bench-scale level to evaluate the process parameters and characterize the destruction process.
However, there is some effort to commercialize this process, and there have been several pilotor field-scale tests performed.
UV Technologies, Inc. is developing a technology using a proprietary light source and a
photocatalyst with H2O2 as the oxidant to treat waste streams containing 100 to 1,000 ppm
organic contamination. Details regarding the system and detailed test results regarding process
efficiency, secondary waste products, and process parameters are not available.
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Matrix Photocatalytic, Inc. was accepted into the EPA's SITE Emerging Technology
Program in May 1991 (Ref. 23). Tests performed on a variety of organics including
polychlorinated biphenyls (PCB); phenols; benzene, toluene, ethylbenzene, and xylene (BTEX);
and others demonstrated conversion to CO 2 and water. Destruction typically occurred in 30
seconds to 2 minutes; however, complete mineralization took longer. Inorganics such as
cyanide, sulphite, and nitrite are also oxidized. This technology has treated wastewaters with
contaminants as high as 1000 ppm with effluent qualities as low as 5 parts per trillion. Extended
field trials on BTEX, trichloroethane, and methyl tertiary butyl ether demonstrated an average
treatment time of 60 seconds at a direct operating cost of $1 to $2 per 1000 gallons. Modular
systems have been developed for high flow rates with capacity increments of 5 gpm.
The State University of New York at Oswego (SUNY) is developing a photocatalytic
system to treat sediments contaminated with PCBs and other chlorinated organics. This system
was accepted into the SITE Emerging Technology Program in 1993, and it will be demonstrated
at a state superfund site in 1994. They are currently building a pilot-scale reactor to treat 1000
pounds of sediment. The system consists of three chambers which contain water. Contaminated
sediment is delivered to chamber A, where it is agitated to allow separation of the suspended
and bottom fractions. Titanium dioxide is added to the slurry and, as agitation proceeds, the
suspended fraction is irradiated at the slurry-air interface. The suspended fraction is slowly
discharged to chamber B, exposing the bottom fraction in chamber A. Following continued
treatment in chamber B, the suspended sediment fraction is discharged to chamber C for
continued treatment and eventual discharge. Once the bottom fraction in chamber A is
adequately treated, it is also removed for further treatment or disposal. Experiments with this
process reduced PCBs in sediments by 62% and 68% after 4 and 6 hours of sunlight irradiation,
respectively. Costs are estimated at < $300 per ton of sediment (Ref. 26).
Laboratory and small field-scale tests have been performed by the National Renewable
Energy Laboratory (NREL) using sunlight as the UV source (Ref. 27 and 28). Previous tests have
demonstrated that the photodestruction reaction is more efficient at lower light intensities so
that current tests have been with nonconeentrating solar collectors.
Three different solar systems designed to treat 100,000 gal/day at a constant flow rate of
70 gpm with 24 hr/day operation were tested at LLNL (Ref. 27). Pumping 24 hrs/day requires
designing several days of retention time into the system to accommodate several days of poor
weather. In these tests, the photocatalyst was supported on a small buoyant pellet about 1/8
inch in diameter, and the catalyst was recovered from the treated water and recycled to the
photoreactor inlet.
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A flat-plate solar collector was also tested on groundwater contaminated by jet fuel at
Tyndall Air Force Base (AFB), Florida (Ref. 28). This system used powdered Ti02 and 3% H2O2
and was generally tested on sunny days. The destruction levels of BTEX was typically 50% to
75% over 3 hours, and the addition of peroxide almost doubled the observed rate of destruction.
However, total organic carbon was unchanged during this period, indicating that the parent
compounds were destroyed, but complete mineralization did not occur. Catalyst reuse tests
showed that the activity dropped rapidly after the first test due to large amounts of organic
material on the catalyst surface. This material could block light from reaching the catalyst
surface, capture the photogenerated OH radicals, or both, thereby preventing degradation of
the BTEX compounds.
2.5.3.4

Destruction Efficiency

DREs depend on a variety of parameters, as previously defined, including the design of
the photoreactor. Consequently, they have little absolute meaning and each case of waste
stream and treatment system must be tested to determine applicability. DREs for specific
systems and applications were provided in the previous section and the results of several tests
are provided here.
In tests on the photodegradation of 40 ppm of 2,4-DCP, 60% degradation and 40%
mineralization was achieved in 10 minutes using a UV lamp emitting in the 300-400 ran range
(Ref. 21). The lamp was surrounded by a fiberglass sleeve coated with titanium dioxide
(anatase), and the flow rate was 3 1/min in a recirculating mode. The destruction rate was 2.9
ppm/min. When ozone was added, the destruction rate was 40 ppm/min, destruction of 2,4DCP was complete in 2.5 minutes, and mineralization was complete in 10 minutes.
Tests on TNT and RDX explosives (Ref. 2.9) indicated between 70% and 80%
mineralization in about 300 minutes using a 100 Watt Hg lamp. Although the catalyst
accelerated the mineralization of TNT and decreased concentrations of light absorbing reaction
intermediates, other nonlight-absorbing intermediates were formed that were intractable to
further degradation. However, if the reactor was purged with nitrogen during the
photocatalytic reaction to produce anaerobic conditions, no light-absorbing or intractable
intermediates were formed, and greater mineralization of TNT was achieved. Aerobic
photocatalytic degradation of RDX was achieved with little byproduct formation.
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In laboratory tests on photocatalyric treatment of water contaminated with heavy metals
and organics (Ref. 23), it was found that only those metals with half-reaction standard reduction
potentials more positive than 0.3 V (vs. normal hydrogen electrode) can be treated using Ti02
as the photocatalyst. Upon exposure to UV light for 40 minutes with salicylic acid as the
reductant, nearly 100% of the gold(HI), silver(I), mercury(II), and platinum(IV) were reduced to
the metallic state onto the photocatalyst; and approximately 84% of the chromium(VI) was
reduced to chromium(III), 50% of which stayed in solution and the rest precipitated. The
presence of oxygen inhibited the reduction of silver, mercury, and platinum. Other metals such
as copper(II), cadmium(II), and nickel(II) experienced little or no reduction.
In these studies, the salicylic acid disappeared at different rates depending on the oxidant
used, and it disappeared only for those metals that were reduced. In the absence of either
metals or oxygen, the acid remains unreacted; however, it disappears rapidly in the presence of
O2 alone. In the absence of O2, oxidation of salicylic acid is controlled by the rate of reduction
and stops when the dissolved metal has been depleted. Although dissolved oxygen generally
slows the reduction of metals by competing for conduction-band electrons, dissolved oxygen
may be necessary for the simultaneous treatment of organics and metals if the concentration of
metals is insufficient for the total destruction of the organic. The organic species also appears to
have a profound effect on the reduction rate and the reduction in TOC.
2.5.4

Technology Comparison

Although processes such as H2O2/UV, O3/UV and H2O2/O3/UV have been shown to
be effective for treatment of contaminated groundwater, and no chemicals are added that
produce secondary waste requiring extensive treatment, these technologies do have their
disadvantages. Though these systems have proven somewhat successful at contaminated
groundwater sites, they have encountered problems in treating water containing
perhalogenated organics (Ref. 28). This is due to the resistance of carbon-halogen bonds to OH»
attack at low temperature, in contrast to easily broken carbon-hydrogen bonds.
All of the photochemical processes suffer from the same weakness (Ref. 30). At low
temperature, photo-induced reactions are not energetic enough to build the complex chain
reactions that can result in the efficient destruction of waste molecules and products resulting
from the initial reactions. This problem is magnified in condensed phases (such as liquid water),
where relatively slow diffusion rates limit the interaction of the waste molecules and short-lived
reactive radicals. .
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As indicated previously, solubility of gaseous ozone in the aqueous phase becomes the
limiting factor when the processes involve ozone. Although H2O2 can eliminate this mass
transfer problem, the decomposition of H2O2 by UV light generated by inexpensive mercury
lamps is inefficient. The waste stream must-be low in turbidity and solids to allow penetration
by the UV light. Finally, the UV penetration depth is difficult to match to the size of the reactor
due to absorption of the light by the glass window and the water since the reaction rate is
directly proportional to light intensity. Excessive light intensity could be wasted by heating the
water and/or the window, which in turn could cause fouling of the surface in contact with the
waste stream.
It is generally inappropriate to treat large-volume, dilute streams with the high
temperature, high pressure, or acid-digestion processes designed for higher concentration
organics. Photo-reactive technologies that completely destroy undesirable dilute organics in
water are attractive because they produce no secondary waste stream other than reaction
byproducts. However, total oxidation would require all hydrogen and carbon to be converted to
water and carbon dioxide for this process to be seriously considered as an alternative to
incineration. Although this technology works well with simple, known contaminants, its
applicability to complex mixtures is unknown. Oxidation rates for some classes of organics,
such as haloalkanes, are unacceptably low. However, lamps that provide direct photolysis and
catalysts that produce hydrated electrons and reduce such compounds have been developed.
Although some organic species are easily destroyed by this process, they are rarely converted
completely to carbon dioxide and water (at least not in a reasonable period of time), and
hazardous compounds can be produced as a result. In addition, contaminant destruction is
often monitored with little attention to complete oxidation of undesirable intermediates and
products. Thus, more emphasis must be given to determination of the endproducts and
material balances. Consequently, TOC in solution should be taken as a measure of the extent of
the reaction, rather than disappearance of the initial compound.
Limitations are imposed by the ability of UV light to penetrate and destroy pollutants. At
the current state of development, most systems are only useful for treatment of aqueous streams
contaminated with less than 10% organics. They are restricted to low loading rates, particularly
in turbid or opaque solutions or soil. The catalyzed processes have experienced problems with
high susceptibility of the catalyst to degradation. Also, some harmless organics that are
generated can cause competing reactions.
For these technologies to be successful, a thorough knowledge of the waste to be treated
is essential. Systems developed for specific waste streams that have unvarying species and
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concentrations lack the operational flexibility to accommodate changing stream characteristics
extant in many waste treatment facilities. The choice of a particular system, and the optimum
oxidant concentration, flow rate, and wavelength, will depend on the specific waste or range of
wastes to be treated. These oxidation technologies cannot be used as generic destruction
techniques; each waste stream to be treated will need some development work to verify the
applicability of these oxidation technologies. Finally, there is little experience with mixed waste,
and the fate of RCRA metals and radionuclides needs investigation.
The advantages of these technologies includes:
•

Use of ambient conditions and mild solutions

•

Processes are easily controlled

•

For the intended wastewater streams (containing a few percent organics), this
technology should easily satisfy most regulatory requirements

2.5.5

•

Systems are usually skid-mounted and portable, permitting on-site treatment

•

Only innocuous chemicals are added, none which are solid-waste forming

•

They are "clean" technologies with minimum air emissions, as compared to thermal
technologies. However, an offgas system will be required to ensure VOCs are not
emitted with the CO 2Cost of Technology or Equipment

UV/oxidation processes are reported to be cost-competitive with other alternative
treatments such as carbon adsorption. Capital costs for the Ultrox system have been estimated
to range between $70,000 to approximately $260,000 (Ref. 11). Operation and maintenance costs
may be as low as $0.25 per 1,000 gallons treated, considering only oxidant and electrical costs,
or may exceed $17 per 1,000 gallons treated if extensive pretreatment is required.
UV Technologies indicates a cost of $3 per 1,000 gallons for wastewaters containing 100
ppm organics and at a flow rate of 100 gpm using a UV lamp source (Ref. 14). However, for
excimer laser systems, the operating costs were about $10K to $20K per month due to the need
to replace optics, the inner cavity, and other parts after about 10^ pulses (Ref. 31).
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Cost estimates were obtained for Peroxidation Systems, Inc. UV/hydrogen peroxide
system which is capable of treating 10 ppm to produce an effluent with a contamination level of
0.5 ppb (Ref. 32). A 30 kW lamp system designed for flow rates of 5 to 35 gpm would cost about
$70K; a 800 kW lamp designed for flow rates of 5,000 gpm would cost about $750K. Total actual
costs for a CAV-OXI system ranged from $1.46 to $2.08 per 1,000 gallons treated; this included
operating cost and capital cost of $21,000 to $61,000 amortized over 5 years (Ref. 17).
Costs for the Purus system used to treat Trimsol at LLNL were estimated (Ref. 18) to be
about $0.20/gram of TOC destroyed, assuming a price for H2O2 of $0.0015/gram ($0.68/lb of
pure H2O2). This cost does not include lamp replacement, neutralization, water evaporation,
and miscellaneous costs that will approximately double the overall cost. A total operating cost
of $45 to $68 million was estimated to completely mineralize 30,000 gallons of Trimsol waste
over a period of 5 years. To achieve this rate of destruction, a capital cost of $20 million was
estimated.
Some operating costs for specific applications of Solarchem systems were provided in
previous sections. Methods to estimate the capital and operating costs of a Solarchem system
are described in References 6 and 33.
The direct operating cost for the Matrix Photocatalytic system was $1 to $2 per 1,000
gallons treated during mini pilot-scale trials for the SITE Program (Ref. 24). Operating costs for
treating PCB contaminated soils using a photocatalytic process were estimated to be
approximately $300/ton (Ref. 26). Cost estimates for the solar photocatalytic systems tested at
LLNL ranged between $5.00 and $6.00 per 1,000 gallons treated (Ref. 27). The estimate for the
system tested at the Tyndall AFB site was $70 to $100 per 1,000 gallons. This is due to
interference in the destruction process by nontarget organics in the waste stream and the need
to replace Ti02 after every use. It was estimated that the nontargeted compounds increased the
cost by almost an order of magnitude (Ref. 28).
2.5.6
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2.6

2.6.1

ULTRASONIC DETOXIFICATION

Technology Description

This process uses ultrasonic energy (high-frequency sound) waves to produce an
alternating adiabatic compression and rarefaction of the liquid media being irradiated. During
the expansion cycle, a sound wave of sufficient intensity can generate cavities, which grow
gradually with each cycle. Upon reaching a critical size, the final compression part of the wave
violently collapses the cavities, creating extremely high-local temperatures of up to 5000°C and
high-local pressures up to 500 bars. In this environment, water is decomposed into extremely
reactive hydroxyl radicals and hydrogen atoms which propagate outward into the surrounding
fluid to react with organic material. During the subsequent cooling phase, these can recombine
to form hydrogen peroxide and molecular hydrogen. Organic vapors within the collapsing
bubbles are destroyed by direct pyrolysis. Inorganic compounds can be either oxidized or
reduced.
The use of ultrasonic energy has been studied for many years for the promotion of
chemical reactions. The application of ultrasonic radiation to the treatment of hazardous
chlorinated organic wastes started in the early 1980s (Ref. 1). A U.S. patent was granted in 1984
for a process by which PCBs were detoxified by ultrasonic energy. Results reported in this
patent and in subsequent tests in which small batch reactors with PCB-contaminated oils and
soil samples were used showed DREs between 60% to greater than 90%. Recent tests at
Argonne National Laboratory (ANL) show rapid and almost complete destruction of CCI4,
TCE, and triethylamine in water and/or soil, and for destruction of PCBs in soils and sludges
(Ref. 2).
Tests on destruction of CCI4 in water show that the destruction was strongly affected by
the intensity of the ultrasonic energy applied, with the destruction rate increasing
proportionally to the intensity. However, solution temperature or initial pH, or the addition of
an oxidant (i.e., H2O2) had little affect on the destruction rate of CCl 4. On the other hand, in
tests with TCE the addition of Fenton's reagent to the solution had a significant effect on the
destruction rate of TCE with or without ultrasonic radiation, although the addition of ultrasonic
energy increased the destruction efficiency and rate (Ref. 2). Figure 2-15 is a conceptual design
for a process to treat groundwater with ultrasonic detoxification and can be adapted to treat
other aqueous wastes. This is a simple process in which the contaminated groundwater is
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directed into the ultrasonic chamber, which is sized to provide an adequate residence time to
obtain the desired destruction efficiency for the contaminants. After treatment, the cleaned
water may be reinjected into the ground. If catalysts are required to increase the reaction rate,
these catalysts may need to be removed prior to discharge.
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Figure 2-15. Schematic of Ultrasonic Groundwater-Detoxification Process
Decontamination of soils is accomplished by the intense shearing action produced by
cavitation which causes the adsorbed molecules on the soil particles to desorb from the surface.
In addition, the repeated rarefaction/compression cycles enhance diffusion of the organic
molecules from the surface of the particles thereby enhancing desorption rates. The desorbed
organics are then destroyed by the mechanisms described above for groundwater contaminants.
Tests at ANL on soils contaminated with CCI4 indicate excellent desorption and
destruction of the contaminant; however, additional unit operations are required to process
soils (Ref. 3). In these experiments, soil consisting of medium-fine and coarse sand with 19%
silty clay, was contaminated with a known amount of CCI4. These experiments showed that
most of the organic material (approximately 80%) adsorbed onto the surface of the clay-type
soils which are too small to settle in water. On the other hand, the course sandy soil which will
settle out of water adsorbs only a small amount (20%) of the organic material. The contaminant
can be washed from the settled soil and the resulting wash water treated ultrasonically, and
2-96

only the small fraction of the silt/clay materials suspended in the water needs detoxification.
Thus, an ultrasonic system for the treatment of contaminated soils would consist of soil
preparation, soil-water slurrying, sedimentation, washing, and dewatering as indicated in
Figure 2-16.
Of the process parameters investigated, the energy intensity and the solids concentration
had the greatest effect on the desorption and destruction of the contaminant in the soil samples.
There appeared to be an optimal combination of these two parameters. Other process
parameters, such as the operating temperature and pH of the slurries, had insignificant effects
on the soil detoxification.
2.6.2

Input and Output Stream Characteristics

Ultrasonic detoxification is a process for treating aqueous streams containing low
concentrations of chlorinated organics and other RCRA components in soil and groundwater.
Inorganics and radionuclides may be oxidized or reduced so they may remain in solution or
precipitate out depending on the species.
The output streams consist of CO2 in the offgas, and treated water and soils which may
contain RCRA metals and radionuclides. Since the process takes place at ambient temperature,
little or no VOCs will be present in the offgas. At this time intermediate products' of organic
decomposition have not been determined; however, it is expected that the reaction will go to
completion so that little or no intermediate organic material will remain in the effluent.
2.6.3

Technology Status

This is an emerging technology that has been demonstrated at the bench-scale. The
technical feasibility of this process has been demonstrated in small bench-scale batch units at
ANL for the destruction of CCI4, TCE, and triethylamine in water and/or soil, and for
destruction of PCBs in soils and sludges (Ref. 1,2 and 3).
Work is also proceeding at the University of Akron where the efficacy of the ultrasonic
process has been demonstrated for the destruction of aqueous chloromethanes, chloroethanes,
chloroethylenes, benzene, and toluene (Ref. 4). Westinghouse Hanford has contracted with The
University of Akron to perform proof-of-principle experiments on simulated Hanford waste
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and wastewater. In addition, The University of Akron is investigating a commercial application
consisting of using ultrasonics, heat and pressure to decompose used tires (Ref. 5). Once the
rubber is fluid it can be formed into other products or mixed with new rubber. The current
capacity is 5 pounds per hour which is to be increased to 100 pounds per hour by late 1994;
enough capacity to treat small items such as gaskets. Recycling tires will require 5,000 pounds
per hour and significantly more development.
Currently there is no commercial industry using ultrasonics for organic destruction of
waste in wastewater or soils, and very little development work is being performed to move this
technology from the laboratory to the field. However, this technology appears to have
significant potential for treatment of hazardous and mixed wastes. In addition to ex situ
treatment of wastewaters and soils, ANL has developed a concept for in situ treatment of
groundwater as shown in Figure 2-17. However, this concept will require extensive
development, testing and demonstration.
2.6.4

Destruction Efficiency

Early experiments used a 375 W ultrasonic generator at 20 kHz frequency on sludges
from a hazardous waste site containing an average concentration of 2.6% Aroclor 1242 and 3.3%
Aroclor 1260 indicated that about 98% of the former and 63% of the latter were destroyed. Other
test results from soil samples spiked with PCB (1260) oils indicated a DRE of 99% had been
achieved (Ref. 6).
The work at ANL used a small sonication cell with an ultrasonic probe capable of
reaching 500 W / c m power intensity and 20 kHz frequency to decontaminate CCI4 spiked
water (Ref. 1). Most of the tests were run at 25°C since increasing the temperature had little or
no effect on the destruction efficiency or the reaction rate. The results of these tests show an
exponential decrease in CCI4 concentration with time. Greater than 99% removal efficiency of
the CCI4 was achieved in these experiments in times on the order of 10 minutes. For an initial
OCI4 concentration of 130 ppm, the residual concentration decreased to about 5 ppm after 5
minutes of irradiation (see Figure 2-18), while for an initial concentration of 1.6 ppm, the
residual concentration decreased to about 0.05 ppm within the same irradiation period. At
higher initial concentrations of CCI4, and within the same sonication period, greater amounts of
contaminant were destroyed; however, the DRE was about the same.
2

In general, destruction begins when the applied intensity is above a critical level, and any
increase in intensity will increase the sonochemical effect. Thus, residual CCI4 decreases with
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Figure 2-18. Decrease in CCI4 Concentration vs. Sonication
Period at a CCI4 Concentration of 130 ppm
increasing power density, and Figure 2-19 shows the effect of power density on destruction rate
(Ref. 1). However, the intensity cannot be increased indefinitely because with increasing power
density the cavities may grow so large during rarefaction that the time available for their
collapse is insufficient for effective coupling of the ultrasonic energy to the system.
Tests at ANL on soils spiked with equilibrium concentrations of CCI 4 indicate significant
decreases in residual contamination in periods on the order of 10 to 20 minutes (Ref. 3).
Figure 2-20 shows that an initial amount of CCI4 of 55 mg/1 decreased to about 11 mg/1 with 6
minutes of ultrasonic irradiation, and an extended sonication period of 25 minutes resulted in a
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decrease of CCI4 to 0.5 mg/1 or 1 ppm by weight of soil. Two parameters are of primary
importance in soil/water detoxification; these are the energy intensity or power density as
described earlier, and the dilution factor expressed as grams of water/gram of soil. For a given
energy intensity and specified treatment level, there appears to be an optimum dilution factor
that minimizes the time required for destruction of the contaminant. However, at high-power
levels and low-dilution factors, a point is reached where soils can be crushed by the ultrasonic
energy producing very fine particles and changing the characteristics of the mixture into a highviscosity slurry. In such a case, the mixing capability of the system is decreased, thereby
decreasing the detoxification efficiency and causing problems in returning the soil to the site.
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The experiments at ANL indicate that the addition of oxidizing agents or catalysts had
little or no effect on the destruction of CCI4. However, the irradiation time for a given degree of
destruction of TCE can be reduced by the addition of a chemical oxidant such as Fenton's
reagent (Ref. 7 and 8). Batch tests on TCE showed a removal efficiency of 31.5% in 15 minutes
with sonication only, and a 94.4% removal efficiency with sonication plus Fenton's reagent
(Ref. 7). A TCE reduction of 80% was achieved in 2 minutes with Fenton's reagent alone, and a
reduction of over 90% was achieved in the same time period when ultrasonic radiation was
simultaneously applied (Ref. 8). Results of some of these TCE tests are shown in Figure 2-21.
Other studies have demonstrated over 90% dechlorination of chlorobenzene and mdichlorobenzene in 60 and 100 minutes, respectively (Ref. 9).
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2.6.5

Detoxification of TCE-Contaminated Soil with the Addition
of Additives

Required Development

Development of engineering data is needed for the design of a commercial-scale
continuous-flow facility. Determination of the optimum operating conditions for various
organic materials and mixtures is required, as well as determination of any toxic byproducts in
the effluent. Mass balance of VOCs is needed to confirm destruction versus possible
evaporation. This method of destruction also needs to be compared with alternatives in terms of
efficiency of destruction, reliability, and cost to determine its applicability to mixed wastes.
2.6.6

Technology Comparison

This process takes place under ambient conditions, requires little or no pretreatment, and
can be used to treat a wide variety of organics, including chlorinated compounds, due to the
non-specific nature of the process. The process should be able to handle aqueous streams with
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moderate amounts of suspended solids, and solutions with low-light transmissivity. Since this
is a direct treatment, few byproducts or secondary wastes should be generated. However, this
technology is a new and emerging technology, and will require extensive development and
testing before it can be applied with confidence in the field. Work has not been done to
determine the nature of the end-products of this process, and it is doubtful if the process would
be applicable to the destruction of a variety of solid organic materials. However, initial smallscale demonstrations of this technology indicate it may be more reliable, will generate fewer
secondary environmental emissions, and will be cost-effective when compared with
conventional technologies such as incineration for treating soil.
2.6.7

Cost of Technology or Equipment

Preliminary cost estimates indicate processing costs of about $300 to $400 per ton of
contaminated soil (Ref. 6). In addition, the technology may be more reliable and generate fewer
secondary environmental emissions than competing technologies.
2.6.8
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2.7

2.7.1

ELECTRON BEAM OXIDATION

Technology Description

Electron-beam processing involves exposing material to high-speed electrons produced
by electron accelerators. A single high-energy electron is capable of initiating several thousand
reactions as it dissipates its energy. The process of irradiation in aqueous solutions produces
sizable quantities of the reducing free radicals e ~ and H», the oxidizing radical OH» in
approximately equal concentrations, and the more stable oxidant H2O2. These highly reactive
radicals react with organic contaminants to break the chemical bonds and produce CO2, H^O,
nonhazardous salts, and intermediate organic reaction products. In this process, the e " and
OH» radicals account for over 90% of the reactive species. Most of the organic species
investigated are primarily oxidized by the OH> radical; however, with some species the
reaction is predominantly reduction with the e ~ radical. For example, reactions involving the
e " radical may result in dechlorination of organohalogen compounds, and further reaction of
the resulting organic radical may completely destroy the compound (Ref. 1).
a

a a

a q

High voltage (1.5-2.0 Mev) systems are being tested for application to aqueous waste
streams at LANL, Florida International University (FIU) and the University of Miami, and High
Voltage Environmental Applications, Inc. (HVEA).
The work at the Florida universities and at HVEA has been performed at the Miami
Electron Beam Research Facility at the Miami-Dade wastewater treatment plant under a
National Science Foundation Grant (Figure 2-22). This facility consists of an e-beam pilot plant
capable of treating an aqueous hazardous waste stream at a flow rate of 120 gpm. This plant
uses a 1.5-Mev, 50 milliamp, continuous duty profile accelerator to produce doses in water
approaching 1 Mrad. Magnetic coils spread the electron beam into a rectangular pattern 4 feet
wide by 5 inches tall. The beam passes through two 1-mil thick titanium windows and then
into the water that cascades in a thin sheet over a weir. The thickness of the stream of water
varies from 0.22 inches to 0.133 inches as it falls through the path of the beam. Since the
maximum penetration in water is approximately 0.29 inches for 1.5 Mev electrons, some
electrons pass through the stream so that all the beam energy is not transferred to the water.
Thus, when the system is operating at 50 ma and 120 gpm, the waste stream is receiving
approximately 650 kilorads. The beam current and wastewater flow rate can be altered to vary
the dose (Ref. 2).

2-107

fepvy&sfefe^

SYSIBk* CONTROLS

Grind*

yum

"I
_i!_j!rv

|

\

toMrtx
Door

••

r,A

asssstt^^

crcorad

CUM
Oonda

X

fMUinVI

CONTROL BOOM
and
LABORATORY

rf-;. .-. .'-;;.'--.v-. .v-.v--. .'-.'. . -Tr^r
,

,

,

,

, t

£sL_i

i;:>.;j-.:j..:;-:j*.:'-.:j..j>.^::/:?'.:?

Traatod BlkMrt
SumpftngAfMi

w«»^ fe«aigM-wfeah;^^w^v; Wi:^^»;;:ft.W4»f ft
i

i

Duct

Side View
Figure 2-22. Electron Beam Research Facility, Miami, Florida

2-108

!

However, there is a potential for considerable loss of volatile organic contaminants (e.g.,
benzene, toluene and xylenes) in this configuration due to volatilization as the waste stream
passes over the weir.
2.7.2

Input and Output Stream Characteristics
The high-voltage e-beam systems have been targeted at dilute organic liquids in an

aqueous waste stream with concentrations in the hundreds of ppm range and less. However,
experimentation is beginning on concentrations in the 1% organics range. The process will
destroy liquid organics, such as solvents, from aqueous slurry and may destroy nitrates and
nitrites (Ref. 3). Tests have been performed with up to 5 wt.% clay added to the waste stream
with no effect on the contaminant removal rate. However, this process is not feasible for
destruction of organic solids in any form, except possibly for biological materials (Ref. 3).
Natural waters often contain scavengers that lower the concentration of the reactive
species and slow the reactions leading to destruction of organic comtaminants. These scavenger
species include carbonate, bicarbonate, nitrate ions, oxygen, and dissolved organic carbon
contained in humus. Thus, pretreatment may be required to remove these scavengers or adjust
the pH to remove alkalinity, the major OH* radical scavenger (Ref. 4). However, nitrates in the
water may improve the solute removal efficiency by scavenging e q~ radicals, thereby
minimizing recombination and increasing the reactions with OH* (Ref. 5).
a

Reaction byproducts for various compounds studied (TCE, PCE, chloroform, benzene,
toluene, and phenol) are highly oxidized in nature (Ref. 6). For example, formaldehyde and
formic acid, at micro-molar (|iM) concentrations, were the only reaction byproducts identified
from TCE, PCE, and chloroform destruction. The remainder of the parent compound was
completely mineralized to CO2, H2O, and HC1. The decomposition of benzene, toluene, and
phenol proceeds through OH* addition, producing phenolic compounds (i.e., phenol, catechol
and resorcinal) at low doses. At high absorbed doses, these initial reaction byproducts were
oxidized to low molecular weight aldehydes and carboxylic acids. The sum of these final
reaction products account for less than 10% of the initial carbon mass, and it is assumed that the
remainder of the parent compound was mineralized to CO2 and H2O.
Reaction byproducts during the destruction of BTEX compounds included phenols and
various carbonyl compounds (Ref. 5). Phenol concentration in the effluent increased at low
doses and then fell below the input concentration (or background) at high doses. The addition
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of H2O2 in the influent resulted in a decrease in the phenol concentration in the effluent (i.e.,
more efficient destruction) at low doses and a substantial decrease in the phenol content of the
effluent at high doses.
2.7.3

Technology Status

LANL has configured an existing electron accelerator for technology evaluation studies
and demonstrated destruction of two hazardous organic compounds characteristic of priority
mixed wastes. The test bed operates in a single-pulse mode (65-ns pulse width) and produces
beam voltages of 1.5-2.0 Mev and doses in the range 4-7 Mrad. However, the short, single-pulse
destruction is much less efficient than other dose profiles, such as continuous duty or
repetitively pulsed profiles (Ref. 7).
Computer-based chemical kinetic models have been developed at LANL to understand
the waste removal process, predict the expected removal efficiency, develop scale-up
parameters, and compare standard electrostatic accelerators to pulsed accelerators in terms of
free radical production (Ref. 7). The model has been modified to include radical scavengers
normally occurring in potable and natural water (e.g., carbonates). Scavenger-included
calculations produced excellent correlations with FIU experimental results, providing
confidence in the models. Initial evaluations indicate that e-beam irradiation also holds
promise for the treatment of nitrates in aqueous solution or sludges due to the production of
large amounts of reductive as well as oxidative free radicals.
These models show that a continuously applied dose is more efficient in destroying waste
than the same amount of pulsed dosage due to less radical-radical recombination, and a
repetitively pulsed machine can produce similar radical concentrations to those of a dc machine
when pulsed at high repetition rates (e.g., 10 kHz, 100 ns pulses). Recent technology
developments have led to a new generation of pulsed linear induction accelerators driven by
solid state electrical power conditioning elements. These new generation accelerators are
considered less expensive per unit e-beam dose and physically smaller, modular, and more
reliable than conventional electrostatic accelerators. Although the computer models predict that
these repetitively pulsed accelerators will produce better chemical destruction, no data is
available to confirm these calculations. LANL has been negotiating with an industrial partner
to install a pulsed linear induction accelerator for testing on hazardous wastes (Ref. 7).
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Three basic types of electron accelerators are currently available in the energy range of 1-5
Mev and power up to 100 kw, and are in widespread use in industry. The type of accelerator
used by HVEA is the insulated core transformer (Ref. 1), which produces high voltage by a
three-phase transformer with multiple secondary windings that are energized by insulated core
segements in an iron core. In 1991, approximately 180 of these machines were in use by
industry. Other types of dc accelerators used in industry include the Dynamitron and the
Cockcroft-Walton machines. These machines require the direct generation of high electrical
potentials to accelerate emitted electrons. Indirect methods of acceleration, such as the linear
induction accelerator mentioned previously, may allow smaller and cheaper machines for
applications where high power is required at high potentials.
HVEA has recently been accepted into the EPA SITE Program. They are building a
mobile treatment plant that will be able to treat 50 gpm and were scheduled to demonstrate the
system at the Savannah River Site in September 1994. The system consists of a 500-kilovolt
accelerator that produces a continuously variable beam current from 0 to 50 millamperes. At
full power, the system is rated at 25 kilowatts. The flow rate and beam current can be varied to
obtain doses of up to 2,000 kilorads in a one-pass, flow-through mode (Ref. 8).
Studies by HVEA at the Miami Electron Beam Research Facility are continuing using
influent streams of potable water, and raw and secondary wastewater with various
contaminants. Rate constants have been defined for the reactive species both with scavenging
species in natural waters and with various contaminants (Ref. 5 and 6). Removal efficiencies for
a single pass through the system range from 85% to greater than 99% for most common
solvents. These are ongoing studies with the goal of commercializing the e-beam technology for
municipal wastewater and sewage sludge.
2.7.4

Destruction Efficiency

A measure of efficiency is the change in solute (or contaminant) concentration for a given
absorbed dose (Go)- Although the percentage removal rises with increasing dose, the efficiency
decreases. This is because excess radicals recombine at high doses, thereby decreasing the
number of reactive species that can react with the organic contaminant. Thus, it is more efficient
to operate the system at a low dose (e.g., 100 krad) and flow the fluid past the e-beam several
times to achieve an additive dose, rather than using a single pass at a high dose. The removal
efficiency also increases with solute concentration due to decreased radical-radical
recombination in the presence of contaminants. Thus, factors that affect removal efficiency
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include water quality (i.e., the presence of radical scavengers), dose, and contaminant type and
concentration. These factors also affect treatment cost because increasing efficiency (decreased
dose requirements) results in a decrease in cost per 1,000 gallons processed due to increases in
flow rate.
Although removal efficiency generally improves with increased contaminant
concentration, the percent removal at low solute concentrations is found to be higher in all
waters than for the high solute concentration. In general, removal efficiencies are best in
potable water vs. raw or secondary wastewater; however, experiments in raw wastewater
showed an increased removal efficiency relative to secondary wastewater for TCE and several
other organic compounds. This may be due to increased organic carbon in the raw waste stream
and associated decrease in radical-radical recombination, effectively increasing the
concentration of the transient reactive species (Ref. 1). Tests have indicated that as the
concentration of the organic solute increases, the dose required to remove 90% of the initial
solute concentration increases for all compounds studied. Therefore, increased radiation doses
are required as the concentration of the target chemicals increases (Ref. 5).
Tests have been performed with trihalomethanes (CHCI3, CHBrCl2, CHBr2Cl, CHBr3)
and with mixtures of these compounds (Ref. 9). These tests demonstrated over 97% reduction
with influent concentration between 76 to 86 ug/1 at 200-300 krad dose levels. These THMs are
quantitatively decomposed to halogen acids with no formation of halogenated organic
compounds as reaction byproducts. Other tests (Ref. 10) indicate nearly complete
mineralization of TCE and PCE with no formation of halogenated organic byproducts. Reaction
byproducts included formic acid, which accounted for approximately 5 to 10% of the carbon in
TCE or PCE, and formaldehyde and acetaldehyde in concentrations an order of magnitude
lower. Table 2-10 provides a summary of the average dose required to remove 99% of various
contaminants.
Large-scale recirculation experiments were performed at high concentrations of phenol
(90 mg/1) and a flow rate of 100 gpm (Ref. 11). The solution was recirculated through the ebeam and the dose was varied from 0 to 600 krad over a 2.5 hour experiment. After the third
recirculation by volume, the phenol concentration was reduced to <1% of its initial
concentration at low pH (pH=3.95). Phenol removal was less efficient at higher pH (7.75) with a
reduction to <5% of its initial concentration. However, the total organic carbon did not
significantly decrease at either pH, indicating the main removal pathway for phenol was not
through mineralization, but more likely through a polymerization process to form higher
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molecular weight polymers. The experimenters anticipate that continued recirculation of the
waste stream would lead to the destruction of these polymeric intermediates.
Table 2-10. Summary of the Average Dose Required to Remove 99% of Organic
Species from an Aqueous Solution (Ref. 6)
Compound

Initial Concentration
(mg/l)

Average Dose
(krad)

TCE

5.2 - 7.6

107

PCE

0.93 - 4.8

442

Chloroform

5.2 - 7.0

1004

Benzene

1.8-6.8

200

Toluene

3.7 - 6.1

169

Phenol

56.4-61.5

1110

A summary of the removal percentages for most organic compounds that have been
investigated to date by HVEA is presented in Table 2-11 for a single pass through the e-beam
(Ref. 12). Although experiments were run with compounds dissolved in waters of varying
qualities (potable water, chlorinated secondary, and raw wastewater) and initial concentrations,
doses of 50 to 800 kilorads effectively removed most of the compounds. Only insignificant
quantities of reaction byproducts (e.g., submicro-Molar concentrations) have been identified
when destruction of the parent compound is near completion. When complete destruction does
occur the compounds are reduced to C 0 2 , H 2 0 and salts.
Although some removal efficiencies are less than desirable, these are based on a single
pass through the system. Since this is a flowthrough system, there is essentially no retention
time; once the electrons enter the water, treatment occurs in a fraction of a second.. Therefore, it
may be economical to recycle the waste stream two or three times to achieve the required
removal efficiency.
2.7.5

Technology Comparison
Electron-beam technology appears more robust than UV photo-oxidation, and further

along in development than ultrasonic destruction, for application to aqueous waste streams.
Following is a summary of advantages and disadvantages of e-beam technology.
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Table 2-11. Summary of Electron-Beam Removals of Various Organic Compounds
(Ref. 12)

Percent Removal

Required Dose
(krad)

>99

49-650

83-99

586-650

Bromodichloromethane

>99

80

Dibromochloromethane

>99

80

Bromoform

>99

80

Carboon Tetrachloride

>99

80

Chlorobenzene

97

650

1,2-Dichlorobenzene

88

650

1,3-Dichlorobenzene

86

650

1,4-Dichlorobenzene

84

650

trans-1,2-Dichloroethylene

93

800

1,1-Dichloroethylene

>99

800

1,2-Dichloroethylene

60

800

>99

800

92

650

>99

800

Methyl Chloride

77

800

Phenol (total)

88

37-800

Toluene

97

45-650

1,1,2,2-Tetrachloroethane

88

650

Tetrachloroethylene (PCE)

>99

241-500

89

650

>99

57-500

m-Xylene

91

650

o-Xylene

92

650

Compound
Benzene
Chloroform

Dieldrin
Ethylbenzene
Hexachloroethane

1,1,1 -Trichloroethane
Trichloroethylene (TCE)

2.7.5.1
•

Advantages
E-beam treatment is effective for destruction of a broad range of hazardous wastes,
particularly chlorinated hydrocarbons. This technology is not sensitive to the
treatability of the contaminant or the particular target species, and it treats waste
streams of varied composition.
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•

The aqueous systems are closed loop with a short (fraction of a second) residence
time. Recycling of the waste stream can provide the required destruction efficiency
for compounds that are difficult to destroy.

•

It is a low temperature process, so VOCs and volatile metals or metal compounds are
not vented or produced during treatment of aqueous wastes. However, some off
gasing of VOCs may occur as the aqueous waste flows over the weir of the HVEA
system. Plugging, scaling, and corrosion issues characteristic of high temperature or
chemical processing are avoided.

•

High power e-beams can treat slurried waste directly (i.e., without chemical
addition) and have been effective in treating wastes with up to 5% solid content.

•

This technology has an established engineering base in that electron accelerators are
an established technology. It is presently economically competitive with other
destruction technologies, and it is expected to be less expensive and more effective
when new, repetitively pulsed accelerator technology is implemented.

•

The waste treatment unit stands off from the waste stream, preventing large-scale
contamination and generation of secondary waste and making the system easy to
maintain. This stand-off characteristic makes this technology applicable to mixed
waste since only the plumbing will become contaminated with radionuclides.

2.7.5.2
•

Disadvantages
The need for highly skilled operators and maintenance personnel for the
accelerators.

•

This process will not destroy solids.

•

There is a potential need for post-processing to achieve the required destruction
efficiency, depending on contaminants and local discharge requirements.

•

Treatability studies are required to determine dose requirements to ensure
hazardous byproducts are not produced in the effluent.
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2.7.6

Cost of Technology or Equipment

One of the possible major drawbacks to the e-beam technology is the initial capital cost of
the accelarator for a fixed, large-scale facility such as that at the Miami Electron Beam Research
Facility. An accelerator capable of delivering 1,000 kilorads at 100 gpm will cost approximately
$1,700,000 (Ref. 13). Total treatment costs using this permanent large scale facility would be
approximately 1.0 to 1.5 cents per gallon, assuming one pass through the beam is sufficient
(Ref. 1).
Estimates for processing waste streams with e-beam accelerators is about $2.50 per 1,000
gallons of treated water at a flow rate of about 120 gpm (Ref. 14). Sandia researchers have
performed preliminary tests on the removal of organics from Hanford tank simulants and
estimated processing costs of approximately $10/gallon for this extremely complicated waste
(Ref. 7). Thus, costs for processing waste streams with the e-beam may vary widely depending
on the compounds in the waste stream and the flow rate.
The cost of treatment using e-beam technology depends on many factors, including the
dose required to obtain the desired destruction; the volume of waste to be treated; the size of
the treatment facility; the time utilization of the facility; and the manner in which capital
recovery is handled. Several estimates were developed for different situations (Ref. 12), which
are summarized below:
•

A site with TCE contamination of 10 mgfl with a treatment objective of 5 fig/l (i.e., 99%
removal). The groundwater contains no alkalinity and no dissolved organic carbon.
To treat 500 to 1,000 gpm, the cost would be $0.75 per 1,000 gallons. The facility and
operators would increase the cost to approximately $2.00 per 1000 gallons.

•

Contaminated leachate containing 1% dense nonaqueous phase liquid to be treated to the
F039 treatment objectives. The quantity of leachate is estimated to be 30 billion gallons
with over 100 compounds. For continuous treatment at 100 gpm the cost was
estimated to be between $0.30-$0.40 per gallon.

•

Contaminated leachate containing small amounts of light nonaqueous phase liquid to be
treated to F039 treatment objectives. The quantity is estimated to be 10 billion gallons
to be treated at a rate of 5,000 gallons per day initially with the flow decreasing with
time. For a 5-day-per-week, 8-hour-per-day operation the treatment system was
estimated to cost between $0.40-$0.50 per gallon.
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•

Removing 99% of 20 mgfl benzene and 20 mg/l of TCEfrom groundwater. The cost was
estimated to be $1.95 per 1,000 gallons using a 75 kw e-beam system, assuming a life
of 10 years and a flow rate of 250 gpm. This does not include the time value of
money, cost of operators, supervision, overhead, or necessary pretreatment.

These cost estimates were based on using a continuous beam accelerator, which costs
approximately $1,700,000. Use of a smaller accelerator or pulsed LINAC, which may cost
approximately $500,000, would decrease the treatment costs due to decreased cost of capital and
decreased maintenance requirements.
2.7.7
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2.8

2.8.1

X-RAY AND GAMMA-RAY DESTRUCTION OF ORGANICS

Technology Description
X-ray treatment of organically contaminated soil and water is based on the in-depth

deposition of ionizing radiation. Collisions of energetic photons (x-rays or gamma rays) with
matter generates a shower of energetic secondary electrons within the contaminated waste
material. The secondary electrons cause ionization and excitation of the atomic electrons, break
up the complex molecules, and form radicals that react with contaminant materials to form
water, carbon dioxide, and oxygen.
X-rays are generated by means of an electron accelerator, which can accelerate electron
beams to high energies (several Mev range); the upper limit depends on the application and is
chosen small enough to avoid activation. Pulses of electrons a few tens of nanoseconds in
duration are directed onto a cooled, high atomic number converter to generate bremsstrahlung
radiation as the electrons slow down. Gamma photons may be produced by a radioactive
source such as Co-60 or spent nuclear fuel.
The physical mechanism by which VOCs and semivolatile organic compounds (SVOCs)
are removed depends on the contaminant present and the waste matrix. The shower of
secondary electrons resulting from x-ray or gamma ray deposition produces both highly
oxidizing radicals and highly reducing aqueous electrons similar to electron beam destruction
described in the previous section. While hazardous byproducts may form during treatment, the
complete conversion of contaminants and byproducts is claimed to be achieved at sufficiently
high dose levels and residence times without undesirable waste residuals or air pollution (Ref.
1).
It has been generally assumed that the radiation effects from gamma or x-ray radiation
are similar to those of e-beam radiation; however, recent evidence indicates there may be a
difference (Ref. 2). The effects of free radical scavengers in clean water are more influential for ebeams than they are for gamma sources when being used for the destruction of toxic organics.
The differences may be due to how the radiation is distributed within the aqueous system and
how the energy dissipates. The nature of the radiation does not influence the identity of the
species formed in the absorber. It does influence local concentrations depending on the density
of the absorber. The different chemical effects are due to the different densities of reactive
species produced along the track of the individual particles.
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2.8.2

Input and Output Stream Characteristics

The effective penetration of x-rays generated by 10-Mev electrons is approximately 43
centimeters in water (Ref. 1) and 27 centimeters in soil (Ref. 3). Because of moisture in
contaminated soils, sludges, and sediments, the secondary electrons produce oxidizing and
reducing species as in aqueous wastes. Thus, large volumes can be treated, and standard
container walls will not absorb a significant fraction of the ionizing radiation. Either a flowing
waste, solid waste, or sludge on a conveyor or waste contained in disposal barrels can be
treated. Because no additives are required for the process, the developers claim that sealed
containers can be accommodated (Ref. 1 and 3). However, this does not address gas generation
during treatment and the potential for rupture of the container. In situ treatment of
contaminated soil may also be feasible.
2.8.3

Technology Status

This technology is being developed by Pulse Sciences, Inc. (PSI) and was accepted into
the SITE Program in May 1991 for testing on aqueous wastes and in 1993 for testing on
contaminated soils. In the PSI system, x-rays are generated by means of an 800-amp linear
induction accelerator (LIA), which can accelerate e-beams to energies of 1 to 10 Mevs (Ref. 1).
Pulses of electrons, 50 to 100 nanoseconds in duration at a rate of 1 to 2 pulses per second, are
directed onto a cooled high atomic number converter to generate bremsstrahlung radiation as
the electrons slow down. The converter consists of a vacuum window (2 mil tantalum foil), a
high "Z" material (5 mil tantalum foil), and a beam stop (0.2 inch graphite). The converter is
water cooled to allow continuous operation (Ref. 4).
This LIA is being used in the SITE experiments to determine the x-ray dose required both
to reduce organic contamination in solid and liquid wastes to acceptable levels and develop
scaling factors to size the field-scale treatment system. Experiments are being conducted to
irradiate various organic contaminants in an aqueous waste.
A compact transportable induction accelerator called the Spiral Line Induction
Accelerator (SLIA) is also being developed by Titan/Pulse Sciences, Inc. (Ref. 4). For a 400 kW
(8 Mev, 1.8 kA, 25 nsec, 1.1 kHz) SLIA, the size will be 12 m^, it will weigh 4.5 tons, and will
cost $3 million. The expected throughput for a moderately contaminated aqueous waste stream
requiring a dose of 100 krad is approximately 800 gpm.
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LLNL and INEL are jointly investigating the decomposition of chlorinated hydrocarbons
using bremsstrahlung radiation produced by electron accelerators and gamma photons
produced by a Co-60 source in spent reactor fuel (Ref. 5 and 6). Three different accelerators
were used to investigate the effect of radiation energy and dose rate on destruction of VOC
contaminants in groundwater. Dose rates between 10^ and 5x1010 rad/sec, and bremsstrahlung
energies from 2 Mev to 9 Mev were available depending on the accelerator used. The gamma
source provided 1.2 Mev gamma photons at a dose rate of 400 rad/sec.
2.8.4

Destruction Efficiency

The SITE tests by PSI using the LIA described above consisted of samples that were
continuously rotated during irradiation to allow a uniform dose of x-rays to be applied (Ref. 4).
At 10 cm from the converter, an x-ray dose of 5-8 rads per pulse was applied to the samples. To
accumulate large doses, multiple radiation pulses were applied to the samples. The results of
the x-ray irradiation of the samples on 12 different contaminants prepared in reagent grade
deionized water are shown in Table 2-12. Compounds such as chloroform, methylene chloride,
1,1,1-trichloroethane, and carbon tetrachloride, which do not contain a double bond and do not
react as strongly with the OH« radical, required a much larger dose to be destroyed than the
VOCs.
Table 2-12. Summary of X-ray Radiolysis Experiments on Solutions of Contaminants
in Reagent Grade Water (Ref. 4)

Compound
TCE
TCE
TCEPCE
PCE
Chloroform
Methylene Chloride
Trans 1,2-Dichloroethene
Cis 1,2-Dichloroethene
1,1,1 -Trichloroethane
Carbon Tetrachloride
Benzene
Toluene
Ethylbenzene
Xylene

Initial
Concentration
(PPb)
64,000
2100
1000
49150
230
2000
270
260
13
590
180
240
150
890
240
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Final
Concentration
(PPb)
<0.5
<0.5
<0.5
<0.1
3.6
4.4
3.1
0.78
<0.5
54
14
<0.5
<0.5
3.6
1.2

X-Ray Dose
(krad)
180
20
10
98
42
178
145.9
10.6
10.6
207.1
224
8.8
4.83
204
5.6

Table 2-13 (Ref. 4) summarizes the results for the well water samples from Florida
International University (FIU) and the Superfund site at LLNL. The doses required to destroy
VOCs that react strongly with the OH» radical increased by approximately a factor of 5 for the
well water sample. This was due to high concentrations of carbonate and bicarbonate ions,
which are OH> scavengers. An x-ray dose of 150 krads was sufficient to reduce all the
contaminants in the first Superfund water samples (sample #1) to values that were below those
established by the California Primary Drinking Water Standards. For the second more highly
contaminated sample #2, a maximum dose of 291 krads was required to reduce three of the
seven contaminants to below the drinking water standards. The experimenters estimate that a
maximum dose of 500 krad would be required to reduce all of the contaminants to
concentrations below the drinking water standards (Ref. 4).
Table 2-13. Summary of X-ray Radiolysis of Experiments on Contaminated Well Water
(Ref. 4)
Final Concentration
(PPb)

X-Ray Dose
(krad)

262
1000
221
400
430
430

<0.5
<0.5
<0.5
196
70.9
85

39.9
33.2
20.5
93.8
185
171

Superfund Well Water Sample #1
TCE
3400
PCE
500
1,1-Dichloroethane
<10
1,1-Dichloroethene
25
1,1,1 -Trichloroethane
13
Cis-1,244
Dichloroethene

<0.5
<0.5
1
<1
2
<0.5

99
99
145.4
49.9
145.4
49.9

<1.0
1.6
81
4
17
6.8
32

291
291
291
291
291
291
291

Compound
Spiked FIU Well Water
Benzene
Ethylbenzene
D-xylene
Carbon Tetrachloride
Carbon Tetrachloride
Carbon Tetrachloride

Initial
Concentration (ppb)

Superfund Well Water Sample #2
TCE
PCE
Chloroform
Carbon Tetrachloride
1,2-Dichloroethane
1,1-Dichloroethane
Freon

5000
490
250
14
38
11
71
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High contaminant levels of TCE and PCE in aqueous solutions were investigated for
hazardous by-product formation (Ref. 4). Preliminary analysis showed no evidence of
chlorinated hydrocarbons when the TCE or PCE concentrations had been reduced to below
detectable levels. However, as with e-beam destruction of TCE and PCE, low concentrations of
aldehydes and organic acids are expected.
Investigation at LLNL and Idaho National Engineering Laboratory (INEL) (Ref. 5 and 6)
demonstrate an exponential decay of concentration with dose for VOCs in groundwater, and
PCBs and insecticides in organic solutions. TCE concentrations in the hundreds-of-parts-perbillion range in groundwater can be reduced to several ppb by exposures of 50 to 100 krad.
Chloroform and carbon tetrachloride are both more resistant to radiolytically induced
decomposition and require approximately 200 and 400 krad, respectively, to reduce their
concentrations to half their original value of 10 to 60 ppb and 14 ppb. However, there are
indications that radiolytic decomposition of chloroform and carbon tetrachloride may be
enhanced by higher dose rates (Ref. 6).
Increasing the concentration of a mixture of TCE, PCE, carbon tetrachloride, and
chloroform in groundwater to 100 pm each, also increases the dose required to decrease TCE
and PCE by a factor of two. Thus, these compounds appeared to have concentration-dependent
dose requirements for decomposition, whereas carbon tetrachloride and chloroform did not
exhibit this concentration dependence (Ref. 6). The only reaction products found were chloride
ions suggesting complete mineralization of the organic chlorine. Tests with TCE at 262 ppb
concentration and irradiated to 150 krad with the Co-60 gamma source indicated that 65% of the
original TCE carbon formed C02- The remaining carbon was converted to nonvolatile, watersoluble compounds suspected of being organic acids.
Groundwater contaminated with gasoline was irradiated with the Co-60 source resulting
in a VOC reduction from thousands of ppb to below one ppb at dose levels of 3,000 krad or less.
Groundwater contaminated with high explosives (500 ppb of HMX and 500 ppb of RDX) was
irradiated with 9 Mev bremsstrahlung and doses up to 700 krad. An ingrowth of an unknown
reaction product was observed at 350 krad, which began to decompose as the two high
explosives were consumed. A PCB dissolved in transformer oil was irradiated with 9 Mev
bremsstrahlung and gamma photons from a Co-60 source with the resulting decomposition
shown in Figure 2-23 (Ref. 6). This shows that PCB concentrations in oil can be decreased using
either source with an applied dose of 12,000 krad required to reduce the concentration from 50
ppm to several ppm.
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OCTACHLOROBIPHENYL DECOMPOSITION VS. ABSORBED DOSE
Transformer Oil Irradiations at INEL and LLNL
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Figure 2-23. Radiolytic Decomposition of PCB in Transformer Oil

Solid and liquid organophosphoric compounds, indicative of insecticides and nerve gas,
may be radiolytically decomposed while contained in steel containers. Limited data indicate
very high doses (>60,000 krad) are required for significant reductions in concentration.
However, more data will be required before this process can be deemed applicable to this class
of compounds.
2.8.5

Technology Comparison

X-ray treatment addresses the limited penetration depth associated with direct electron
beam processing. The penetration depth of the X-rays is tens of centimeters long, so large
volumes can be treated; soils and sludges can also be treated as aqueous wastes; and wastes can
be treated in appropriately vented containers. However, direct electron-beam treatment may be
preferred when the depth of penetration of the electrons is not a problem such as treatment of
thin streams of liquids.
Although x-rays have a larger effective penetration depth than electrons, the efficiency of
producing x-rays is much less than that for electrons. The conversion efficiency from energy of
the incident electrons to energy of the escaping x-rays is a function of the energy in the incident
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electrons. The useful conversion efficiency of 1,5, and 10 Mev electrons in a tantalum converter
are 1.6%, 8.4%, and 16.6%, respectively (Ref. 4).
2.8.6

Cost of Technology or Equipment
Data on the cost of this technology for application to aqueous waste streams or

contaminated solids has not been made available. However, the major cost driver should be the
electron accelerator of sufficient energy to produce the required x-rays. Costs for a portable, 2
Mev electron accelerator with a 3 kW beam power applied to treating TCE vapor has been
developed (Ref. 7). The estimated capital cost was $975,000 with an annual operating expense of
approximately $465,000.
2.8.7
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SECTION 3
BIOLOGICAL TREATMENT

3.1

TECHNOLOGY DESCRIPTION

Biological treatment (or biodegradation) refers to the degradation and detoxification of
wastes (municipal, industrial, hazardous, or mixed) using micro-organisms like bacteria and
fungi. Biodegradation is often a naturally occurring process. The process residues generated
are usually carbon dioxide and water, which are harmless and can be cycled within the
biosphere. When implemented successfully, biological treatment systems are simpler, less
expensive, and less disruptive compared to conventional physical/chemical treatment methods
like incineration and activated carbon. Biodegradation also results in the destruction of the
contaminants (in the case of organic constituents), as opposed to transfer from one media to
another (as with adsorption, for example). In regard to hazardous metals, biological treatment
(oxidation or reduction^ can alter critical properties like water solubility, mobility, toxicity, and
bioavailability. Biosorption of metals can also result in the removal of metals from aqueous
solutions. The challenges to more widespread use of biological systems for the treatment of
hazardous and mixed wastes include the lack of successful full-scale examples and the ability to
translate results from controlled laboratory conditions to field conditions.
3.1.1

Principles of Biological Treatment

Most biological treatment systems employ mixed cultures (i.e., different types of microorganisms growing together) with bacteria being the predominant class of micro-organisms
used. Other classes of micro-organisms, like algae, fungi, actinomycetes, etc., are gaining
increasing application in the treatment of hazardous wastes. Actinomycetes are a group of
microorganisms with properties of both fungi and bacteria and are potentially useful in the
degradation of hydrophobic pollutants. The end result of biological treatment of organic waste
is the conversion of the contaminant into biomass (more micro-organisms) and byproducts
(water and carbon dioxide in the case of complete mineralization). The distribution of organism
types in a microbial culture and the biodegradation activity of the culture are directly related to
environmental conditions. These conditions are as follows.
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Availability of the Substrate and Nutrients
The substrate or contaminant to be degraded must be readily available to the microorganisms in order for biodegradation to be effective and efficient. In general, the contaminant
is most available to the micro-organisms in an aqueous environment. Mass transfer limitations
(i.e., solubilization of the contaminant and diffusive transport into the microbial floe) make the
degradation of nonaqueous phase contaminants and solid waste materials more difficult and
slower. There are mechanisms by which these nonaqueous phase contaminants can be made
available to the micro-organisms. These include the use of surfactants that reduce the surface
tension and increase the available surface area of the contaminant for degradation.
In some cases, nutrient availability (as opposed to the carbon substrate availability) can
also limit the microbial activity in a treatment system and, consequently, the degradation of the
contaminant present. Nitrogen and phosphorus are the two main nutrients required for
sustaining microbial activity, along with other micronutrients (which are seldom limiting).
Oxygen Concentrations
Biological activity in the presence of oxygen is referred to as aerobic degradation and is
carried out primarily by micro-organisms classified as aerobes. These organisms require the
presence of oxygen for growth and substrate utilization. The primary end products of the
aerobic degradation of organic compounds are CO2, water, and additional biomass. Examples
of aerobic systems are typical municipal and industrial waste water treatment systems, where
oxygen is supplied to the micro-organisms through aeration systems. The excess biomass
produced from aerobic degradation of waste results in the generation of sludge, which must be
disposed of separately. Biological activity in the absence of oxygen is referred to as anaerobic
degradation and is carried out primarily by micro-organisms classified as anaerobes. Strict
anaerobes require the absence of oxygen for growth and contaminant degradation. The end
products of the anaerobic digestion of organic compounds are generally methane and carbon
dioxide, with smaller amounts of biomass generated compared to aerobic systems. Of late,
there has been considerable interest in anaerobic systems for the degradation of hazardous
wastes. Large-scale demonstrations of these anaerobic systems have been rare—in part due to
the sensitivity of the anaerobic cultures to upsets or variations in the process and the lengthy
recovery periods required once the balance of the system is upset. Due to variations in oxygen
concentrations in different regions, contaminant degradation in the field may contain aerobes or
anaerobes, as well as facultative organisms that can survive under either oxygen-enriched or
oxygen-limited conditions.
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Temperature
In biological waste treatment, temperature is seldom used as a process control variable,
and it is usually maintained at ambient conditions. Micro-organisms are, however, classified
depending on their ability to grow at different temperatures as psychrophilic (with optimal
growth temperatures below 20°C), mesophilic (with optimal growth temperatures between 20°C
and 50°C), and thermophilic (with optimal growth temperatures above 50°C). Anaerobic
systems have a narrow range of temperature for optimal operation that is usually higher than
the ambient temperature.
pH

•

Most biological treatment systems operate around a neutral pH of 7, with severe
deviations from the neutral range resulting in reduced microbial activity—except for very
specific organism groups that tolerate acidic or alkaline environments. While some biological
systems are self-buffering in the neutral pH range, others need external pH control depending
on the waste being treated. The pH of the treatment system also plays an important role in
determining solubility concentrations of different chemicals, including toxic metals and
nutrients.
3.1.2

Application of Biological Treatment to Mixed Wastes

In general, mixed wastes in the DOE system can be classified into the following waste
forms, based on their physical and chemical properties:
•
•

Aqueous or organic liquid streams
• Solidified wastes and sludges

•

Soils

•

Debris waste, which includes heterogeneous solid materials like glass waste, metal
waste, paper and plastic waste, and other combustible materials.

Common contaminants in mixed waste streams include halogenated VOCs such as
trichloroethylene, tetrachloroethylene, methylene chloride, carbon tetrachloride, etc., and toxic
metals such as lead, mercury, cadmium, etc. Anaerobic and aerobic degradation of analogous
hazardous waste streams have been demonstrated for some of these mixed waste forms, both in
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mixed waste forms, both in laboratory experiments and under field conditions. The following
sections describe results from the hazardous waste treatment arena that could have potential
applications for mixed wastes.
A summary of the types of hazardous compounds that are potential candidates for
bioremediation is provided in Table 3-1 (Ref. 1). The table lists the conditions under which each
class of compound has been shown to be degraded, and also shows the limitations inherent in
the bioremediation of wastes contaminated with these compounds. Both aerobic and anaerobic
degradation of petroleum hydrocarbons, aliphatic and aromatic hydrocarbons, PCBs, and
nitroaromatics used in explosives have been demonstrated in several studies. In general, when
both aerobic and anaerobic treatments are effective, degradation rates are faster under aerobic
conditions. Petroleum hydrocarbons and derivatives (polycyclic aromatic hydrocarbons
(PAHs), alcohols, ketones, and BTEX compounds) are relatively easy to biodegrade due to their
soluble nature. In the degradation of chlorinated solvents, a phenomenon known as
cometabolism is gaining increasing application. Cometabolism is defined as the transformation
of a nongrowth substrate in the presence of a growth substrate. For example, in the process of
oxidizing methane, some bacteria can fortuitously degrade chlorinated solvents they would
otherwise be unable to degrade. The degradation of the chlorinated solvent itself does not
benefit the bacteria. Toluene and phenol have also been shown to be effective as primary
substrates to stimulate the cometabolism of chlorinated solvents. Anaerobic and aerobic
degradation of PCBs and other polyaromatic hydrocarbons has also been demonstrated in soils
and sediments.
In general, it also appears that highly chlorinated aliphatic compounds like
tetrachloroethylene are resistant to attack by aerobic microbes, but can be transformed by
special classes of anaerobic microbes. Susceptibility to aerobic degradation increases as the
degree of halogenation decreases. Similar observations apply to halogenated aromatics like
PCBs and other chlorinated benzenes. Sequential anaerobic degradation followed by aerobic
degradation offers promise for the destruction of these compounds.
Table 3-1 also lists applications of bioremediation for altering the properties of toxic
metals present in a waste stream, including their solubility and reactivity. Micro-organisms can
initiate oxidation-reduction reactions that can cause metals to precipitate from solution. For
example, microbial activity can result in the reduction of hexavalent chromium (Cr+6) to
trivalent chromium (Cr 3), which can precipitate as chromium oxides, sulfides, or phosphates.
Some micro-organisms can reduce soluble uranium (U ^) to insoluble uranium (U+ ), which
+

4
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Table 3-1. Potential Candidates for Bioremediation
Chemical Class

Status of
Bioremediation

Evidence of Future Success
Limitations

Hydrocarbons and Der vattves
Gasoline, fuel oil
Established
Polycyclic aromatic
hydrocarbons
Creosote

Alcohols, ketones,
esters
Ethers

Emerging
Emerging

Established
Emerging

Halogenated Aliphatics
Highly chlorinated
Emerging

Less chlorinated

Emerging

Halogenated Aromatfcs
Highly chlorinated
Emerging

Less chlorinated

Aerobically biodegradable under a
narrow range of conditions
Readily biodegradable under
aerobic conditions

Forms nonaqueousphase liquid
Sorbs strongly to
subsurface solids
Sorbs strongly to
subsurface solids; forms
nonaqueous-phase liquid

Emerging

Polychlorinated Biphenyls
Highly chlorinated
Emerging

Biodegradable under a narrow
range of conditions using aerobic
or nitrate-reducing microbes
Cometabolized by anaerobic
microbes; cometabolized by
aerobes in special cases

Forms nonaqueousphase liquid

Aerobically biodegradable under a
narrow range of conditions;
cometabolized by anaerobic
microbes

Forms nonaqueousphase liquid

Aerobically biodegradable under a
narrow range of conditions;'
cometabolized by anaerobic <
microbes
Readily biodegradable under
aerobic conditions

Sorbs strongly to
subsurface solids; forms
nonaqueous-phase solid
or liquid
Forms nonaqueousphase solid or liquid

Dehalogenated by anaerobic
microbes by cometabolization
Aerobically biodegradable under a
narrow range of conditions

Sorbs strongly to
subsurface solids
Sorbs strongly to
subsurface solids

Less chlorinated

Emerging

Nltroaromatics
Nitroaromatics

Emerging

Aerobically biodegradable;
converted to innocuous volatile
organic acids under anaerobic
conditions

Possible

Solubility and reactivity can be
changed by a variety of microbial
processes

Metals
(Cr, Cu, Ni, Pb, Hg,
Cd, Zn, U, etc.)

Availability highly
variable—controlled by
solution and solid
chemistry; metals at high
concentrations can be
toxic to microbes

Information taken from "In Situ Bioremediation: When Does it Work?" Committee on In Situ Bioremediation, Water Science
and Technology Board, Commission on Engineering and Technical Systems, National Research Council, 1993.
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precipitates as uraninite (UC>2)- These precipitation reactions can reduce the mobility and
concentration of the toxic metals and facilitate their separation. Micro-organisms can also
biosorb metals and facilitate the removal of metals and radionuclides from aqueous solutions.
For the biological treatment of aqueous or organic liquid wastes, two types of reactor
configurations are commonly used in municipal, industrial, and hazardous waste treatment
applications. These include the suspended growth systems and the fixed film systems.
In suspended-growth systems, the aqueous waste stream containing soluble and/or
suspended contaminants is mixed in a reactor vessel with the biologically active sludge mass
(the floe of micro-organisms) for the requisite amount of time. In aerobic systems, the reactor
contents are aerated in addition to being mixed to facilitate the oxidation of the contaminants.
The destruction of the contaminants is accompanied by the generation of byproducts, like CO 2/
and the generation of more micro-organisms. Once the desired treatment is achieved, the
microbial floe can be settled and separated in the same vessel or in a classifier, and the treated
effluent is withdrawn for further treatment or suitable disposal. As more and more waste is
treated, the biomass in the reactor increases. This is controlled by periodically removing a
portion of the reactor biomass as sludge. This excess sludge will then require suitable treatment
and/or disposal. Traditional activated sludge treatment plants are an example of this type of
bioreactor. This technology is well established and mature. Relatively low concentrations of
contaminants are desirable; higher concentrations may be toxic to the micro-organisms in this
mode.
In fixed-film systems, the microbial growth occurs on the surface of an inert, solid support
matrix (e.g., rocks, beads, etc.), with the contaminant stream contacted with the inert media
(and the micro-organisms) using rotating or fixed distributors. Aqueous waste flows through
the reactor in a manner designed to promote good contact between the liquid and the microorganisms attached to the solid surfaces. Contaminants are destroyed in the biofilm formed
over the inert support surface. This occurs after the contaminant is transported from the bulk
liquid to the biofilm by diffusion in response to a concentration gradient. In fixed-film systems,
the metabolic end products and the excess biomass are removed along with the treated effluent
and will require separation and disposal. Fixed-film systems are more resistant to high
contaminant concentrations and can survive upsets better than suspended-growth systems. The
traditional trickle-filter bioreactor for municipal wastewater treatment is an example of this
relatively mature technology. Both fluidized-bed and packed-bed fixed-film systems are in use.
Another variation is the immobilized-cell bioreactor, in which micro-organisms are contained
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within gel beads or porous particles. Membrane systems are also under development and
demonstration, where the biofilms are attached to the membrane surfaces.
In addition to the suspended-growth and fixed-film bioreactors, solid-phase and gasphase reactors are also in use. Solid-phase bioreactors utilize the solid waste material as the
support matrix for the microbial population. This mode is an engineered version of the decay of
organic matter in nature. Composting and landfarming are low-tech options. Degradation rates
tend to be relatively slow. Gas-phase bioreactors use biofilms attached to a solid support matrix
to absorb and degrade volatile organics from gaseous streams, such as the effluent from an air
stripper. Alternatively, gas streams may be sparged through a liquid broth containing the
microbial culture in suspension. These reactor systems are gaining popularity. Soil piles
containing micro-organisms are also used as biofilters.
In addition to the destruction of organic materials, many microbial species are able to
accumulate significant concentrations of metals and radionuclides. This process, termed
biosorption, is somewhat similar to ion exchange in that metals and radionuclides in aqueous
solutions are sorbed to ionically charged sites or complexed with cell membranes and
polysaccharides. The loading factors vary substantially, and treatability studies are needed to
identify micro-organisms having the best characteristics for each case. Interfering competition
for reaction sites is common, as in ion exchange. The contaminant metals and radionuclides can
be recovered or disposed of with the biosludge.
32

INPUT AND OUTPUT STREAM CHARACTERISTICS

It is evident from the information presented above that bioremediation is more applicable
to some mixed waste forms than others. Aqueous or organic liquid waste streams and soils
have the most promise for being treated using bioremediation. Sludges and debris waste are
less likely candidates for bioremediation since their physical state (solid or solidified) does not
promote active microbial growth and limits the availability of the contaminant to the microorganism.
This technology would be suited to a well characterized organic combustible feed stream,
with little noncombustible material. Organic contaminants containing halides, sulfur, and
nitrogen are relatively difficult to degrade biologically (but not impossible). Substantial
progress has been made recently, and field tests are being conducted for a variety of processes.
Biodegradation of neat organics (pure nonaqueous phase) is generally not practical. Micro organisms have a strong preference for an aqueous environment.
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Typically 40 to 50% of aerobically degraded waste is converted to biomass, which
becomes a secondary waste from the process (Ref 2). Metals, radionuclides, and other
refractory compounds that are not degraded will either remain in aqueous solution/suspension
and exit the process with the treated effluent, or may sorb to the biomass and exit with the
biosludge. Generation of biomass sludge in anaerobic environments is less than for aerobic
processes; the biomass sludge may be only 5 to 10% of the mass of the organics degraded (the
remainder of mass going to carbon dioxide, methane, and water).
In summary, the biological treatment of aqueous or organic liquid mixed waste streams
will result in a treated effluent, biomass in the form of a sludge, and other byproducts in the
effluent in the case of incomplete mineralization of the initial contaminants. These systems will
also require evaluation of the environmental variables listed earlier in order for bioremediation
to be effective. For example, nutrient addition, addition of primary growth substrates to
promote cometabolism, or pH adjustments may be necessary in order for the waste stream to be
effectively treated.
The biological treatment of mixed waste streams comprised of soils is promising in terms
of its effectiveness and feasibility. Gasoline and other petroleum products have been
successfully bioremediated at contaminated sites in the recent past (Ref. 1). Field tests have also
been conducted on the bioremediation of chlorinated solvents, pesticides, and PCBs. With the
increased emphasis on environmental restoration, decontamination, and decommissioning in
the DOE system, the remediation of contaminated soils will be a critical need of the system.
Bioremediation offers a cost-effective and passive technology for this purpose, whether used by
itself or in conjunction with other physical/chemical treatment technologies.
Bioremediation of soils can either be intrinsic or engineered. Intrinsic bioremediation relies
on the ability of the naturally occurring microbial communities to degrade the target
compounds. For reliance on intrinsic bioremediation, the effectiveness and required time-scale
for the treatment must be studied by means of a monitoring program. If migration of the
contaminants is an issue, the degradation rates must be at a rate sufficient to control the
migration. Suitable investigations are also required to evaluate potential rate limiting steps like
oxygen transfer, lack of nutrients, pH, and the composition of the existing microbial population.
Mathematical models can be used to assess the effectiveness of intrinsic bioremediation on a
case-by-case basis. Even when this technology is not fully effective, significant cost savings can
be realized by quantifying the rates of biodegradation and using other technologies as a
secondary treatment step.
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Engineered bioremediation can be used to accelerate the rates of biodegradation and
eliminate slower rate limiting steps, especially in cases where contaminant migration and
treatment time-scales are issues. Engineered bioremediation for soils is also perceived as more
proactive than reliance on intrinsic bioremediation. It can also result in overall cost savings due
to shortened clean-up times and smaller needs for monitoring, sampling, and analysis.
Engineering the bioremediation system for soils depends on the geology, hydrology, and
chemical nature of the contaminated site or area. Some of the key control parameters that can
be engineered are oxygen supply, moisture maintenance, and the supply of nutrients or other
stimulants. Oxygen supply can be enhanced by tilling in the case of shallow contamination
systems, by applying a vacuum, or by injecting air. If needed, moisture can be added to the
system by injecting water through infiltration systems like trenches or dry wells. Nutrients and
other stimulants (for cometabolism) can be added either in soluble form or as gaseous additives.
3.3

TECHNOLOGY STATUS

As detailed in previous sections, bioremediation is gaining increasing acceptance for the
treatment of hazardous wastes. Several case studies exist for the use of biotreatment for the
cleanup of spills and contamination of petroleum products, both in soils and in groundwater.
Bioremediation has also been shown to have applications for the treatment of many of the
contaminants present in mixed wastes, including chlorinated solvents, PCBs, and other
aromatic and aliphatic hydrocarbons (Ref. 3). Bioremediation is one of the fastest-growing
technologies for hazardous waste site remediation, and much applied work has been done to
lay the foundation for larger-scale testing and technology demonstrations. However, full-scale
applications of bioremediation for the treatment of mixed wastes have not yet been made.
Bioremediation of analogous hazardous wastes does indicate the feasibility and effectiveness of
treating certain mixed waste forms, including soils and aqueous and organic liquids.
ZA

DESTRUCTION EFFICIENCY

The destruction efficiency from bioremediation will require evaluation on a case by case
basis since it is dependent on site conditions, environmental variables, and the microbial
populations present at the site. When implemented successfully, destruction efficiencies can be
very high and comparable to other physical/chemical treatment technologies. However, even
under optimal conditions, micro-organisms may not be able to reduce contaminant
concentrations to the required health-based limits due to inadequate sustenance of the microbial
populations at very low substrate concentrations. In these cases, other clean-up strategies may
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be needed to polish the final treatment products to meet governing regulatory limits. This
would still be a cost-effective strategy if monitored and implemented successfully.
3.5

TECHNOLOGY COMPARISONS

As noted earlier, biodegradation of mixed wastes offers treatment alternatives to
conventional treatment methods (such as incineration) for specific waste forms like soils,
aqueous liquids, and organic liquids. Compared to physical/chemical treatment technologies
like incineration, bioremediation is less complex, more cost effective, and not as much of a
regulatory hurdle. Bioremediation is also perceived as more acceptable by the public and other
stakeholders.
Biotreatment processes operate at near-ambient temperature and pressure and neutral
pH, reducing the risk and severity of accidental releases due to process failure, and standard
off-the-shelf process hardware can generally be used. Since biotreatment is a relatively simple
technology to implement, sophisticated process control systems and process designs are not
needed.
The technical issues associated with the biotreatment of mixed waste include the
following:
•

Degradation/destruction rates are slower compared to thermal treatment methods
and require maintenance of the microbial culture.

•

Biotreatment of complex wastes may involve a preferential degradation of specific
substrates. This may involve sequential degradation of contaminants leading to
longer treatment times.

•

A satisfactory carbon source and nutrients are required to sustain the microorganisms and, in specific cases, some nutrient supplementation (such as simple
organic acids or sugars) may be needed.

°

As noted earlier, micro-organisms may not be able to achieve sufficiently low
concentrations of contaminants to meet discharge limits. Polishing in the form of
activated carbon, ion exchange, etc. may be needed. However, prior biotreatment
will reduce loading on the polishing process and greatly extend the operating cycle.
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Biological systems are generally quite cost effective and versatile in their ability to handle
a wide variety of organic pollutants, and several biological treatment systems have been
designed for the successful treatment of complex wastes. However, the presence of toxic
chemicals in the waste streams, and the potential for wide variations in the waste stream
constituents and characteristics, can cause severe operational difficulties. These difficulties are
intrinsic to the process in that it is sensitive to ambient conditions as well as the waste stream
characteristics. Moreover, the generally long retention time and startup time of the biological
oxidation process make it relatively unattractive for the treatment of toxic and refractory
organic contaminants.
3.6

COST OF TECHNOLOGY OR EQUIPMENT

One of the attractive features of the biological treatment of hazardous or mixed wastes is
the low cost of the technology compared to other conventional treatment methods. The cost
effectiveness of bioremediation compared to other technologies will be due to reduced times
required for site monitoring and lessened need for maintenance, labor, and other process
equipment. Bioremediation was the primary technology used for the cleanup of portions of the
shoreline of Prince William Sound, Alaska, after the 1989 Exxon Valdez tanker accident (Ref. 3).
In that instance, bioremediation was not only cost effective, but one of the few potential cleanup options available. A useful application of bioremediation for mixed waste is in coordination
with other technologies employed to achieve clean-up goals. Substantial cost savings can result
if the requirements for incineration or other energy- and cost-intensive technologies are reduced
(without being completely eliminated).
Effective biotreatment of mixed wastes will very likely resemble biotreatment of
nonradioactive hazardous waste. Thus, a baseline estimate for costs can be derived from
commercial biotreatment of hazardous wastes. The EPA is in the process of collecting data on
biotreatment costs. Upgrades in equipment may be necessary to accommodate radioactive
hazards such as modest shielding for personnel, HEPA filters on ventilation systems, and
handling and disposal of radioactive wastes from samples. Experience from low-level
radioactive waste handling and disposal can provide baseline information for estimates of
upgrades required.
Significant quantities of radioactive effluent will be produced for ultimate disposal.
Minimization of the volume of effluents will be a primary treatment goal. Disposal of this
material should be similar to disposal of traditional low-level radioactive waste. Cost/benefits
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and acceptability of secondary waste stream generation will differ for high-versus low-level
waste, and this will also vary with relative ease of biodegradability of the wastes in question.
Biotreatment produces negligible offgas requiring treatment, which is a significant economic
benefit compared to incineration.
3.7
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SECTION 4
DEHALOGENATION
There are essentially three classes of dehalogenation technologies: chemical
dehalogenation, photo-dehalogenation; and biodehalogenation. Most of the literature
regarding these technologies refers to applications of dechlorination to PCBs and other
TSCA wastes. The following technologies are briefly described:
•

•

•
4.1

4.1.1

Chemical Dechlorination
-

KPEG (Potassium Polyethylene Glycol)

-

APEG (Alkali-Metal Polyethylene Glycol)

-

BCDP (Base-Catalyzed Decomposition Process)

-

Birch Reduction

Photo-Dechlorination
-

Reductive Photo-Dechlorination

-

Light Activated Reduction of Chemicals.

Biodechlorination

CHEMICAL DECHLORINATION

Technology Description

In chemical dehalogenation systems, wastes are typically mixed with a
dehalogenation reagent (typically an alkaline polyethylene glycolate, of which
potassium ethylene glycolate is the most common) and heated in a reactor vessel. The
dehalogenation reaction replaces halogens with polyethylene glycol, rendering the
compound nonhazardous and generating a chlorinated-liquid secondary waste stream.
The technology is most effective for wastes contaminated with halogenated semivolatile
organic compounds and pesticides, and is ideally suited for small-volume waste
streams. Dewatering may be necessary, to reduce the water content of the waste to
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below 20%, to minimize the required reagent.

Some contaminants may require

extensive residence time in the reactor vessel to complete dehalogenation.
Another class of chemical dehalogenation reactions involves the application of
"solvated electrons" generated by dissolution of elemental metallic calcium in liquid
ammonia (Ref. 1). The products of reaction are calcium chloride, calcium hydroxide,
and the organic basis of the chlorinated waste (e.g., biphenyl). This chemistry has been
well known for some time; however, its application to the treatment of hazardous waste
is new. Furthermore, liquid ammonia is a good solvent for many metals and
radionuclides; thus, this process may be able to separate these constituents as well as
degrade the chlorinated organics.
Other technologies described briefly in Reference 2 include an electrochemical
dechlorination process and a catalytic dechlorination method. At the time of the writing
of this reference, these were emerging technologies. It is unknown if these technologies
have been pursued and if so, what the status is.
4.1.1.1

KPEG and APEG Processes

The two most common types of dehalogenation are KPEG (potassium hydroxide
with polyethylene glycol), and APEG (alkaline polyethylene glycol). KPEG was
successfully demonstrated by the EPA in 1988; however, improvements in the process
were considered necessary due to chemical dosages, reaction times, and costeffectiveness issues. This led to the development of the APEG process that operates
continuously with a smaller chemical dosage but at substantially elevated temperatures.
The KPEG process involves the catalytic reaction of a phase-transfer catalyst with
the halogenated compound to promote a dehalogenation reaction. The active reagent is
presumed to be a polymeric alkoxide that is formed by the reaction of potassium
hydroxide with polyethylene glycol. The reaction is effective at a temperature of 70°C
and a duration of 15 minutes to 1 hour (for some wastes). Where a large amount of
water and/or other reactants are present, reaction times of up to 12 hours may be
required. Bioassays of the treatment residues indicate that there is no bioaccumulation
or bioconcentration, nor do they cause mutations. The residues are not toxic to aquatic
organisms or mammals. The KPEG process can be implemented successfully at field
sites, and several thousand gallons of this waste can be processed in a few days.
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In the APEG process, KOH, polyethylene glycol, and dimethylsulfoxide (DMSO)
are added to the waste slurry and the mixture is heated to 115°C for up to 12 hours
depending on the waste characteristics. Proprietary solvents have been used with APEG
formulations to speed dehalogenation reactions (from 10 minutes to 2 hours) at elevated
temperatures (50 to 100°C), or to induce such reactions at room temperature (Ref. 2).
4.1.1.2

Base-Catalyzed Decomposition Process

Additional refinements and an extension in the technology resulted in the
derivation of an advanced treatment method named the Base-Catalyzed Decomposition
Process (BCDP). The BCDP, developed through the joint efforts of the Naval Civil
Engineering Laboratory and EPA's Risk Reduction Engineering Laboratory, is a
chemical dechlorination/detoxification technology for PCBs and other halogenated
compounds in various media. However, process development has been focused on
treatment of PCBs in soils.
As shown in the flow diagram in Figure 4-1, this process uses a two-step
treatment to destroy PCBs: a solid-phase treatment, and a liquid-phase or process waste
post-treatment step. During solid-phase treatment, PCB contaminated soil is reacted
with sodium bicarbonate to yield aliphatic hydrocarbons, biphenyls, sodium chloride
and carbonate, carbon dioxide, and water vapor. During liquid-phase treatment, waste
material resulting from the solid-phase treatment is reacted with sodium hydroxide and
a high boiling-point hydrocarbon oil in the presence of a proprietary catalyst to produce
aliphatic hydrocarbons, biphenyls, and sodium chloride.
The process begins with soil preparation that consists of screening the soil to
minus 1 inch, mixing it with NaHC03 and conveying the mixture to the rotary kiln
reactor. In the kiln, soil and catalyst feedstock are heated to reaction temperatures of
320°C to 340°C for 1 to 3 hours. Reactor offgases are sent through the pollution control
system for treatment before venting.
Offgases containing soil and dust particles, and trace amounts of volatilized PCBs
and organics are directed through a pollution control system containing a
cyclone/baghouse, venturi scrubber, demister, and activated carbon units. The resulting
process waste is batch treated in the liquid-phase reactor.
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Figure 4-1. BCDP Flow Diagram

The liquid-phase reaction is carried out in a stirred tank using a high boiling-point
hydrocarbon oil, NaOH, and a proprietary catalyst. Nitrogen gas is added to avoid
potential explosive conditions in the tank. The resulting slurry is heated with constant
agitation to 350°C for approximately 2 hours until the residual PCB concentration in the
soil is reduced below 0.1 ppm. Gases from the reactor are condensed and the
condensate is sent through two activated carbon filters.
4.1.1.3

Birch Process

In this process, soil contaminated with PCBs is slurried with excess liquid NH3 at
ambient temperatures. A solution of Ca/NH3 is added to the slurry and agitated until
the reaction is completed. Upon completion, the NH3 is flashed off and condensed. The
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decontaminated soil may require some post-treatment such as washing the reaction
products before disposal.
Further details of this process have not been published.
4.1.2

Input and Output Stream Characteristics

APEG reagents are tolerant of oxygen, water, and other contaminants, and have
been found to be of low toxicity (Ref. 2). These reagents have been applied to both in
situ and slurry soil-decontamination systems, as well as concentrated PCB wastes. An
offgas system is required to contain or treat volatile organics evolving from the reaction.
Reaction products include less- or non-toxic organic byproducts which may require
subsequent treatment to regulatory discharge standards.
The output from the BCDP appears to consist of treated soil that meets the 2 ppm
or less per PCB cogener standard, and which may be returned to the site or disposed of
as nonhazardous waste. Process water (filtrate) that is treated to 3 ppb per PCB cogener
after the final carbon adsorption stage may be transported to a wastewater treatment
facility. Process waste that is treated to 0.1 ppm per PCB cogener to generate a
decontaminated sludge may be disposed of as a nonhazardous waste.
4.1.3

4.1.3.1

Technology Status

APEG and KPEG Dehalogenation Status

The APEG dehalogenation process was tested at the Western Processing
Superfund site in Kent, Washington, on a waste mixture of solvents, oil, and water that
were contaminated with dioxin and pesticides. The only dioxin present was 2,3,7,8 tetrachlorodibenzo-p-dioxin (TCDD) at a level of 120 ppb (Ref. 3).
In laboratory tests, the PCP/oil waste from the Montana Pole Company and the
2,3,7,8- tetrachlorodibenzodioxin (2,3,7,8-TCDD) waste from the Western Processing
Company were treated for periods of several minutes to several hours at 70°C to 115°C.
These tests demonstrated that KPEG is quite effective in dechlorinating the whole range
of tetra- through octa-chlorinated dibenzodioxins and dibenzofurans. The tests did
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indicate that there is a progressive dechlorination since, at intermediate time intervals,
an increase in the concentration of lower chlorinated isomers with a decrease in the
concentration of higher chlorinated isomers was observed. At later time intervals, all
isomers decreased. Under optimum conditions, complete dechlorination of terrathrough octa-chlorinated isomers occurs. Destruction and removal efficiencies (DREs)
were found to be greater than or equal to 99.9%. Also, KPEG was effective in
dechlorinating 2,3,7,8-TCDD found in the pesticide waste mixture, with a DRE under
optimum conditions of greater than or equal to 99.9% (Ref. 3).
In field tests at the two sites, a 2,700-gallon stainless steel batch reactor in a semitrailer was used with a steam heat exchanger. At the Montana Pole Company site, 600
gallons of KPEG was mixed with 1,400 to 2,000 gallons of waste material and reacted at
150°C for 1.5 hours. After removing the reacted mixture to a holding tank, the process
was repeated until all material had been treated. At the Western Processing Company
site, each batch included 500 gallons of KPEG and 1,300 gallons of waste treated at 115°C
for up to 12 hours. All tested contaminants in the Montana Pole Site wastes were
reduced to less than detectable levels. Waste from the Western Processing Site had a
significant concentration of water which slowed the reaction. However, repeated
treatments reduced 2,3,7,8-TCDD to less than detectable levels.
APEG type processes have been developed by General Electric Company, Vertec
Chemical Corporation, and Galson Research Corporation.
4.1.3.2

Base-Catalyzed DecomDosition Process

Under EPA's SITE Demonstration Program, the BCDP treated samples of PCBcontaminated soil at a Navy site in Guam in 1992. Other applications include 40,000 yd^
of PCB-contaminated soil (100 to 600 ppm) treated at a Superfund site in New York in
1991-1992; PCB-contaminated sediments treated at a site in Illinois at a rate of 10
tons/hour achieving 99.9999% DRE in 1992; two liquid-treatment systems (2,000 liters)
placed in operation in Australia in 1992; and a 1 ton/hour system treating 5,000 tons of
PCB-contaminated soil (25 to 6,500 ppm) for the Navy in 1992 (Ref. 4). The BCDP
technology has been licensed for commercial use in foreign countries, and several U.S.
companies have shown an interest in licensing the technology.
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4.1.3.3

Birch Process

A.L. Sandpiper, a small R&D company in Columbus, Ohio, has a patent on the
process and has done many treatability studies for various clients using a bench-scale
system. The company is planning to scale up to a capacity of 50 to 100 kg of soil per
batch.
4.1.4

Destruction Efficiency

4.1.4.1

KPEG and APEG Processes

The APEG test at the Western Processing Superfund site in Kent, Washington,
successfully demonstrated the reduction of the concentration of dioxin from 120 ppb to
less than 0.3 ppb, although two batches required two to three consecutive treatments.
In the KPEG laboratory tests with PCP/oil waste from the Montana Pole
Company site and the 2,3,7,8-tetrachlorodibenzodioxin (2,3,7,8-TCDD) waste from the
Western Processing Company site DREs were found to be greater than or equal to 99.9%.
Also, KPEG was effective in dechlorinating 2,3,7,8-TCDD found in the pesticide waste
mixture, with a DRE under optimum conditions greater than or equal to 99.9%
4.1.4.2

Base-Catalyzed Decomposition Process

Solid-phase reactor experiments using soil from Guam contaminated with Aroclor
1260 showed that target decomposition levels of <2 ppm per cogener of PCB can be
achieved from original concentrations of 2,917 ppm using approximately 10 wt%
NaHCC»3 at temperatures of 330°C for 1 hour, independent of soil moisture.
Approximately 60% of the PCBs are destroyed in the solid-phase reaction; the remainder
are stripped from the solid-phase and captured in a pollution control system and treated
in the liquid-phase reaction.
Liquid-phase reaction experiments using Aroclor 1260 demonstrate that PCB
decontamination to less than 0.1 ppm per cogener can be achieved using 5 wt% NaOH
and 1 wt% (optimum dosage) HB oil at 350°C with a 2-hour reaction time. Volatilized.
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PCBs (2 to 7%) in the reactor condensate are captured on activated charcoal filters.
Other treatment results are shown in Table 4-1.
Table 4-1. BCDP Treatment Results

Pollutant

Matrix

Before
Treatment (ppm)

Treatment Time
(hr)

After Treatment

PCBs

Soil

2,800

1

<1.0 ppm

PCBs

Oil

100,000

3

<1.0ppm

PCP

Soil

10,000

2

N.D.*

Lindane

Oil

200,000

1

N.D.

* None Detected
4.1.4.3

Birch Process

Sandy, organic, and clay soils contaminated with between 29 to 6,200 ppm of
PCBs were tested (Ref. 5). DREs >99.7% were routinely achieved. For example, in a clay
soil originally contaminated with 290 ppm of PCBs, only 0.05 ppm of PCBs were found
after treatment. Another study indicated the reaction was completed within 1 minute in
a sample with 280 ppm of PCB and 9.4% water.
42

4.2.1

4.2.1.1

PHOTO-DECHLORINATION

Technology Description

Light Activated Reduction of Chemicals (LARC)

The LARC process uses UV light combined with a reducing environment to
dehalogenate chlorinated, brominated, or iodated organics. LARC dehalogenation
reactions are normally conducted in a basic water, alcohol, or hydrocarbon solvent. For
decontaminating soils, a light-weight alcohol or basic water is used to extract the
halogenated organics from the soil. The extract is then subjected to the LARC process
and the solvent recycled to the extractor.
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Since the photochemical process is initiated by the absorption of UV light, the
wavelength must match the absorption band associated with the chemical bond of
interest in the molecule, and the solvent must not absorb significantly at the irradiation
wavelength.

For PCBs and chlordane, low-pressure mercury lamps that emit

approximately 95% of their energy at 2,537 Angstroms provide adequate irradiation
(Ref. 6).
Solvents that meet the optical criteria include water, alcohols, and hydrocarbons.
However, these solvents have very different effects on the process efficiency and
mechanisms. In water solutions, sparged hydrogen gas provides the hydrogen source
for the hydrodehalogenation reaction. For PCBs in heavy hydrocarbons, the preferred
reaction is the polymerization of the biphenyl radicals to yield polyphenylenes. In basic
alcohol solutions, a stepwise dechlorination occurs by way of the triplet state and
depends on the lifetime of the triplet state. In this case, hydrogen gas increases the
reaction rate by removing the triplet quenchers by combination with the free radicals
formed from the solvent. In addition to the hydrogen, small amounts of NaOH are
added to the alcohol solution as a chlorine scavenger.
4.2.1.2

Reductive Photo-Dechlorination

The reductive photo-dechlorination (RPD) technology uses ultraviolet light in a
reducing atmosphere to remove chlorine atoms from organochlorine contaminated
wastes at temperatures below 500°C (Ref. 7). Chlorinated wastes are vaporized, mixed
with a reducing gas such as hydrogen or methane, and passed into a photothermal
chamber where the mixture is heated to a temperature that will sustain radical chain
reactions. Radicals are created using UV light that breaks the carbon-chlorine bonds
resulting in chain-propagating hydrocarbon reactions. After a suitable residence time,
HCl is scrubbed from the mixture, and the hydrocarbons can be recycled as an energy
source to heat the chamber.
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4.2.2

Input and Output Stream Characteristics

4.2.2.1

Light Activated Reduction of Chemicals

Typical reaction products include biphenyl and sodium chloride as the final
products. No oxygenated derivatives such as dioxins or furans are formed.
4.2.2.2

Reductive Photo-Dechlorination

This process is designed specifically to treat volatile chlorinated wastes in the
liquid or gaseous state. Field applications include treatment of organic wastes produced
from soil venting operations and from regeneration of activated carbon. The process can
also be used to pretreat gas streams entering catalytic oxidation systems to reduce the
chlorine content and thereby protect the catalyst against poisoning.
Because chlorinated organics are destroyed in a reducing environment, process
byproducts include hydrocarbons and HCl. Hydrocarbons produced from the
dechlorination process include ethane, acetylene, ethylene, and methane.
4.2.3

4.2.3.1

Technology Status

Light Activated Reduction of Chemicals

The LARC process was first patented by Atlantic Research Corporation and has
been commercialized by Arctech, Inc. Several bench- and pilot-scale demonstrations
have been completed, and Arctech is developing a mobile unit for soil decontamination.
4.2.3.2

Reductive Photo-Dechlorination

The RPD technology is being developed under the EPA Small Business Innovative
Research program by M.L. Energia, Inc. in Princeton, New Jersey. The technology was
accepted into the EPA SITE program in 1992 with the objective to test the effectiveness of
a pilot-scale system in treating waste streams containing various chlorocarbons.
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4.2.4

Destruction Efficiency

4.2.4.1

Light Activated Reduction of Chemicals

Bench-scale tests were performed using a single lamp on Aroclor 1260 and
chlordane extracted from soil with isopropanol. These tests demonstrated a rapid
reaction with Aroclor even in the presence of particulates with a pseudo first-order
reaction rate of 0.052/minute. The measured pseudo first-order reaction rate for
chlordane was 0.029/minute based on the disappearance of all chlorinated species.
Measured destruction of several PCBs is shown in Figure 4-2.
100
o = Aroclor 1254 - 1350 PPM
a = Aroclor 1242 - 1710 PPM
A = Aroclor 1250 - 1820 PPM
= Aroclor 1260 - 3010 PPM*

90
80 —

%of
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Remaining

70
60
50
40
50

* by Pilot Scale

20
10

Reaction Time (min)
Figure 4-2. LARC Degradation of Aroclor
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4.2.4.2

Reductive Photo-Dechlorination

Destruction data was not available.
4.3

BIODECHLORINATION

Most of the environmental contamination by PCBs is in the form of complex
commercial mixtures (e.g., Aroclor 1242, 1260, etc.) containing >60 different congeners
with varying degrees of chlorination. Such chlorinated organic materials frequently
resist microbial degradation, and biodegradation of this large number of distinct
substrates requires broad enzymatic specificity. However, two distinct classes of
bacteria have been identified that biodegrade PCBs by different mechanisms. These
include aerobic oxidative biodegradation and microbial reductive dechlorination of
PCBs under anaerobic conditions.
Naturally occurring aerobic bacterial biodegradation of PCBs is quite common in
the environment and has been well studied. A diverse group of 25 strains of PCB
degrading bacteria have been isolated and characterized (Ref. 8). In general, attack
involves addition of O2 at the 2,3-position by a dioxygenase enzyme, with subsequent
dehydrogenation to the catechol followed by ring cleavage to benzoic acid. Through
such a process, the aerobes break open the carbon ring of lightly chlorinated PCBs and
destroy the compounds. These microorganisms display congener specificity and
therefore degrade individual congeners at different rates.
In general, most PCB degrading aerobic bacteria are able to degrade only the
lower chlorinated PCB congeners (e.g., mono- to tetra- substituted). But several aerobic
bacterial strains have demonstrated the exceptional ability to degrade an even larger
range of congeners, up to and including penta-, hexa-, and even several
heptachlorobiphenyls. One of these organisms has demonstrated the capacity to degrade
more than 90% of the PCBs present in the mixture Aroclor 1242; however, no aerobic
microorganisms have been reported that degrade the more highly chlorinated
commercial mixtures Aroclor 1260 or Clophen A 60. Although these organisms use the
2,3-dioxygenase degradative pathway described above, PCBs may also be metabolized
by other routes, which may partially explain the exceptional range of PCB-degrading
activity demonstrated by A. eutrophus H850 and Pseudomonas sp. LB400.
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Fungi have also been reported to aerobically degrade PCBs (Ref. 8). The
Filamentous fungus Aspergillus niger has been shown to degrade the lower chlorinated
PCBs in the commercial mixture Clophen A 30. The wood-decay white-rot fungus
Phanerochaete chrysosporiutn has also degraded PCBs at very low concentrations through
the production of hydroxyl radicals. This fungi has been studied in the degradation of a
range of chlorinated organic compounds, including lindane, DDT, and dioxins and has
demonstrated mineralization of highly chlorinated PCBs. However, activity has only
been observed at very low concentrations (e.g., 250 ppb Aroclor 1254).
The environmental dechlorination of PCBs has also been observed in a large
number of contaminated anaerobic river sediments, indicating this is a general
phenomenon (Ref. 8). These changes observed in PCB-contaminated anaerobic river
sediments have been confirmed to be the result of microbial reductive dechlorination of
PCBs, with transformation of even the highly chlorinated Aroclor 1260. These alterations
involve the extensive removal of highly chlorinated PCB congeners with corresponding
increases in congeners containing only a few chlorines (mono- and dichlorobiphenyls).
The observed transformations are congener specific, demonstrating selective removal of
meta and para chlorines and increases in the expected partially dechlorinated PCB
congeners. The concentration of the most highly chlorinated congeners in Aroclor has
been decreased by more than one-third the original level in laboratory studies.
Anaerobic dechlorination of aromatic substrates, including several pesticides, has been
reported as well as reductive dechlorination of aromatics with aerobic bacteria.
Although the anaerobic dechlorination process does degrade highly chlorinated
PCBs by the substitution of hydrogen in place of the chlorine (Ref. 8), the organisms
leave the biphenyl nucleus untouched leaving less chlorinated PCBs. The end result of
this natural process is the conversion of the more highly chlorinated PCBs into
congeners of low toxicity that can be degraded by a large number of bacteria. However,
some naturally occurring bacteria have been found to also anaerobically degrade the
lightly chlorinated congeners in PCB mixtures by attacking the biphenyl ring, resulting
in potential mineralization of the PCB.
Anaerobes, in general, leave the biphenyl rings intact while removing chlorines
and leaving less chlorinated derivatives, whereas aerobes attack and destroy less
chlorinated compounds. These two naturally occurring processes are complimentary,
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and a two-step treatment process may permit the biological destruction of nearly all the
PCB mixtures commonly used.
4.4

TECHNOLOGY COMPARISON

These are relatively low-temperature technologies that produce less- or non-toxic
organic byproducts, and substances such as dioxins or furans have not been detected. In
addition, treated soils may be considered nonhazardous eliminating transport and offsite disposal costs. The secondary wastes containing organic byproducts may require
additional treatment to meet discharge standards. However, because the remaining
organics are less refractory than the original halocarbon contaminants, more benign
post-treatment technologies such as UV photolysis or biotreatment may be used.
The Birch reduction process has several advantages for soil decontamination: the
PCB destruction rate is very fast at room temperature; standard NH3 handling
technology can be applied; and soils appear to form uniform slurries in liquid NH3
(even clay soils that tend to clump in water).
Biodechlorination has characteristics similar to those for other biological processes
discussed in Section 3.
4.5

COST OF TECHNOLOGY OR EQUIPMENT

Preliminary studies indicate the cost of operating a full-scale BCDP system is
approximately $245/ton. APEG and KPEG processes have been estimated to cost $270
and $390 per ton, respectively. No costs have been published for the Birch process or the
Reductive Photo-Dechlorination process. Costs estimated in a 1984 report for treatment
by the LARC process of soils contaminated with 1,500 ppm PCBs were $84.60/ton
including extraction costs (Ref. 6). One ex-situ biological process which degrades
contaminated soils and sediments using naturally occurring microorganisms indicated
processing costs in the range of $191-$370/m3 (Ref. 9).
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SECTION 5
THERMAL DESORPTION

5.1

TECHNOLOGY DESCRIPTION
Thermal desorption is an established technology for the treatment of soils, sludges, sedi-

ments and filter cakes that are contaminated with organic compounds or volatile inorganics.
This is an ex situ method to separate halogenated and nonhalogenated volatile and semivolatile
organic compounds, fuels, and volatile metals from solid and sludge wastes. Although the
temperatures, residence times, and carrier gases used in thermal desorption are designed to
volatilize selected organic contaminants rather than destroy them, the higher temperatures in
some systems will result in localized oxidation, pyrolysis, and/or destructive distillation.
Thermal desorption is essentially a drying process that uses modified drying technology
to heat solid wastes to temperatures between 300°F and 1200°F, without oxygen, to volatilize
water and organic compounds. Volatilized contaminants are transported to a gas treatment
system by a carrier gas or vacuum system where particulates and organic material are removed
from the gas stream before discharge. Organics in the offgas may be burned in an afterburner,
condensed, recycled, disposed of, treated by other means, or captured by carbon adsorption
beds. Emerging technologies for treating organic material in the vapor phase are discussed in
Section 6.
Contaminant removal is highly dependent on the following parameters:
•

Media temperature—modest increases in temperature greatly decrease residual concentrations or decrease the time required to reach a specified concentration.

•

Residence time—a sufficient amount of time at temperature is required to bring the
soil to the required temperature for volatilization of organics from the surface of the
particles, and for the organic material to diffuse to the surface of the particles and be
swept away in the offgas.

•

Soil matrix—coarse particles such as sands will desorb contaminants easier than fine
grained clays and silts.

•

Contaminant—some contaminants will bind strongly to soils and others will not. In
addition, the vapor pressure of the contaminant will determine the temperature
required for desorption.
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•

Moisture content—increased moisture reduces the capacity of the contaminant to
adsorb on soils; however, moisture absorbs heat and a significant portion of it must
be driven off before the soil temperature can be increased above the vaporization
temperature of the water. As the moisture is vaporized, it tends to steam strip some
of the organics from the soil.

The basis of the process is physical removal of the contaminants from the medium by
vaporization or, in some cases, pyrolysis or destructive distillation. At medium to high
temperatures some organics will decompose to produce volatile breakdown products which are
driven off. Thus, bed temperature directly determines which organics will be removed and the
effectiveness of removal. The key physical property influencing the rate at which a contaminant
is thermally desorbed is the vapor pressure of the compound. The optimum soil treatment temperature range is that at which a contaminant would exhibit a vapor pressure between 0.5 and
2.0 atmospheres in a closed system (Ref. 1). Figure 5-1 illustrates the temperature range required
to achieve vapor pressures in this range for several common organic compounds, with higher
molecular weight organics requiring higher soil treatment temperature for adequate removal.
Perylene
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Triphenylene
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1-4 - Dimethylnaphthalene

1

1 - Methylnaphthalene
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Figure 5-1. Vaporization Temperature of Hydrocarbon Constitutents
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Researchers have found that, while 90% of a contaminant may be easily removed, the
final 10% will require a much longer residence time, especially if the cleanup criteria is in the
ppb range. This is due to the adsorptive properties of some soils that have a tendency to
strongly attract monolayers of contaminant on the surface and in the pores of soil particles.
Tests on several pesticides (Ref. 2) indicate a lower temperature limit below which very
little desorption takes place. In this case, the pesticides were dieldrin, aldrin, endrin and isodrin
and the temperature limit was 340°F. At higher temperatures between 340°F and 542°F,
desorption occurs relatively rapidly. Research indicates that the minimum soil temperature
depends on the soil type, with higher temperatures required as the humic content of the soil
increases due to the adsorption of the pesticides onto the organic material. Additional data
indicate that both treatment time and time at temperature have significant effects on the overall
pesticide removal efficiency. Various combinations of these two factors can produce the same
residual concentrations of the target pesticides. In addition, care must be taken to ensure toxic
residuals from the decomposition of complex organics at low treatment temperatures do not
remain in the treated soil. For example, soils with high levels of DDT treated at 500°F were
found to have 4 times the level of DDE than the untreated soil due to the dechlorination of DDT.
At a treatment temperature of 700°F and 36 minutes residence time, the DDE was removed
from the soil with >99% efficiency.
The soil processing rate, and consequently the operating cost, of a thermal desorption
system is strongly influenced by the soil moisture content. Moisture can be a major heat sink
affecting both the amount of energy required to heat the soil to the target temperature and the
physical handling properties of fine-grained soils. A very high moisture content can result in
low contaminant removal during the residence time in the desorber, thus requiring the soil to be
recycled through the system and increasing treatment costs. Wet clays are sticky and can
significantly reduce the soil feed handling capacity of thermal desorption systems, and can stick
to the surfaces of the desorber. Thus, wet sludges and solids may require dewatering for
optimal performance of thermal desorption and gas treatment systems.
A process flow for a typical desorber system is shown in Figure 5-2. The thermal desorber
is the unit operation that heats the soil to volatilize organic contaminants into a purge gas. The
purge gas may be air, nitrogen, a combustion gas, or other inert gas. Thermal desorbers
typically operate at soil treatment temperatures in the range of 300°F to 600°F for petroleum
contamination applications. However, systems are available that can operate at soil discharge
temperatures as high as 1200°F (Ref. 1). The soil treatment temperature capabilities of various
thermal desorption systems are shown in Figure 5-3.
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Figure 5-2. Flow Diagram for Generalized Thermal Desorption System
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Figure 5-3. Thermal Desorber Soil Discharge Temperature Range

5-4

There are two approaches to thermal desorption: stationary facilities to which the
contaminated media is transported, and mobile systems that operate on-site. Both kinds of
systems are available for treating petroleum-contaminated wastes; however, only mobile
systems are available for treating Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA) wastes (Ref. 3).
Different types of desorbers are used by various vendors. The dryer can be a directly or
indirectly heated rotary kiln, indirectly heated screw auger or paddle dryer, a directly heated
continuous belt conveyor dryer, or an indirectly heated vacuum dryer. Heat may be transferred
directly to the matrix by hot exhaust gas from the burners, or indirectly by steam or hot oil
circulating through the drum and/or augers. In some cases high temperatures (over 1000°F) are
generated internally by electrical resistance heating or by using a molten salt heat-transfer
medium.
An inert gas, such as nitrogen, may be injected as a sweep stream to prevent contaminant
combustion and to vaporize and remove the contaminants. If hot combustion gases from the
desorption burner are used, they must be oxygen-deficient (<4%) to prevent combustion and
the possibility of an explosion in the desorber. If air is used, vapor organic concentrations
within the desorber must be kept below 25% of the lower explosive limit (LEL) in the event
excess oxygen is present.
An important design factor is the direction of flow of the sweep gas relative to the flow of
the solid in the desorber. The flow configuration of the desorber (co-current or counter-current)
will affect the size and arrangement of components used in the gas treatment system. In the cocurrent configuration, the gases exiting the desorber are relatively hot, typically about 50°F to
100°F hotter than the soil discharge temperature, or about 400°F to 1000°F. The larger entrained
particles are removed by a cyclone, but the gases are too hot for smaller particles to be removed
in a baghouse. Therefore, the most common design places the cyclone after the desorber,
followed by an afterburner, a gas cooler or quench unit, a baghouse, an induction fan, and the
stack. Since the afterburner is upstream of the baghouse, the particles collected should be
relatively free of contaminants. Therefore, co-current rotary dryer systems can treat heavier
petroleum products than can counter-current systems. A scrubber may be required for acid gas
removal/neutralization, and carbon adsorption units can be used in place of the afterburner.
In the counter-current configuration, the gases leaving the desorber will generally be cool
enough to flow directly from the cyclone to the baghouse. For example, the purge gas from a
counter-current rotary dryer is typically limited to a temperature range of 350°F to 550°F by the
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materials of construction of the bags in the baghouse. Thus, the arrangement of the gas
treatment system is typically desorber, cyclone, baghouse, induced draft fan, afterburner, and
stack. Since the purge gas can go directly to the baghouse without adding water or air for
cooling, and the afterburner is at the end of the gas treatment train, the flow rates are lower than
in the co-current configuration allowing smaller air pollution control equipment to be used.
However, because of the cooler temperatures in the baghouse, heavier organics may condense
in the baghouse posing a fire hazard or blinding the bags. In addition, the particles collected in
the baghouse may not be fully decontaminated, or organics may condense on the particles.
Course particles may be recycled back to the desorber; however, fine particles must be disposed
since they will simply be re-entrained in the carrier gas.
Although typical baghouse materials limit the purge gas temperature and determine the
arrangement of offgas treatment components, specialized high-temperature bag materials are
available, but at a high cost. These baghouse materials include 3M Company Nextel ceramic
weave that can operate up to 1500°F, and metallic weave material from Pall Corporation. Use of
these materials in high-temperature baghouse operations may minimize organic condensation.
An additional consideration in selecting co-current vs. counter-current operation is that
the driving force for heat transfer from one fluid to another is directly related to the mean
temperature difference. A larger log mean temperature difference between the purge gas and
the soil can be achieved with a counter-current flow configuration than with a co-current
configuration. In order to achieve an equivalent driving force with a co-current system,
significantly higher exhaust gas temperatures are required. This increases the size of the
desorber or increases the velocity of the gas stream. With higher velocities, the size and quantity
of fines carried over to the downstream equipment are increased. Thus, co-current systems are
generally larger and more expensive than counter-current systems with an equivalent
processing capacity. In addition to increased capital cost, higher maintenance can be expected
due to additional fines carry-over and their impact on the afterburner and quench unit, required
to decrease the temperature of the gas/particulate stream entering the baghouse (Ref. 4).
Rotary Dryer
Rotary dryer systems are available as both mobile and fixed-base systems and may be
operated in the co-current or counter-current mode. Treatment capacities range from 5 to over
100 tons of contaminated soil per hour. A rotary dryer uses a cylindrical, rotating metal drum
that is inclined slightly to the horizontal. In directly heated systems, the natural gas, propane, or
fuel oil fired burner is located at one end of the dryer to provide heat to raise the temperature of
the soil. A series of lifters inside the drum picks up the soil and drops it through the hot
combustion gases from the burner. The intense mixing that occurs enhances heat transfer by
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convection and allows soils to be heated very rapidly. Rotary dryers that treat petroleum
contaminated soils are normally constructed of carbon steel and operate at soil temperatures of
300°F to 600°F (Ref. 1). Rotary dryers constructed of alloys are available that can heat
contaminated soil up to 1200°F. The gas post-treatment system for a direct-fired desorber
requires a larger capacity than the system used for indirectly heated desorbers because of the
larger combustion gas volume.
Typical residence times of petroleum-contaminated soils, in direct-fired thermal
desorbers, are usually less than 10 minutes. The residence time for semi-volatile organic
compounds can be as long as 20 to 30 minutes (Ref. 3). When clay or silt-type soils are treated,
particles may become entrained in the sweep gas and may not be fully decontaminated.
Residence time is determined by the length and diameter of the desorber, and is controlled by
varying the rotational speed, the angle of inclination, the lifter design, and the feed rate.
In indirectly heated systems the rotating shell is heated on the outside by combustion of
natural gas or propane. A sweep gas is used to transfer the volatiles and water to the offgas
treatment system. Co-current flow is normally used with lifters inside the rotating drum to
enhance solid-gas contact (Ref. 3). Post-treatment does not normally involve destruction in the
gas or vapor phase; rather, the recovery system uses condensation and refrigeration units to
reduce the volume of wastes requiring treatment, and to recover the organic material in liquid
form for subsequent treatment. In these systems, the nitrogen blanket reduces the necessity of
maintaining the organic vapor concentration below the LEL by keeping the oxygen
concentration below 4%. Since the majority of the nitrogen is recycled, only 5 to 10% of the
carrier gas is vented to the atmosphere (Ref. 3). A typical range of retention times is 30 to 120
minutes in indirectly heated systems.
Thermal Screw
Thermal screw systems are generally trailer-mounted with a soil treatment capacity of 3
to 15 tons per hour. Excavated solids are screened or crushed to remove rocks and debris, and
to decrease the particle size to 1 to 2 inches to prevent jamming the flights.
Most thermal screw systems circulate hot heat-transfer oil through the hollow flights of
the auger and return the hot oil through the shaft to the heat-transfer fluid heating system. The
heated oil also circulates through the jacketed trough in which the auger rotates. The maximum
soil temperature that can be attained in a thermal screw system is limited by the maximum
working temperature of the heat-transfer fluid. Heat-transfer oils can be heated to
approximately 650°F and molten salt can be heated to approximately 1100°F. Thus, systems
using hot oil can achieve soil temperatures of 500°F, and those using molten salt can heat soil to
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900°F (Ref. 1). One system uses electrical heating elements to transfer heat through the augers
and vessel jacket to achieve a material temperature of 1200°F (Ref. 5).
The retention time of the conveyor system is determined by the volumetric feed rate of
the media and the systems conveying velocity. Throughput of screw conveyors can be varied
with rotational speed, flight diameter, and flight pitch. Screw augers can be arranged in series to
increase the solids retention time, or they can be configured in parallel to increase throughput
capacity.
Since thermal screws are indirectly heated, the volume of purge gas is less than half the
volume from a directly heated system with an equivalent soil processing capacity (Ref. 1). Thus,
the offgas system is relatively small. Indirect heating with an inert purge gas also allows
thermal screws to process materials with high organic content because the lower explosive
concentration limit is no longer a concern.
Vaporized organics, water, and the inert purge gas exiting the desorber are drawn under
induced draft through the offgas system. A particulate control device, such as a venturi
scrubber or fabric filter, is commonly used directly downstream of the desorber. Most thermal
screw systems use a condenser to remove organic vapors and water from the gas stream. A
phase separator is used to remove the organics for subsequent treatment, and the water fraction
is treated in an aqueous phase activated carbon adsorption unit and used to control dust from
the treated soil. Non-condensable organics are normally removed from the gas exiting the
desorber by a vapor-phase activated carbon adsorption system.
Conveyor Furnace
The conveyor furnace may be transportable with a typical capacity of 5 to 10 tons of soil
per hour (Ref. 1). This system uses a flexible metal belt to convey the soil through a primary
heating chamber. A 1-inch deep layer of soil is spread evenly over the belt, and as the belt
moves through the system, soil agitators lift the belt and turn the soil over to enhance heat
transfer. A series of burners fire into the chamber above the belt to heat the soil. The conveyor
furnace can heat soils in the temperature range of 300°F to 800°F (Ref. 1). The retention time of
belt conveyors is based on the bed depth because of volatilization limitations, and belt speed.
The following sections describe several representative commercial systems. This is not
meant to be all-inclusive as there are many other thermal desorption systems available from
various vendors.
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5.1.1

IT Corporation's Thermal Desorption System
Process development efforts have been conducted in IT Corporation's bench-scale batch

Rotary Thermal Apparatus (RTA) and pilot-scale thermal desorber. This custom-designed and
fabricated system is used to develop thermal treatment data for hazardous and mixed waste
solids, soils, and sludges. The thermal separation process utilizes an inclined rotating metal
shell that is enclosed in a natural gas or fuel oil fired furnace. Contaminated materials flow
through the inside of the shell and are heated in an inert atmosphere by indirect heat transfer.
Organic materials are vaporized and are exhausted to a downstream device such as a secondary
combustion chamber or a condensation system, leaving behind radionuclide contaminated
solids suitable for further treatment prior to placing in a permanent repository.
5.1.2

Chemical Waste Management, Inc. X*TRAX™

The XTRAX™ system shown in Figure 5-4 consists of an indirectly heated rotary kiln
which is a sealed, rotating cylinder heated on the outside by propane burners, and an offgas
handling system. An auger or pump is used to feed the contaminated solids or sludges into the
dryer where they are heated from 400°F to 800°F. An inert nitrogen carrier gas flows co-current
to the solids and transports the volatilized water and organics to the offgas handling system
where the offgas is scrubbed to remove particulates and some of the volatilized organics, and
cooled to condense the remaining organics and water. The recirculating scrubber water
continuously passes through a phase separator to remove condensed light organics, and
discharge a bottom sludge containing solids, water and organics.
Organics are removed from the liquid condensate by gravity separation, and the
remaining condensed water is used to cool the treated solids exiting the desorber and minimize
the generation of dust. The cooled carrier gas is reheated from 400°F to 700°F and recirculated
into the dryer. A small portion of carrier gas passes through a filter and a carbon adsorption
drum before being vented to the atmosphere. A 100-ton per day system releases 0.25 to 5
lbs/day of VOCs in the offgas after passing through the carbon adsorber which has
demonstrated a removal efficiency of 89 to 98% (Ref. 6).
Indirect firing and recycle of the carrier gas allows the gas emissions to be a factor of 100
to 200 times less than an equivalent capacity incinerator, and the air pollution control system to
be one tenth to one hundredth the size of an equivalent incinerator. The small volume of carrier
gas discharged (5 to 10%) allows makeup nitrogen to be added to keep the oxygen
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concentration low; typically between 0 and 1%. In addition, an indirect-fired process is
classified as a separation process making it easier to permit than an incinerator.
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Figure 5-4. X * T R A X ™ Process Flow Diagram

Three XTRAX™ systems are available from Rust Remedial Services (Ref. 7). Two
laboratory scale systems are available for treatability studies on RCRA, TSCA, and mixed
wastes at the Clemson Technical Center in South Carolina. These are small, continuous flow
systems capable of treating 2 to 5 lbs/hr and simulating the pilot and full-scale systems. The
pilot-scale system is a mobile unit, mounted on two trailers, with a 5-ton per day capacity for a
feed containing 30% moisture (Ref. 8), and is available for larger scale treatability studies and
demonstrations. The full-scale unit (Model 200) is transportable with a nominal capacity of 125tons per day of contaminated soil at 20% moisture. To justify the cost of mobilizing of the fullscale system, a single location should have at least 5,000 yd 3 of waste to process.
This system was designed to treat solids or pumpable sludges containing organics with
boiling points less than about 800°F, less than 20% total organics, and less than 50% moisture,
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although <25% moisture is preferable (Ref. 7). Retention time in the kiln can vary from 30 to 120
minutes; however, typical retention times are 60 to 90 minutes (Ref. 9). An economic evaluation
is necessary before treatment of wastes with higher organic or moisture levels to determine the
cost effectiveness. Solid feeds must be screened to less than 2 inches in size.
5.1.3

Chemical Waste Management, Inc. VACTRAX™
The VACTRAX™ system is a small mobile system that requires minimum mobilization

and demobilization activities. This system uses a high vacuum (7 kPa or 1 psi absolute) to
reduce the operating temperature and heating time required to vaporize contaminants (Ref. 10).
It is a completely sealed, indirectly heated system that uses 650°F oil that passes through the
dryer jacket and internal agitator to heat the solid to approximately 550°F. Nitrogen carrier gas
is used to transport the vaporized gases to a gas treatment system, where they are cooled and
condensed and the organic compounds are recovered as a liquid.
Since the unit operates at high vacuum, it must be a batch dryer that can be completely
sealed (Ref. 10). The dryer can accept soils and sludges, and has been sized to accept solids of
relatively large size such as assorted debris. The system is designed for a maximum organic
concentration of 20% (Ref. 11), and a maximum moisture content of 50% with 25% moisture
optimum.
After the waste is loaded and the dryer sealed, it is inerted with the nitrogen carrier gas.
After the dryer is inerted, the waste is heated which requires from one to two hours. After the
solids have reached the treatment temperature, they are held at full vacuum for 15 minutes to
several hours, depending on the type and quantity of contaminants and the nature of the
matrix. The vacuum is then released, the unit is opened, and the waste discharged from the
bottom. The unit is then ready for another treatment cycle.
The desorbed vapors and nitrogen exit the dryer through the top of the vessel into a
cupola equipped with a metal filter that removes entrained solids (dust) from the gas stream.
These solids are retained in the dryer and discharged with the treated solids when the vessel is
emptied.
This system is designed for sites with small quantities of waste in the 1000 ton range or a
few hundred drums of waste (e.g., 200 to 5,000 m^), and can process about 40 to 60 tons per day
(Ref. 12). The system operates in a batch mode and can process about 3 batches per day with a
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4-hour cycle time. The vacuum extends the range of thermal desorbers to hard-to-remove
chemicals, prevents melting of heat-sensitive materials (e.g., plastics), and increases the
production rate. The process has been demonstrated on soils, rags, personal protective
equipment (PPE), and shredded paint waste. Tests are planned for Rocky Flats waste consisting
of combustibles such as Kimwipes™, plastics, PVC, metals, glass, and rubber gloves (Ref. 13).
The objective will be to remove volatile organic compounds from these wastes without
impacting the integrity of the waste. Thus, the melting temperature of the most susceptible
matrix will define the maximum process temperature.
5.1.4

Canonie Environmental Services Corporation's Low-Temperature Thermal
Aeration (LTTA)

The Canonie Environmental Services Corporation's Low-Temperature Thermal Aeration
(LTTA) desorption technology is a direct-contact rotary dryer (Ref. 14). It removes organic
contaminants from contaminated soils into a contained air stream, which is extensively treated
to either collect the contaminants or to thermally destroy them. A direct-fired dryer is used to
heat an air stream which, by direct contact, desorbs water and organic contaminants from the
soil at temperatures up to 800°F. The processed soil is quenched to cool it and to mitigate dust
problems. The treated soil, once verified to meet the treatment criteria, can be backfilled on-site
without restrictions.
The hot air stream containing vaporized water and organics is treated by one of two air
pollution control systems. One treatment system removes the organic contaminants from the
air stream by adsorption on granular activated carbon (GAC) and includes the following units
in a series: (1) cyclones and baghouse for particulate removal; (2) wet scrubber for acid gas and
some organic vapor removal; and (3) GAC adsorption beds for organic removal. When the GAC
beds are used for air pollution control, the spent GAC is regenerated or incinerated.
The second air stream treatment system is used when soils containing high
concentrations of petroleum hydrocarbons are treated. It includes the following units in a
series: (1) cyclones for particulate removal; (2) thermal oxidizer/afterburner for destruction of
organics; (3) quench tower for cooling of air stream; (4) baghouse for additional particulate
removal; and (5) wet scrubber for acid gas removal.
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5.1.5

Remediation Technology, Inc. (ReTec) High-Temperature Thermal Processor
Remediation Technologies, Inc.'s (ReTec), high-temperature thermal processor is a

thermal desorption system that can treat solids and sludges contaminated with organic
constituents (Ref. 14). The system consists of material feed equipment, a thermal processor, a
particulate removal system, an indirect condensing system, and activated carbon beds.
Waste from the feed hopper is fed to the thermal processor, which consists of a jacketed
trough that houses two intermeshing, counter-rotational screw conveyors. The rotation of the
screws moves material through the processor. A molten salt eutectic, consisting primarily of
potassium nitrate, serves as the heat-transfer media. This salt melt has heat-transfer
characteristics similar to those of oils and allows maximum processing temperatures of up to
850°F. The salt melt is noncombustible, it poses no risk of explosion, and its potential vapors
are nontoxic. The heated transfer media continuously circulates through the hollow flights and
shafts of each screw and also circulates through the jacketed trough. An electric or fuel oil/gasfired heater is used to maintain the temperature of the transfer media. Treated product is
cooled to less than 150°F for safe handling.
A particulate removal system (such as a cyclone or quench tower), an indirect condensing
system, and activated carbon beds are used to control offgases. The processor operates under
slight negative pressure to exhaust the volatilized constituents (moisture and organics) to the
offgas control system. An inert atmosphere is maintained in the headspace of the processor
through the use of air lock devices at the feed inlet and solids exit, and through the introduction
of an inert carrier gas (such as nitrogen) to maintain an oxygen concentration of less than 3%.
The oxygen and organic content of the offgas are continuously monitored as it exits the
processor. Entrained particulate matter is collected and combined with the treated solids on a
batch basis. The volatilized moisture and organics are subsequently condensed and decanted.
A mist eliminator minimizes carryover of entrained moisture and contaminants after the
condenser. Any remaining noncondensable gases are passed through activated carbon beds to
control volatile organic compound emissions.
This system can treat soils, sediments, and sludges contaminated with volatile and
semivolatile organics, including PCBs. Preliminary testing indicates the system has the
potential to treat cyanide. With the exception of mercury, the process is not suitable for treating
heavy metals. Wastes must be prescreened to a particle size of less than 1 inch before treatment.

5-13

5.1.6

Roy F. Weston, Inc. Low-Temperature Thermal Treatment (LT^) Technology

The LT^ system consists of three main treatment areas (Ref. 15): soil treatment, emissions
control, and condensate treatment. The thermal processor consists of two jacketed troughs, one
above the other. Each trough houses four intermeshed hollow-screw conveyors. The conveyors
move soil across the upper trough of the thermal processor until the soil drops to the lower
trough. The soil then travels across the processor and exits at the same end that it entered. Hot
oil circulates through the hollow screws and trough jacket. The treated soil is discharged into a
conditioner where it is sprayed with water to cool it and minimize fugitive dust emissions.
A burner heats the heat transfer oil to an operating temperature of 400°F to 650°F (about
100°F higher than the soil treatment temperature). Combustion gases released from the burner
are used as a sweep gas in the thermal processor. The sweep gas is drawn through a fabric filter
where dust is collected. Exhaust from the filter is drawn through a series of condensers to
remove most of the water vapor and organics, and then through a vapor-phase activated carbon
adsorption column to remove any remaining organics.
This system is best suited for soils with moisture content of less than 20%, and VOC
concentrations of up to 1%. SVOCs with boiling points greater than 500°F may also be treated
depending on the cleanup objectives. Wastes with moisture content between 20% and 50% can
be treated at a reduced capacity. Wastes with moisture content greater than 50% must first be
dewatered. Pretreatment screening or crushing of oversized materials (greater than 2 inches) or
clay shredding may also be required.
5.1.7

ETG Environmental, Inc. Therm-O-Detox® System

The Therm-O-Detox® system consists of a feeding system, a low- or mediumtemperature thermal desorber (LTTD or MTTD), offgas scrubbers and condensing unit, and a
vapor-phase carbon adsorption unit (Ref. 16). The system is mobile with a throughput of 5 to 15
tons/hr depending on the feed characteristics and treatment requirements. The Base Catalyzed
Decomposition (BCD) process, discussed in Section 4, has been used in conjunction with the
Therm-O-Detox® system to dechlorinate chlorinated hydrocarbons condensed from the offgas.
The thermal desorber is an indirectly heated, twin-shaft, low-speed paddle dryer. The
overlapping design of the paddles provides thorough mixing and de-balling action to improve
exposure of the particles to the heat-transfer surfaces. The paddle configuration is reported to
minimize caking or balling of the waste feed and promote homogeneous bed conditions to
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reduce retention time. The desorber uses a combination of hot oil and electric current (or other
indirect heating methods) as the heat sources. The units are designed to achieve waste material
temperatures of up to 950°F.
52

INPUT AND OUTPUT STREAM CHARACTERISTICS
Chemical contaminants for which bench-scale through full-scale treatment data exist

include petroleum-based hydrocarbons, VOCs, SVOCs, pesticides, and higher boiling point
compounds such as PCBs. The technology is not effective in separating inorganics from the
matrix; however, volatile metals such as mercury may be removed with high-temperature
systems. A number of variables, such as the specific mix and distribution of contaminants, affect
performance. The effectiveness of thermal desorption on general contaminant groups for
various matrices is shown in Table 5-1 from Reference 17.
The physical properties of the soil matrix are important parameters in the selection and
operation of a thermal desorption system. Large boulders and cobbles (>1 to 2 inches in
diameter) will need to be crushed or removed because damage to the desorber or, in the case of
screw conveyors or heated screw desorbers, jamming of the screws may occur. Additionally, the
desorption unit size and configuration will limit the size of material that may be used as feed,
limiting the application for contaminated debris.
Course-grained soils are generally free-flowing, have low moisture adsorption capacities
and do not agglomerate into large particles, and have relatively good heat-transfer
characteristics. Silts, clays, organic soils, and peat are fine-grained and adsorptive and may
result in poor performance due to caking. Caking will also occur if the moisture content is
above the plastic limit. Plasticity will determine whether the material is likely to stick to
screening, sizing, conveying, or desorber equipment. Some matrix material may stick to itself
and to dryer surfaces as it enters the dryer, some materials may pass through the sticky or
plastic phase as they dry, and others may case-harden thus sealing in the moisture and
contaminants and fusing the particles into a block. The problems associated with moist, sticky
material may be alleviated by blending treated dry solids with the incoming material. In most
systems the contaminated medium must contain at least 20% solids to facilitate loading of solids
into the desorption equipment. Some systems specify a minimum of 30% solids (Ref. 17).
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Table 5-1.

Effectiveness of Thermal Desorption on General Contaminant
Groups for Soil, Sludge, Sediments, and Filter Cakes
Effectiveness

Contaminant

t\

.si
c

1
(0

O

Groups

\

\

soilL

Halogenated volatiles
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T
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T
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•
•
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•
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Inorganic corrosives
Inorganic cyanides

•
•
•
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Oxidizers
Reducers

•
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•
•
•
•

Q

Q

Q
Q

Q

•

•

Q

•

Demonstrated Effectiveness: Successful treatability test at some scale
completed

T

Potential Effectiveness: Expert opinion that technology will work

•

No Expected Effectiveness: Expert opinion that technology will not work
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Soils with a high fraction of fine silt or clay will generate large dust loadings in the air
pollution control system. Because the degree of particulate entrainment is directly related to
particle size and gas flow rate, different types of desorbers will entrain varying quantities of
solids. The treated medium will typically contain less than 1% moisture. Dust generated during
the transfer of the treated medium from the desorption unit can be mitigated by water sprays.
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Total organic loading is limited in some systems to 10% or less whereas others can accept
up to 20% organics. In addition, vapor organic concentrations within the desorber must be kept
below 25% of the lower explosive limit if the desorber is operated with excess oxygen. A waste
medium exhibiting a very high pH (greater than 11) or very low pH (less than 5) may require
pre-treatment to prevent corrosion of the system components (Ref. 17).
Heat sensitive materials, such as plastics and rubber, may melt and foul the heat-transfer
surfaces. Vacuum systems operating at lower temperatures may eliminate this problem and
allow treatment of such materials.
Up to seven process residual streams are generated by thermal desorption: treated
medium, oversized medium rejects, condensed contaminants and water, particulate control
system dust, offgas scrubber water (if used), clean offgas, and spent carbon (if used). Treated
condensed water or scrubber purge water may be used as a dust suppressant for the treated
media, sent to the site wastewater treatment facility, or disposed to the sewer. Dust collected
from the particulate control system may be combined with the treated media, disposed of in a
regulated facility or, if high in contaminant carryover, recycled through the desorber.
Offgas from desorption is processed to remove particulates. Volatiles in the offgas may be
burned in an afterburner, collected on activated carbon, or recovered in condensation
equipment. The selection of the offgas treatment system will depend on the mode of operation
(co-current or counter-current), contaminants, contaminant concentration, cleanup standards,
and economics.
In addition to the process streams, there is evidence that with some system configurations
polymers may foul and/or plug heat-transfer surfaces. Tests of thermal desorption systems
have documented the deposition of insoluble brown tars on internal system components (Ref.
17). Two EPA SITE demonstrations have produced evidence of dioxin/furan formation when
solids contaminated with chlorinated aromatic organics were treated (Ref. 3). These
dioxin/furans were found in the intermediate liquid and gaseous treatment residuals, and were
rarely detected in the treated soils. Treatment of pesticides resulted in low concentrations of
various thermal degradation products detected in the scrubber liquor, vapor-phase activated
carbon beds, and the stack gas (Ref. 2).
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5.3

TECHNOLOGY STATUS

Commercial scale units exist and are in operation. Most of the hardware components of
thermal desorption are readily available off-the-shelf. There are more than 150 full-scale thermal
desorbers available in the U.S. and in operation (Ref. 3). Although most of these units treat only
petroleum-contaminated soils, the application to Superfund site remediation is increasing. As of
February 1992, thermal desorption appeared in the Record of Decision (ROD) for 28 Superfund
sites (Ref. 3). Thermal desorption was selected by EPA for evaluation as an alternative
technology to incineration because of its demonstrated capability to remove volatile and
semivolatile contaminants from soils and solids with treatment performance equivalent to
incineration.
5.3.1

IT Corporation's Thermal Desorption System

Pilot-scale tests have been conducted on herbicide orange and dioxin contaminated soils
and coral from two Department of Defense (DOD) facilities, PCB-contaminated soils from an
electrical equipment salvage operation at the University of Minnesota Rosemount Research site,
and soils contaminated with PCBs, heavy metals, and low-level mixed wastes from two DOE
uranium enrichment facilities. Some sludges present a processing problem due to the formation
of hard balls of dried sludge which could occlude trace levels of contaminants. The sludge was
treated adequately at 550°C for 20 minutes at temperature in a unit designed to prevent balling.
This equipment modification eliminates the need for back mixing the sludge with previously
treated material to produce a feed that does not form into balls on processing.
5.3.2

Chemical Waste Management, Inc. X*TRAX™

As described previously, Chemical Waste Management has three XTRAX™ systems
operated by Rust Remedial Services at the Clemson Technical Center in South Carolina: a
laboratory scale system, a mobile pilot-scale system, and a transportable full-scale production
system.
The laboratory system has operated since 1988 and was used by Chem-Nuclear Systems
in Barnwell, South Carolina, in 1989 to evaluate the process for treating mixed waste (Ref. 8).
The laboratory system has also been tested on various Superfund soils, including those
containing PCBs.
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The pilot system has also been tested since 1988 on a variety of TSCA- and RCRAregulated materials. In 1988 it was demonstrated at the Oak Ridge Gaseous Diffusion Plant on
mixed waste. During 1989 and 1990,10 different PCB-contaminated soils were processed under
a TSCA research and development (R&D) permit, and three different wastes were tested under
an EPA RCRA permit (Ref. 18).
The full-scale commercial system was accepted into the EPA SITE Program in 1989 at the
Resolve, Inc. Superfund site in Massachusetts which contains approximately 35,000 tons of PCBcontaminated soil. A pilot demonstration took place over 10 days in 1992 during which the
system processed 500 tons of soil at feed rates of 100 to 158 tons per day, and a system
availability of over 85% (Ref. 18). An EPA SITE demonstration was also performed in which 215
tons of soil were treated at an average feed rate of 4.9 tons per hour, a residence time of 2 hours,
and an average treated soil temperature of 732°F (Ref. 19).
5.3.3

Chemical Waste Management, Inc. VAC*TRAX™

The VAC*TRAX™ system is operated by Rust Remedial Services at the Clemson
Technical Center in South Carolina (Ref. 12). This system is currently at the pilot stage. Tests
with the pilot-scale system are scheduled by Geotech at Grand Junction, Colorado, for 15
different waste streams from DOE/Albuquerque sites. Pilot tests have been performed at
Clemson Technical Center through the PRDA on Rocky Flats waste and on two mixed waste
streams from the Grand Junction Project Office (GJPO) (Ref. 20). VAC*TRAX™ has also been
endorsed by the Western Governor's Association/Develop On-Site Innovative Technologies
(DOIT) Committee.
The existing pilot unit can accept up to 31 liters of material per charge. Under the DOE
PRDA, pilot plant tests' have been performed on surrogate wastes, RCRA waste, and mixed
waste at the Clemson facility. The final phase of the PRDA is to construct a field-scale system
scheduled for 1995 with a limited demonstration at a DOE site (Ref. 20). This commercial unit
will be constructed on two trailers and will have a processing capacity of approximately 35
m / d a y (Ref. 10).
3

5.3.4

Canonie Environmental Services Corporation's Low-Temperature Thermal
Aeration

The LTTA technology was accepted into the SITE Demonstration Program in summer
1992 (Ref. 21). A demonstration was performed on soils contaminated with pesticides at the
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Old Marsh Aviation site in Arizona during September 1992. Results will be published in an
Applications Analysis Report and a Technology Evaluation Report which are under
preparation. The full-scale LTTA system has remediated contaminated soils at six sites
including three Superfund sites. More than 100,000 tons of soil have been treated by the fullscale LTTA system.
The LTTA is reported to remove VOCs, SVOCs, organochlorine pesticides (OCPs),
organophosphorous pesticides (OPPs), and total petroleum hydrocarbons (TPH) from soils,
sediments, and some sludges. LTTA has been used at full-scale to remove VOCs such as
benzene, toluene, tetrachloroethylene (PCE), trichloroethylene (TCE), and dichloroethylene
(DCE); SVOCs such as acenaphthene, chrysene, naphthalene, and pyrene; OCPs such as DDT
and its metabolites, and toxaphene; OPPs such as ethyl parathion, methyl parathion, merphos,
mevinphos; and TPHs.
5.3.5

Remediation Technology, Inc. (ReTec) High-Temperature Thermal Processor

ReTec has performed numerous tests on RCRA-listed petroleum refinery wastes
including refinery vacuum filter cake, as well as creosote-contaminated clay and coal tarcontaminated soils. All tests were performed with ReTec's 100 lb/hour pilot-scale unit
processing actual industrial waste (Ref. 17).
This technology was accepted into the SITE Demonstration Program in June 1991. The
SITE demonstration was at the Niagara-Mohawk Power Company, a manufacturing gas plant
site, in Harbour Point, New York, in summer 1992.

5.3.6

Roy F. Weston, Inc. Low-Temperature Thermal Treatment (LT ) Technology
3

This is an available, commercialized technology that has been applied to a variety of
contaminated DOD, EPA, and commercial sites. The technology was accepted into the SITE
Demonstration Program in September 1991 and was demonstrated at the Anderson
Development Company Superfund site in Michigan. The system was tested on lagoon sludge
contaminated with VOCs, SVOCs, and 4,4-methylene bis(2-chloroaniline) (MBOCA). Results
have been published in Reference 15.
Bench-, pilot-, or full-scale systems have treated soil contaminated with coal tar, drill
cuttings (oil-based mud), No. 2 diesel fuel, JP-4 jet fuel, leaded and unleaded gasoline,
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petroleum hydrocarbons, halogenated and nonhalogenated solvents, VOCs, SVOCs, and PAHs
(Ref. 15).
5.3.7

ETG Environmental, Inc. Therm-O-Detox® System

This system has been applied to several refineries to process API separator sludge (K051)
and DAF unit wastes (K048) (Ref. 16). In late 1992, the MTTD/BCD technology was
demonstrated at the Kopper's Superfund site in South Carolina under the EPA's SITE program.
54

REMOVAL EFFICIENCY

Several thermal desorption vendors have reported performance data for their systems
ranging from laboratory studies to full-scalp operations at designated Superfund sites. The
quality of this information has not been evaluated and is provided as a general guideline to the
performance of thermal desorption equipment. Thus, this data may not be directly applicable to
a specific site. Good site characterization and treatability studies are essential to refine and
screen any treatment technology.
Most thermal desorption systems offered by vendors include an offgas treatment system.
The following summaries of performance data include only the removal efficiencies of the des orber and not the performance of the offgas treatment system as offgas treatment requirements
and methods will vary.
5.4.1

IT Corporation's Thermal Desorption System

Thermal separation effectively separated PCBs from mixed waste to enable the treated
soil to be managed as low-level radioactive waste at the DOE Oak Ridge Site. PCB contamination of 37.5 to 35 ppm was reduced to less than 2 ppm with a total residence time of 19 minutes
at 1022°F. All identified semivolatile contaminants in the waste were effectively treated to
below detection limits. Residual organic carbon in the treated soil indicated incomplete removal
of all the carbonaceous materials due to nonvolatile pyrolysis products. At the same operating
conditions, mercury contamination was reduced from 0.8 ppm to less than 0.1 ppm. The
majority of the uranium and technetium in the waste feed remained in the treated soil; however,
entrained particles in the exit gas produced a concentration of radionuclides in the cyclone.
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Higher concentrations of PCBs in the cyclone-captured solids were also attributed to
entrainment of untreated soil particles in the gas stream, or to condensation of PCBs on the particles. Furans were generated and captured in the cyclone solids and in the scrubber filter solids.
The presence of benzene in the treated material may be due to the breakdown of other hydrocarbons present in the feed or by a reformation of benzene during the extended cool-down
cycle. The concentration of flammable components within the offgas suggests that offgas treatment will be required to prevent discharge of toxic or flammable gas.
5.4.2

Chemical Waste Management, Inc. X*TRAX™

Chem-Nuclear performed treatability studies on two types of soils contaminated with
mixed waste at the Oak Ridge Y-12 Plant beginning in late 1989 (Ref. 22). Type 1 soil was characterized as dewatered, mercury and uranium contaminated sewer sediment. Type 2 soil was
PCB, organics and uranium contaminated oil landfarm soil. For the Type 1 soil the process
achieved 98.2% mercury removal and 97.6% PCB removal with an initial feed of 1,000 to 1,300
mg/kg and 10 to 12.2 mg/kg, respectively. The feed contained 86 pCi/gm of gross alpha, and
250 pCi/gm of gross beta activity. The resulting condensate liquid contained less than 5 pCi/1
of alpha and beta activity; however, the phase separator data indicated 140 to 160 pCi/1 of alpha
and beta activity, respectively. This high activity was assumed to be the result of the high particulate loading in the phase separator. Volatile mercury was condensed in the liquid phase and
collected in the condensate sample. The Type 2 soil showed an average PCB removal of 97.4%.
Treated soils showed ppb levels of organics such as phenol, 2,4-dimethylphenol, benzene,
styrene, etc.
Pilot tests were performed at CWM's Kettleman Hills facility in California. Twenty tons
of PCB- and organic-contaminated soils were processed through the 5 ton per day pilot system.
The results of PCB separation from soil is presented in Table 5-2 (Ref. 17). Results of various
laboratory and pilot-scale studies on the XTRAX™ system are provided in References 6, 8 and
18. In most cases, volatile organics are reduced to below 1 ppm, semivolatile organics to below
10 ppm and often below 1 ppm. Soils containing 120 to 6,000 ppm PCBs have been reduced to 2
to 25 ppm, and removal efficiencies of 96% to over 99% have been demonstrated for soils contaminated with pesticides. Mercury has been reduced from 5,100 ppm to 1.3 ppm (Ref. 23).

5-22

Table 5-2. X*TRAX™ System Removal of PCB from Contaminated Soil (Ref. 17)
Feed (ppm)

Product (ppm)

Removal (%)

Clay

5,000

24

99.3

Silty Clay

2,800

19

99.5

Clay

1,600

4.8

99.7

Sandy

1,480

8.7

99.1

Matrix

Clay

630

17

97.3

The Resolve Superfund site contained contaminated soil with PCB concentrations in the
range from 181 to 515 mg/kg. The pilot demonstration resulted in PCB concentrations in the
treated soil consistently less than 2 ppm (Ref. 18). For the SITE demonstration at the same site,
PCB concentrations in treated soil samples were less than 1.0 m g / k g and the average
concentration was 0.25 mg/kg. PCDDs and PCDFs were not formed, and concentrations of
TCE, oil and grease were below detectable limits in treated soil (Ref. 19).
5.4.3

Chemical Waste Management, Inc. VACTRAX™

Tests have been performed on the pilot system with spiked material, RCRA waste and
mixed waste including a variety of volatile and semivolatile contaminants. Results of these tests
are summarized in Table 5-3 (Ref. 10). PCP had a much lower removal, indicating a possible
limitation for certain semivolatile compounds (Ref. 20). In some cases, low temperatures
(100°C) were required to prevent melting of assorted plastic items. These cases resulted in
reduction of volatiles to below the regulatory level but required a longer time at temperature.
This process also demonstrated containment of radioactive components within the solids
matrix. In the case of mixed waste containing Radium-226, the condensate recovered from the
process, after simple filtering, had a radioactivity level <0.57 pCi/1. In a test soil spiked with
molybdenum trioxide as a surrogate for uranium oxide, all the molybdenum was accounted for
in the treated product.
A pair of surrogate tests were conducted on a RCRA waste from the RFP (Ref. 20). This
waste stream is called "combustible shop waste" and consists of cloth, plastics and similar trash
type components that are contaminated with solvents and industrial lubricants and oils. The
VACTRAX™ unit was operated at an oil temperature below the melting point or degradation
point of the waste material (i.e., 124°C or 255°F). The final product temperature was about
102°C, and the total heating time was 4 and 6 hours. Results are shown in Table 5-4.
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Table 5-3. Results of the VAC*TRAX™ Process on Various Waste Streams (Ref. 10)
Rnal
Solids
Temp
(°C)

Time
at
Temp
(min.)

Starting
Cone,
(ppm)

Soil/Clay

239

45

1,644

5.98

99.6

Debris/PPE

101

240

7.51

BQL(0.4)

>94.5

Soil/Clay

239

45

105

BQL(0.2)

>99.8

2-hexanone

Debris/PPE

101

240

5.93

0.20

96.6

Toluene

Debris/PPE

104

360

6.7

0.055

99.2

Soil/Clay

239

45

118

BQL(0.2)

>99.8

Tetrachloroethylene ^

Soil/Lint

257

360

1,000

J(0.003)

>99.9999

Ethylbenzene 1

Soil/Clay

239

45

630 •

BQL(0.2)

>99.97

Ethylbenzene

Debris/PPE

104

360

20

0.075

99.6

MIBK

Debris/PPE

104

360

15

0.14

96.8

Xylene ^

Soil/Clay

239

45

2,672

BQL(0.2)

>99.993

Contaminant

Solids Matrix

Ending
Cone,
(ppm)

Removal
(%)

Volatiles
Acetone^
Acetone
Carbon Tetrachloride

Tetrachloroethylene

1

Xylene
Styrene

1

Styrene

1

Debris/PPE

104

360

110

0.092

99.92

Soil/Clay

239

45

461

BQL(0.2)

>99.96

Debris/PPE

104

360

230

0.14

99.94

Soil/Clay

239

45

577

1.05

99.8

Soil/Clay

247

90

581

126

83.2

Soil/Clay

239

45

211

209

0.9

Semivolatiles
Bis(2-ethylhexyl)
phthalate
1

Pentachlorophenol

1

Metals
Molybdenum Trioxide
Notes:

1. Tests performed on spiked sample.
2. Tests performed on mixed waste.
BQL(A) = Below Quantitation Limit; quantitation limit = A
J (A) = Estimated value of A, below quantitation limit
PPE = Personal Protection Equipment

Table 5-4. VAC*TRAX™ Results for the RFP RCRA Combustible Waste Tests (Ref. 20)
"•-•"
Component
Acetone
MIBK

4?jHour Run Time

.

!.• •

6-Hour Run Time

Feed Cone,
(ppm)

Avg. Product
Cone, (ppm)

Feed Cone,
(ppm)

Avg. Product
Cone, (ppm)

7.51

<0.41

1.0

0.07

18.7

1.1

Toluene

3.54

<0.20

2-Hexanone

5.93

Ethylbenzene

9.59

15

0.48

6.7

0.06

0.22

_

_

0.24

20

0.10

Xylene

50.1

1.35

110

0.09

Styrene

90.7

2.73

230

0.14
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One of the GJPO waste streams consisted of dry cleaner's lint trap waste combined with
uranium mill-tailings (Ref. 20). The waste consisted of approximately 70% soil and 30% lint
contaminated with TCE. The second waste stream consisted of soil and rock with a small
amount of lint contaminated with TCE. Final treated product temperature was 251°C to 258°C,
the total processing time was about 6 hours, and the time at temperature was typically over
3 hours. In total, 29 batches were tested with feed concentrations ranging from 6.5 to 1,160 ppm
of TCE. All batches were treated to below 0.005 ppm except for 5 batches that required retreatment because they contained up to 0.017 ppm after the first treatment cycle. These tests also
demonstrated the ability to retain radionuclides in the dryer, preventing the condensate from
being radioactive.
5.4.4

Canonie Environmental Services Corporation Low-Temperature Thermal Aeration

Canonie Environmental has extensive performance data for its Low-Temperature
Thermal Aeration (LTTA ) system at full-scale operation (15 to 20 cu. yds. per hour). This
system has been applied at several Superfund and privately funded sites. Table 5-5 presents a
summary of some of the available data (Ref. 17).
SM

Table 5-5. Summary Results of the LTTA " Full-scale Clean-up Tests
9

Site
S. Kearney

McKin

Ottati & Goss

Processed

Contaminant

Soil (ppm)

Treated (ppm)

Removal (%)

VOCs

177 (avg)

0.87 (avg)

99.5 (avg)

PAHs

35.31 (avg)

10.1 (avg)

71.4 (avg)

>9,500 cu yds

VOCs

ND to 3310

ND to 0.04

>99.9

2,000 cu yds

PAHs

4,500 cu yds

VOCs

16,000 tons

<10
1,500 (avg)

<0.2 (avg)

>99.9 (avg)

ND = Nondetectable

The LTTA system used at the EPA Superfund site in Arizona treated approximately
52,000 tons of soil contaminated with toxaphene, DDT, DDD, DDE, and other OCL pesticides
(Ref. 2). Average total concentrations of OCL pesticides were in the range of 200 to 500 mg/kg;
however, hot spots were identified with concentrations as high as 2,500 mg/kg. The soil was
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treated at a feed rate of 34 to 38 tons per hour with a soil discharge temperature of 730°F.
Pesticide removal efficiencies in percent are as follows:
Dieldrin

99.27

4,4'-DDT

99.97

4,4'-DDD

>99.97

4,4'-DDE

90.26

Endosulfan 1

99.98

>99.85

Endosulfan II

99.34

Endrin
Endrin aldehyde

Toxaphene

>99.83

97.43

In this case, no dioxins were detected in the stack gas, the treated soil, the liquid
condensate, or the activated carbon. However, low concentrations of thermal degradation
products were found including acetone, acrylonitrile, dihydrofuranone, phenol, and others.
5.4.5

Remediation Technology, Inc. (ReTec) High-Temperature Thermal Processor

Tests using ReTec's 100 lb/hr pilot-scale system on industrial wastes, with treatment
temperatures of 450°F to 500°F, demonstrated removal efficiencies greater than 97% for most
compounds. Removal efficiencies were somewhat lower when treating coal tar contaminated
soils, ranging between 90 to 99%, depending on the organic compound.

5.4.6

Roy F. Weston, Inc. Low-Temperature Thermal Treatment (LT ) Technology
3

Table 5-6 presents a summary of performance data on the Weston LT^ system for fullscale treatment of soil contaminated with No. 2 fuel oil and gasoline at a site in Illinois (Ref. 17).
Table 5-6. Full-scale Performance Results for the L T System
3

Contaminant

Soil Range (ppb)

Treated Range
(ppb)

Removal (%)

Benzene

1,000

5.2

99.5

Toluene

24,000

5.2

99.9

Xylene

110,000

<1.0

>99.9

20,000

4.8

99.9

4,900

<330

>99.3

<6,000

<330-590

<90.2-94.5

890-6,000

<330-450

<62.9-94.5

Ethyl Benzene
Naphthalene
Carcinogenic Priority PNAs
Non-Carcinogenic Priority PNAs

5-26

The contaminated lagoon sludge at the Anderson Development Company SITE
demonstration was heated to above 500°F for a residence time of 90 minutes. A total of 80 tons
of sludge was treated at a processing rate of 2.1 tons/hr. Key results of these tests are as follows
(Ref. 15):
•

VOC concentrations in untreated sludge varied from 35 to 25,000 ug/kg and were
removed to less than detection limits (60 |ig/kg for most compounds). For example,
toluene was present in the untreated feed at levels of 1,000 to 25,000 M-g/kg and PCE
was present at concentrations from 690 to 1,900 ug/kg. Both compounds were
treated to a concentration below 30 Hg/kg.

5.4.7

•

MBOCA concentration in the untreated sludge ranged from 43.6 to 860 mg/kg and
was removed with efficiencies ranging from 79.8 to 99.3% leaving 3 to 9.6 mg/kg in
the treated sludge. MBOCA was not completely removed during treatment, and
higher concentrations were observed on the fabric filter dust than in the treated
sludge, most likely due to the high tendency of MBOCA to adsorb onto clay
particles. The decrease in MBOCA concentration was accompanied by an increase in
the concentration of AC-MBOCA, a metabolite of MBOCA. Thus, the removal of
MBOCA was likely due to desorption as well as conversion to AC-MBOCA.

•

The concentration of all SVOCs initially present in the sludge were decreased with
removal efficiencies of 57 to 97.4% except for phenol, which increased in
concentration due to chemical transformations during heating.

•

Dioxins and furans were formed during heating and distributed in the treated
sludge, fabric filter dust, exhaust gas, and liquid condensate. The formation of these
compounds is encouraged by the sludge treatment conditions such as elevated
temperature (> 500°F), the presence of chemical precursors, alkaline pH from lime
being added to the sludge, and a high concentration of free chlorine from adding
ferric chloride to the sludge as a conditioning agent before dewatering.
ETG Environmental, Inc. Therm-O-Detox® System

The MTTD unit was applied to an Ohio refinery that generated belt press cake from API
separator waste (K051) containing approximately 40% water and 60% oil and solids. The waste
material was processed at 950°F and reduced the VOC content of the soil to below detection
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limits, and SVOC content to less than 2 mg/kg which was below BDAT standards for landfill
disposal.
Tests were performed at the Kopper's Superfund site on soils containing PCP in excess of
8,000 ppm with a MTTD/BCD system, capable of handling 0.25 to 0.5 tons/hr (Ref. 16).
PCDDs/PCDFs were treated from several thousand M-g/kg in untreated soil to below detection
limits of less than 20 fig/kg in the treated soil. PCDDs/PCDFs in the condensed oil were treated
with the BCD process from several hundred to several thousand Jig/kg to below 1 |xg/kg.
5.5

TECHNOLOGY COMPARISON

Applicability of thermal desorption and the optimum type of desorber, and appropriate
operating conditions is highly site specific. Whether thermal desorption is a viable alternative,
in terms of cost and performance, depends on site location, soil characteristics, and the
contaminant to be removed as discussed in previous sections. For mixed waste, thermal
desorbers that minimize the generation of radioactively contaminated dust and fine particulates
would be preferable. Thus, indirectly heated systems are preferred for dust containment.
Thermal desorption itself is a non-oxidation process and as such may avoid the stigma
associated with incineration. However, the U.S. EPA regulation on treatment of debris notes
that a thermal desorber is regulated under the RCRA "either as an incinerator (if the device is
direct-fired or if the offgas is burned in an afterburner) under Subpart O of Part 264 or 265, or as
a thermal treatment unit under Subpart X, Part 264 or Subpart P, Part 265" (Ref. 24). Use of
condensers and vapor-phase activated carbon adsorption columns transfer the problem to
another medium requiring on- or off-site disposal or treatment. Thus, one of the vapor-phase
destruction technologies discussed in Section 6 may be useful.
High localized temperatures may cause pyrolysis and "coking," producing carbonized
deposits on the soil that are difficult to remove. In addition, some materials, such as tars, may
foul and/or plug heat-transfer surfaces. Some fine grained soils, such as wet clay or sediments,
may be difficult to treat and may form balls with a hard crust entrapping moisture and
contaminants inside, or may stick to and foul heat-transfer surfaces. If this occurs, the desorber
will require manual cleaning.
Typically large objects must be rejected from the feed stream limiting the application of
thermal desorption to treatment of contaminated debris. Low melting point materials, such as
plastics, cannot be treated in most desorbers because they will foul the heat-transfer surfaces.
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However, this limitation may be overcome with a vacuum dryer allowing operation at a lower
temperature. A vacuum dryer may also prevent the coking problem associated with some
materials.
Use of lime to decrease the pH to prevent corrosion, and the use of ferric chloride to
enhance dewatering can provide conditions favorable to the formation of dioxins and furans in
the desorber.
In the LT3 Superfund demonstration (Ref. 15), metal concentrations in the fabric filter
dust were greater than the concentration in either the treated or untreated sludge. This may be
due to the potential for volatile metal species to form in the presence of chlorine and
subsequently condense on particles or condense homogeneously to form small particulates
(Ref. 3).
5.6

COST OF TECHNOLOGY OR EQUIPMENT

Published processing costs for thermal desorption vary depending on the author and the
time when the estimate was made, as well as other technical factors. These cost estimates are
highly variable due to the base year of the estimate, quantity of waste to be processed, terms of
the remediation contract, moisture content of the waste, organic contaminants, characteristics of
the contaminated medium, and cleanup standards. Site specific features affecting cost include
site area, accessibility, availability of utilities, and geographic location. Costs estimates should
include work plan preparation, sampling and analysis, permitting, excavation, processing,
quality assurance/quality control (QA/QC) verification of treatment performance,
disposal/treatment of secondary waste, and reporting. Some cost estimates may include some
or all of these factors, and some may not. The factors included in these cost estimates are not
identified in most cases. However, the final determination of the lowest cost alternative will be
more site-specific than process equipment dominated (Ref. 17).
Processing costs documented by several vendors are summarized in an EPA Bulletin
(Ref. 17). These costs range from $80 to $350 per ton processed. Costs summarized in Reference
3 are identified as being scale dependent, ranging from $90 to $130 per ton for a 1,000-ton site to
$40 to $70 per ton for a 10,000-ton site for mobile system treating petroleum-contaminated soils.
A mobile system treating a CERCLA site is reported to range in cost from $300 to $600 per ton
for a 1,000-ton site to $150 to $200 per ton for a 10,000-ton site.
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According to J. J. Cudahy (Ref. 1), mobile thermal treatment units start to compete with
fixed facilities, on a treatment cost basis, at site sizes in the range of 3,000 to 4,000 tons. Thermal
desorption costs can range from about $35 to approximately $125 per ton, depending on the site
size, desorber capacity, and the soil moisture content. A large fixed-base system can treat lowmoisture contaminated soils for approximately $35 to $60 per ton.
Cost estimates by Roy F. Weston (Ref. 15) for the L T system indicate treatment costs per
ton of $373, $537, and $725 for soils containing 20, 45, and 75% moisture, respectively. Costs for
the XTRAX™ system are quoted at $150 to $250 per ton for remediations >5,000 yd (Ref. 8).
3

3

5.7
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SECTION 6
GAS-PHASE DESTRUCTION PROCESSES
The technologies described in this section are used to destroy organic contaminants in gas
or vapor phase. They may be used for on-site destruction of organics volatilized by soil vapor
extraction techniques, air or steam stripping of organics from groundwater, or by thermal
desorption systems. Some of these technologies may also be used for offgas treatment for
upstream thermal destruction technologies. Afterburners, or secondary combustion chambers,
and catalytic oxidation devices are commonly used devices to destroy organics in the vapor or
gasous phase. There is a significant amount of literature and vendor information available for
these systems, so they are not discussed in this report. Rather, this section is devoted to less
common or emerging technologies that do not use combustion processes and may be more
acceptable to the public.
The technologies discussed in this section include the following:
•

Thermal Gas-Phase Reduction Process

•

Gas-Phase Electron Beam Oxidation

•

Nonthermal Plasma Processes

•

Vapor-Phase Photolytic Oxidation

•

Packed-Bed Reactor (Thermatrix Process)

Note that in the following sections the abbreviation "PICs" (products of incomplete
combustion) is used rather loosely to refer to reaction byproducts even though the reactions do
not involve combustion.

6-1

6.1

6.1.1

THERMAL GAS-PHASE REDUCTION PROCESS

Technology Description

ELI Eco Logic International, Inc. has patented a thermal gas phase reduction process
based on the gas-phase, thermo-chemical reaction of hydrogen with organic and chlorinated
organic compounds at elevated temperatures. At 850°C or higher, hydrogen reacts with organic
compounds in a reduction process to produce smaller, lighter hydrocarbons. This reaction is
enhanced by the presence of water, which also acts as a reducing agent and a source of
hydrogen from the water gas shift reaction (Ref. 1). Because hydrogen is used to produce a
reducing atmosphere devoid of free oxygen, the possibility of dioxin or furan formation is
eliminated, and large volumes of combustion air are not required as with incineration. The
reducing atmosphere is maintained at more than 50% hydrogen (dry basis) to prevent
formation of polycyclic aromatic hydrocarbons (PAHs) (Ref. 1). The small reactor size and the
capability to recirculate gases from the reaction make the process equipment small enough to be
mobile.
The thermo-chemical reaction takes place within a specially designed reactor shown in
Figure 6-1. In the process, a mixture of preheated waste and hydrogen is injected through
nozzles mounted tangentially near the top of the reactor. The waste may be in the form of a gas,
liquid, or contaminated particulates. The atomized mixture swirls around a central ceramic coated steel tube past electric glo-bar heaters. By the time the mixture passes through the ports
at the hottom of the ceramic tube, it has been heated to 850°C. Atomized organic liquid, or
organic matter on particles that may be in the waste stream, is vaporized. Some of the
particulates initially present in the waste drop out of the reactor bottom to a grit collection box,
while finer particulates entrained in the gas stream flow up the ceramic tube into an exit elbow
and through a retention zone. The reduction reaction takes place from the bottom of the ceramic
rube onwards, and takes less than one second to complete.
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TO SCRUBBER

Waste injection ports
Reactor steel wall
Fibreboard insulation
Refractory lining
Electric heating e l e m e n t s
— Ceramic—coated c e n t r a l
steel tube

TO GRIT BOX

Figure 6-1. Eco Logic Reactor
Figure 6-2 is a flow diagram for the process, including the Eco Logic thermal desorption
unit (TDU). Gases from the reactor enter a scrubber where water, hydrogen chloride and fine
particulates are removed, and the gases are cooled. This gas and make-up hydrogen is reheated
and, depending on the waste type and concentration, up to 95% of the product gas is
recirculated back into the reactor to maintain a high concentration of hydrogen in the reactor.
Processing waste with a high organic content produces excess gas that may be compressed and
stored for later analysis and disposal, or fed to a boiler where it is used as supplementary fuel to
preheat the waste. Nitrogen is used to purge the entire system prior to waste processing.
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Retire. Gas

Propane

Figure 6-2. Eco Logic Reactor System Schematic
The gases that exit the scrubber consist of excess hydrogen, methane, carbon monoxide,
light hydrocarbons, and a small amount of water vapor. A sidestream is drawn off for
sampling. Sidestreams can also be drawn off to go to the thermal desorption unit as a sweep
gas, to the sequencing batch reactor as a sweep gas, or to a compressor for storage. Storage of
the product gas under pressure allows analysis of large batches of the gas prior to using the gas
as a fuel.
Several feed systems are available for various types of waste. Watery waste is preheated
in a vaporizer. The contaminated steam from the vaporizer is metered into the reactor, and hot
contaminated liquid exiting the bottom of the vaporizer enters the reactor through atomizing
nozzles. Oil waste can be metered directly from drums into the same line and through the
atomizing nozzles.

^4

Solid wastes such as soil or decanted sediment are decontaminated in a TDU, with the
contaminants being swept into the reactor by a sidestream of scrubbed recirculating gas. The
TDU developed by Eco Logic is designed for use with their gas-phase reduction process. The
TDU consists of an externally heated bath of molten tin metal, blanketed in a hydrogen gas
atmosphere (Ref. 2). Tin is used because hydrogen and tin are nonreactive, tin's density allows
soils to float on the molten bath, molten tin provides good heat transfer, and tin is non-toxic in
soil. The soil floating on top of the tin is heated to 600°C vaporizing the water and organic
material which are carried to the reactor. Decontaminated soil is removed from the molten tin
into a water-filled quench tank.
Larger solids, such as contaminated electrical equipment, can be desorbed using the
sequencing batch vaporizer (SBV) chambers. The reheated recirculating gas stream is routed
through the chambers to heat the equipment and carry contaminants into the reactor. The SBV
can also be used to vaporize drummed solids such as hexachlorobenzene.
In addition, the process includes a sophisticated on-line mass spectrometer unit as a part
of the control system. Since the unit is capable of measuring many organic chemicals on a
continuous basis, increases in chlorobenzene or benzene concentrations (signaling a decrease in
destruction efficiency) halt the input of waste and alert the operator.
6.1.2

Input and Output Stream Characteristics

The technology is suitable for many types of waste including PCBs, dioxins, PAHs,
chlorophenols, and pesticides. The system can handle most types of waste media including
landfill leachates, lagoon bottoms, soils, sludges, liquids, and gases. Wastes with a high-water
content are reported to be easily handled by the technology. The presence of water enhances the
reduction reaction, thus eliminating the need for dewatering (Ref. 3). The maximum
concentration level is 30% sediments and 10% chlorine.
In the case of chlorinated organic compounds, such as PCBs, the products of the reaction
include HC1, hydrogen, methane, and ethylene. Other non-chlorinated hazardous
contaminants, such as PAHs, are also reduced to smaller, lighter hydrocarbons, primarily
methane and ethylene. The system product gas consists essentially of hydrogen, methane,
ethylene, carbon monoxide, and carbon dioxide. Benzene is an intermediate reaction product
that is reduced to methane. However, in tests at the Michigan Superfund site benzene was
detected in the offgas at higher than regulatory levels (Ref. 4).
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The scrubber produces two effluent streams: sludge and decant water. After pH
balancing, the developer reports the decant water is suitable for sewer disposal.
6.1.3

Technology Status

A demonstration-scale reactor, two meters in diameter and three meters tall has been
used for processing PAH- and PCB-contaminated harbor se.diments in Hamilton Harbour,
Ontario. This technology was accepted into the Superfund Innovative Technology Evaluation
(SITE) Demonstration Program in July 1991. The SITE demonstration was planned for June 1992
at the Bay City Municipal Landfill, Bay City, Michigan. These tests have been completed and
results are provided in Section 6.1.4.
The demonstration reactor has a design capacity of 25 tons/day of contaminated soil and
other solids producing a gas/water vapor, 10 tons/day of wastewater, and 4 tons/day of waste
oil depending on the nature of the contaminants, their degree of chlorination, and their waste
content (Ref. 4). This unit is used for further research and development including new
applications such as mixed waste, explosives, and other chemical agents. Treatability studies
using Eco Logic's laboratory-scale unit are available.
Construction of a full-scale hazardous waste destruction system has been completed and
is being shipped to Australia (Ref. 5). This system has a design capacity of 150 tons/day for
contaminated soils and other solids, 60 tons/day for watery wastes, and 30 tons/day for
concentrated (100%) PCB liquids. Eco Logic is currently constructing another full-scale unit for
application in the United States.
6.1.4

Destruction Efficiency

The first tests of this technology were at Hamilton Harbour, Ontario in 1991. The wastes
processed were harbor sediments contaminated with coal-tar at concentrations of up to 300
g/kg (dry weight). Destruction removal efficiencies (DREs) of 99.9999% were calculated based
on the total organic input and the PAHs analyzed in the stack emissions (Ref. 1). During one
test, the liquid waste was spiked with 500 mg/kg of PCBs. The concentration of PCBs in the air
emissions, liquid effluent, and processed solids were below the detection limits. Based on the
detection limits for the stack sampling trains, the DRE achieved for PCBs was at least 99.9999%.
A second series of tests were conducted at the Bay City, Michigan site. The wastes
processed included 2.3 tons of oily PCB-contaminated water, 0.8 tons of concentrated PCB oil,
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and 1.1 tons of PCB-contaminated soil. Perchloroethane (PCE) was added to all tests as a tracer
compound. The waste oil, obtained from beneath the Bay City landfill, contained 24.5% PCBs
(Arochlor 1248), percent levels of other chlorinated solvents, and 5,000 ppm of PCE. The
wastewater was contaminated with 4,600 ppm PCBs and 3,665 ppm PCE. A DRE for PCBs of
99.9999% was achieved for all tests, and a DRE of 99.99% was achieved for the perchloroethane
(Ref. 1,3 and 6).
Hexachlorobenzene (HCB), contaminated with significant levels of octachlorodibenzo-pdioxin (OCDD), was used as a tracer compound for the soil tests. Soils contaminated with 650
ppm PCBs and 15,240 ppm HCB were processed through the TDU as a proof-of-concept test
(Ref. 4). The first soil tests in the TDU indicated a 94% desorption efficiency. Increased residence
time increased the desorption efficiency to between 99% and 99.9% (Ref. 1). Desorption
efficiencies for HCB and OCDD were 99.99% and 99.8%, respectively.
6.1.5

Technology Comparison

In general, the Eco Logic process effectively destroys PCB contaminants, reducing them
to lighter hydrocarbons. Destruction efficiencies depend on both the gas-phase reduction
reactions which produce the reformed gas, and on the propane/reformed gas-fired boiler—a
combustion device. The boiler polishes the reformed gas before release to the atmosphere. Stack
emissions generally meet regulatory requirements; however, benzene concentrations in the
stack gas and scrubber liquor require close monitoring. The reformed gas composition
resembles coal-gas fuel. The scrubber liquor may require disposal as a RCRA waste, unless it
can be recycled through the system for additional treatment (Ref. 4).
The TDU developed by Eco Logic requires additional development. It did not operate as
expected during the EPA SITE tests, and achieved desorption efficiencies at the expense of
throughput.
Reaction byproducts and intermediate reduction products need to be monitored in the
offgas from both the reduction process and the boiler. The fate of volatile inorganics entering
the reactor, such as mercury, needs to be determined. Application of the boiler to perform the
final destruction of the reformed gas may cause permitting problems if there are volatile toxic
species that are not destroyed or removed by combustion.
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6.1.6

Cost of Technology or Equipment
The processing cost depends on the organic contaminant, water content, and soil type.

Nominal processing costs are $400/ton for soils, and $2,000/ton for 100% PCB liquids (Ref. 5).
6.1.7
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6.2

6.2.1

GAS-PHASE ELECTRON BEAM OXIDATION

Technology Description
The high-voltage electron-beam systems discussed in Section 2.7 have been targeted at

dilute organic liquids in an aqueous waste stream. This high-energy electron-beam (in the 2
Mev range) processing involves irradiating aqueous solutions to produce sizable quantities of
the free radicals e ~ , H , OH" that react with the organic contaminants to break the chemical
+

bonds and produce CO2, H^O, and salts. However, for vapor-phase destruction, mediumenergy electron beams (in the 200 kev range) are adequate. Even lower energy electrons (in the
10 ev range) are used in cold electric discharge plasmas to destroy vapor-phase organics. These
low-energy devices will be discussed in the next section. In these systems the energetic electrons
may directly break the chemical bonds of the organic compounds or produce free radicals from
oxygen in the carrier gas which, through oxidation reactions, also destroy the organic
contaminants.
Initial tests performed at a LLNL Superfund site, at which vacuum extraction wells were
used to remove subsurface air enriched with trichloroethylene (TCE) vapor, used a hardware
arrangement shown in Figure 6-3 (Ref. 1). The cylindrical exposure plenum (5) was fabricated
from sheet steel and placed in the ground. The plenum was 213 cm in diameter, and 610 cm
long; the length is approximately the range of 2 Mev electrons through atmospheric air. The
electron accelerator (1) was placed at the ground surface with the beam (2) pointing downward,
entering the plenum through a foil window. A small shielded structure of cement blocks was
placed around the accelerator to mirumize radiation to personnel. The TCE vapor was pumped
through the inlet pipes (3) and deposited at the chamber floor at atmospheric pressure and
moved upward toward the two exhaust pipes (4) at the top of the plenum. The vapor was
exposed to the electron beam as it passed through the plenum.
The maximum electron beam power for these tests was 400 watts, and the vapor was
pumped through the system at a fixed rate of 270 cfm. Vapor travel time through the plenum
was approximately 2 minutes, and the maximum dose at 400 watts was 90 krad.
There are currently two known medium-energy systems being developed or
commercialized: a 200 kW system developed by Zapit Technology, Incorporated; and a Tunable
Hybrid Plasma system, being developed by PNL in coordination with Massachusetts Institute
of Technology (MIT), that currently operates at a laboratory scale of 50 W.
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Electron Accelerator
Electron Beam
Inflow Pipes
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Ground Level

Figure 6-3.

6.2.1.1

Schematic of Field Hardware for Electron Beam Destruction of TCE Vapor
at the LLNL Superf und Site (Ref. 1)

Zapit Technology, Inc.

Zapit Technology, Incorporated has developed a low-power (200 kW), skid-mounted,
portable e-beam system for application to organic vapors (Ref. 2). This technology is currently
being marketed and commercialized for on-site groundwater treatment and air pollution
control applications. The system consists of a self-contained portable unit weighing 2,500
pounds, and the size of a large desk. The unit has a single power source and electron beam
head and can treat up to 1,000 cfm with contaminant concentrations of up to 250 ppm in a one
cubic foot reaction chamber. Different combinations of flow and concentration can be
accommodated, such as 500 cfm and 500 ppm. More heavily contaminated vapor streams can
be treated by adding a second power source and e-beam head.
The Zapit system uses a simple 160 to 220 kV, dc power supply to provide up to 200 kW
of beam power with up to 80% efficiency. It can be designed and tuned for the appropriate
power, dose levels, and throughput for specific applications and contaminants.
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6.2.1.2

Tunable Hybrid Plasma

In this system a 100 to 300 kev electron beam is directed into a flow of air containing
organic contaminants to produce a plasma. The electron beam is created by accelerating
electrons from a heated tungsten filament in a vacuum toward a thin titanium window which
forms the vacuum seal and allows the electrons to enter the flowing air stream. The electron
beam produces a plasma with electron densities in the range of 10°-10 lO/cm^ and creates
reactive radicals such as OH, O, and O3 (Ref. 3). The electron density of the plasma, and thus
the chemical reaction rates, can be controlled by the electron-beam current, and the electron
temperature can be controlled by a superimposed electric field. The combination of the electron
beam and electric field gave rise to the term tunable hybrid plasma (THP) reactor.
Laboratory tests (Ref. 4, 5 and 6) indicate the mechanism for the plasma-induced
decomposition of organics is dissociative electron attachment. The electrons produced by the
electron beam lose their energy in the waste gas/air stream primarily by creating secondary
electrons and producing a room temperature plasma. These low-energy electrons selectively
interact with the organic compounds depending on the electron temperature. At low-electron
energies or temperatures the attachment reaction rate constant for carbon tetrachloride (CCI4),
which is equal to the dissociative attachment rate constant, is very high and decreases with
increasing electron energy. Thus, increasing a superimposed electric field tends to slightly
decrease the decomposition rate of CCI4 in dry air. However, for compounds such as CHCI3,
CH2CI, and other VOCs, the electron attachment rate constant increases with increasing
electron energy. Tests demonstrate that with an increasing superimposed electric field, the
decomposition rate of these compounds increases in dry air.
The primary variable that governs the destruction level for any set of inlet conditions is
the absorbed dose. The system parameters that contribute to the absorbed dose include the
beam acceleration voltage, the beam current, and the mass flow rate of the contaminated air
stream. For a specific inlet concentration of organic material, destruction improves with
increased absorbed dose. However, for a specified dose, destruction also improves with
decreasing inlet concentration. Thus, if the inlet concentration decreases, the specific power
deposition may be reduced and still maintain a specified fractional removal of the contaminant.
For example, for a 90% removal of CCI4, the required specific power deposition could be
reduced by a factor of 10 as the intake concentration was reduced by a factor of 25 (from 663
ppm to 26 ppm) (Ref. 7).
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6.2.2

Input and Output Stream Characteristics

VOCs can be removed from soils by thermal desorption or soil vapor extraction, and
from aqueous wastes by air or steam stripping, thereby producing a gas or vapor phase capable
of being treated by this technology. At this time the only known limitations on the input
concentration of organics is the dose available to destroy the organic compounds, which is
determined by the flow rate (or residence time in the beam) and beam power.
Tests at the LLNL Superfund site (Ref. 1) resulted in very low concentrations of reaction
products from the destruction of TCE. These included chloromethane (0.008 ppm),
dichloromethane (0.02 ppm), and chloroform which increased from an initial concentration of
0.01 ppm to 0.1 ppm. Trimethylbenzene was found at a concentration of 0.1 ppm, most likely
due to trace amounts of diesel fuel in the TCE stream. Concentrations less than 0.1 ppm of
acetone were also produced and then partially destroyed.
Tests at the same LLNL Superfund site were performed by Zapit Technology,
Incorporated (Ref. 2). Most waste streams tested had over 99% relative humidity; however, the
destruction efficiency for TCE was the same in the presence and absence of water. Therefore, it
is unclear whether water is required for chemical bond destruction. It should be no problem
with adding water vapor to the waste stream if water is required. Most of the reactions are
exothermic, so the process must be controlled to hold the temperature below 400°C to prevent
the formation of undesirable recombination products in the exit stream.
In the Zapit site demonstration at LLNL, no evidence of sulfur or nitrogen oxides were
found in the treated waste stream, and no carbon monoxide was found in the treated waste for
other tests at McClellan AFB.
The THP can be applied to a wide variation of chlorinated VOC concentrations (from 10
to 2,000 ppm) in dry air. It has been demonstrated to destroy carbon tetrachloride, chloroform,
and trichloroethylene. Laboratory tests are planned to apply the technology to other VOC
contaminants. The importance of the presence of O 2 in the THP system (possibly to form CO2)
was demonstrated by the fact that significantly lower CCI4 fractional removal was obtained
when dry nitrogen was used as the carrier gas (Ref. 4). With dry argon as the carrier gas very
little decomposition was observed.
Tests with the THP system indicated a definite decrease in destruction efficiency in
humid air. Because electron densities were found to be significantly less in humid air than in
dry air (Ref. 5), and since attachment of electrons is the major mechanism for decomposition of
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the materials tested (CCI4 and CHCI3), this decreased electron density is the most likely reason
for decreased destruction efficiency in wet air. Approximately twice as much electron-beam
specific power (kW/kg/sec) is generally required to achieve the same fractional removal in
humid air as in dry air. Thus, the field system design includes an air dryer prior to admitting
the air to the destruction chamber.
The main byproducts from CCI4 decomposition with the THP are CO2, CO, CI2 and HC1
with trace amounts of phosgene (Ref. 8). Passing the gas stream through a basic scrubbing
solution will convert the chlorine compounds to NaCl. The byproducts from the decomposition
of TCE were dissolved in an aqueous solution of sodium hydroxide to produce sodium acetate;
the byproducts in the offgas were not determined.
6.2.3

Technology Status

The Zapit system has been tested at a TCE ground-contaminated site at LLNL, and at
McClellan Air Force Base at a site containing a complex mixture of organic contaminants. A
prototype unit is being installed at the University of Tennessee Space Institute to test various
compounds and mixtures, perform basic research to understand the destruction mechanisms, to
debug the system design, and develop reliability data. Current applications are for waste
streams containing up to 500 ppm of contaminants and flowing at 2,000 cfm. In the future, the
Zapit system is expected to be applicable to waste streams containing up to 3,000 ppm and
flowing at 10,000 cfm (Ref. 2).
The THP system has been demonstrated at the MIT laboratory on CCI4 and several other
chlorinated VOCs, and is being supported by the DOE's Office of Technology Development,
VOC in Arid Soils Integrated Demonstration. The electron-beam unit for the field
demonstration at the Hanford site has been delivered to MIT (Ref. 9). The field test unit has
been successfully tested in the laboratory and installed in a 45-foot truck trailer. The unit is to be
installed at the DOE Hanford site in late 1994. This field test unit is a small-scale pilot plant
which has the same technology that will be used for the full-scale system.
The field-test unit is capable of processing 0.3-0.6 nrVmin of contaminated air. Based on
this rate, the full-scale units will be capable of processing 50 m^/min. The goal is to have this
technology available for commercial use by the end of 1995.
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6.2.4

Destruction Efficiency

The TCE concentration in the unirradiated vapor at the LLNL Superfund site was 60
ppmv. The TCE concentration was reduced to less than 1 ppmv when the electron beam was
operating at maximum power of 400 watts which is equivalent to 90-krad at the flow rate of 270
cfm (Ref. 1). The net concentration of organic reaction products was much less than the initial
TCE concentration. An analysis of inorganic compounds in the irradiated vapor found no
oxides of nitrogen or ozone.
Zapit reports reduction of TCE to non-detectable levels, and other toxic contaminants by
99.99% or more in some applications. Tests performed in 1991 at LLNL successfully reduced
TCE concentrations by several orders of magnitude (Ref. 10). Tests performed at McClellan Air
Force Base involved waste samples containing 17 major hazardous compounds (including TCE,
TCA, vinyl chloride, DCE, freon, benzene, and xylene) with total VOC concentrations up to
9,000 ppmv (Ref. 2 and 10). Laboratory analysis indicated that most of the hazardous organics
were reduced to non-detectable levels at a dose of approximately 60 kilograys (6,000 krad) using
instruments capable of detecting down to 1 ppmv (Ref. 10). The use of a promoter (considered
proprietary) enhances the oxidation process significantly to provide overall destruction
efficiencies of 99% for the more resistant compounds (Ref. 2). Treatability tests on a variety of
organics, including PCBs, halogenated aromatics, and other halogenated hydrocarbons indicate
complete destruction with the production of CC>2,H 2O, and HC1.
The THP field test unit at MIT demonstrated the reduction of CCI4 from 1,100 ppm to less
than 1 ppm, with a 99.97% removal efficiency (Ref. 9). The destruction of TCE required less than
10% of the energy needed to destroy CCI4.
6.2.5

Technology Comparison

This technology destroys organic material rather than concentrating it in carbon
adsorption beds which must undergo further treatment, or incinerating it in a combustion
chamber. The technology is claimed to achieve the same DRE as combustion in an afterburner,
but at a much lower temperature. Thus, the amount of gas produced is significantly reduced by
eliminating the fuel and associated combustion air. Low temperature operation may also
mitigate the formation of recombination products such as dioxins and furans. Finally, the beam
electrons have much higher energy than ultraviolet light, so that more reactions are possible
and more resistant bonds can be broken.
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6.2.5.1

•

Advantages

E-beam treatment is effective for a broad range of wastes. This technology is not
sensitive to the treatability of the contaminant or the particular target species, and
can treat waste streams of varied composition.

•

As with the aqueous systems, the gas/vapor stream may be closed loop with a short
residence time.

Recycling of the waste stream could provide the required

destruction efficiency for compounds difficult to destroy.
•

Developers report that, because this is a low-temperature process, recombination
products are not formed. However, no test data was available confirming the
composition of the offgas streams. Plugging, scaling and corrosion issues
characteristic of high temperature or chemical processing should be avoided.

•

The high-energy electron beams are effective in destroying hazardous organic waste,
particularly chlorinated hydrocarbons.

•

The principal components of these systems are standard items that have been
manufactured for industrial use for several years. Electron accelerators are an
established technology that is presently economically competitive with other
destruction technologies.

•

The waste treatment unit stands away from the waste stream preventing large-scale
contamination and generation of secondary waste, and making the system easy to
maintain.

•

The technology is portable and could be ready for field implementation in about one
year.

6.2.5.2

•

Disadvantages

There is a potential need for post-processing to achieve the required destruction
efficiency depending on contaminants, reaction byproducts, and local discharge
requirements. The technology also requires post-processing such as acid gas
scrubbers.
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•

The Zapit system has been limited to a concentration of 500 ppm of VOCs but is
expected to be able to treat up to 3,000 ppm, while the THP system appears to be
limited to concentrations of about 2,000 ppm.

6.2.6

Cost of Technology or Equipment

Capital costs for the Zapit system are approximately a factor of 5 to 10 less than the cost
of high-energy accelerators. A one-time system cost is approximately $100,000; however, with
multiple purchases the cost is expected to decrease (Ref. 10). The Zapit system, using a dc
power supply, has daily power costs of $10 to $15 (Ref. 2), and the treatment costs are estimated
to be $6 to $10 per pound of VOC treated (Ref. 11).
A full-scale tunable hybrid plasma system (175 kW electron beam) is projected to cost
about $1 million including the accelerator and support equipment. The system is projected to
treat about ten pounds of CCI4 per hour and operate 90% of the time. Therefore, the system
should be able to treat 78,000 pounds of CCI4 per year. The estimated cost of destroying CCI4
for a full-scale system is between $3 and $4 per pound; the cost for TCE is less than $0.40 per
pound (Ref. 9).
6.2.7

References

1.

Matthews, S.M., A.J. Boegel, J.A. Loftis, and R.A. Caufield, "Decomposition of Halogenated
Hydrocarbons Using Intense, Penetrating Bremsstrahlung," Radiation Physical Chemistry.
Vol. 42, pp. 689-693,1993.

2.

Anon, "The Zapit System: Electron Beam Destruction of Hazardous Substances," Zapit
Technology, Inc., Santa Clara, CA, July 1993.

3.

Cohn, D.R., "Environmental Cleanup Applications of Hot and Cold Plasmas," Fusion
Power Associates Meeting and Symposium on Near Term Applications of Fusion and
Plasma Technologies. October 6,1993.

4.

Bromberg, L., et al., "Decomposition of Dilute Concentrations of Carbon Tetrachloride in
Air by an Electron-Beam Generated Plasma," Physics Letters A. Vol. 173, pp. 293-299,
February 8,1993.

6-16

5.

Koch, M., et al., "Electric Field Effects on Decomposition of Dilute Concentrations of CHCI3
and CCI4 in Electron Beam Generated Plasma," Physics Letters A. Vol. 184, pp. 109-113,
December 27,1993.

6.

Koch, M., "Prediction of Electron Beam Cold Plasma Decomposition of CCI4 on Basis of GValue Considerations," Submitted to Radiation Physics and Chemistry, June 1994.

7.

Bromberg, L., et al. "Tunable Hybrid Plasma Decomposition of Dilute Concentrations of
CCI4 in Air," Proceedings of the U.S. DOE Information Exchange Meeting on Waste
Treatment. Retrieval and Processing. Houston, TX, March 15-17,1993.

8.

Schuetze, M.P., R.M. Patrick, and D.R. Cohn, "Controlling a Field Test Electron BeamGenerated Plasma System for the Decomposition of Chlorinated Volatile Organic
Compounds in Air Streams," Spectrum 94, Atlanta, GA, August 14-18,1994.

9.

U.S. DOE Technology Profile, "Tunable Hybrid Plasma," Unpublished Report, 1994.

10. Unpublished EPA-SITE proposal, Zapit Technology, Inc.
11. Dally, E., Zapit Technology, Inc., Personal Communication, December 7,1993.

6-17

6.3

NONTHERMAL PLASMA PROCESSES

Small electrical discharges will take place in the space between two opposing electrodes
connected to a source of alternating high voltage. In the case of insulated electrodes with an
open space between them, termed a Silent Discharge Plasma (SDP), the discharge consists of a
large number of microdischarges of short lifetime but high instantaneous current. These
microdischarges are uniformly distributed over the discharge space, and arise from arcs
between small discrete regions in the opposing dielectric insulators. In the case where the space
between the electrodes is filled with dielectric pellets such as glass beads (Ref. 1) or barium
titanate (Ref. 2), the high-strength electric fields developed in the interstitial spaces between the
pellets form multiple corona sites which generate high-energy electrons. This configuration is
termed a high-energy corona (HEC) process.
Both processes are nonequilibrium plasma processes that are nonthermal. Energetic
electrons (1 to 10 ev) are produced that lead to the creation of free radicals without addition of
the enthalpy associated with high-temperature thermal processes. Therefore, destruction
reaction rates associated with temperatures of 10,000°K to 100,000°K can be achieved with near
ambient temperatures (Ref. 3). Because of the short duration of the microdischarges and low ion
mobilities, the electrical energy is primarily coupled into electron channels so that the electrons,
ions, and the gas molecules do not equilibrate. Thus, the electrons are "hot" while the other
species are "cold." This results in a very efficient transfer of electrical energy to electronic
excitations of molecules and/or chemical processes in the plasma at essentially ambient
temperatures and pressures (1 to 3 aim).
In either case (silent discharge plasma or high-energy corona), free electrons are
accelerated in the electric fields producing an avalanche of high-energy electrons in the
microdischarges or corona discharges. Upon reaching sufficient energy, electrons may undergo
inelastic collisions to dissociate, excite, or ionize the target molecular species. Thus, these
electrons either destroy the contaminants in a gas flowing between the electrodes of the device
directly by breaking the chemical bonds, or produce free radicals or excited molecules of the
carrier gas which react with the contaminants. Because of the relative concentrations of
contaminant and carrier gas, the degree of decomposition by direct impact is much less than
that resulting from secondary reactions between excited state molecules of the carrier gas or
with radicals produced from the carrier.
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If air is the carrier gas, the excitation and/or dissociation of the oxygen molecules is the
most likely mechanism to occur in the process since the dissociation energy of the oxygen
molecule is about half that for the nitrogen molecule (247 kj/mol versus 470 kj/mol), and 20%
of the gas is oxygen. Thus, the most probable reactive species are ground state atomic oxygen,
0(3p), and excited oxygen molecules. However, the energies of the electrons in the discharge
generally exceed that required to atomize either oxygen or nitrogen, and with some water
present, OH radicals are formed.
Nitrogen atoms, the other likely species, are relatively unreactive compared to oxygen,
although some reactions have been observed. N O has been formed in some SDP systems, and
reaction products have been found that could be attributed to attack by nitrogen atoms or
excited N O species (Ref. 4). In addition, SDP tests have been performed with good results on
the offgas from thermal desorbers in which nitrogen and/or argon has been used as the purge
gas with only a few percent oxygen (Ref. 5). However, destruction in a nitrogen or argon
atmosphere requires more energy than in an atmosphere containing higher percentages of
oxygen (e.g., air). Data on these tests with the SDP were not available at publication, and the
application of this class of technologies to thermal desorber offgas with an inert carrier gas is
being tested further by the Rocky Flats Plant.
x

x

In addition to the direct breaking of chemical bonds by energetic electrons, and the
reaction of organic molecules with radical or excited molecules of the carrier gas, surface
catalyzed reactions with the contaminant occur on the dielectric in either the SDP or the HEC
(Ref. 6). Thus, the dielectrics used in these systems may be tailored to the contaminant to
achieve higher reaction rates and destruction efficiencies. In addition to destruction of
hazardous organic compounds, these processes can also remove S O and N O from gaseous
effluent.
x

6.3.1

x

Silent Discharge Plasma

The Silent Discharge Plasma system is being developed and demonstrated at LANL in
conjunction with a packed bed reactor (PBR). However, the SDP has been tested in a standalone
mode, and recently tested on the offgas from the VACTRAX low-temperature thermal
desorption system. In this section, the SDP system and its performance will be discussed. The
packed bed reactor is a high-temperature oxidation system which will be discussed briefly in
Section 7.
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6.3.1.1

Technology Description

The SDP is based on the industrial technology used to generate large quantities of ozone.
Typically, one or both electrodes are covered with a dielectric layer (e.g., glass) which separates
the electrodes from the gas. The geometry is planar (Figure 6-4) or cylindrical. In all the
reported tests providing data on organic destruction, the planar geometry has been used. With a
dielectric and the application of alternating high voltage, substantial quantities of plasma are
created by a large number of microdischarges in the gas, which are statistically spread in space
and time over the electrode area.
Discharge
Space

HV
Electrode

94-0320-"m-G-12

Figure 6-4. Silent Discharge Plasma Planar Configuration

The prototype SDP at LANL has dimensions approximately 71-cm long, 18-cm wide,
with a 2.5-mm gap between electrodes, giving a mean discharge area of 1236 cm 2 and an active
discharge volume of 310 c m ' (Ref. 3). The unit can supply up to nearly 4 kW of power at ~lkV
and pulse repetition rates of 50 or 60 Hz to 4.5 kHz. Tests were performed on TCE and CCI4 at a
flow rate of 10 std liters/min and a power range from a few 10's of Watts to a few kW.
6.3.1.2

Input and Output Stream Characteristics

This technology is applicable to destruction of vapor-phase organics. Most tests have
been performed in a carrier gas consisting of approximately 20% oxygen; however, tests are
ongoing to determine the effectiveness of this technology in destroying organic contaminants in
an oxygen-deficient nitrogen atmosphere. Organic compounds that are difficult to remove, such
as CCI4, have been shown to require higher concentrations of oxygen in the carrier gas to
achieve required removal efficiencies. However, removal efficiencies can also be improved by
decreasing the flow rate, thereby increasing the residence time, or increasing the power density.
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Although the presence of water vapor increases the presence of OH radicals, tests have shown
that water vapor decreases the removal efficiency for a given energy density as shown in Figure
6-5 (Ref. 7).
Destruction products include CO2, H2O, and HC1 and low levels of carbonyl halides
when chlorinated hydrocarbons are involved. Most organic destruction products are of very
low concentration (<1 ppm). Tests have shown that the destruction efficiency of TCE is
independent of the level of CO 2 which may be in the offgas from an upstream destruction
process. Evaluation of the effect of incinerator dust emissions on the SDP operation indicate the
need to keep dust out of the reactor to prevent unwanted surface discharges across the
dielectrics. As a secondary destruction device with the PBR (Ref. 7), the SDP was effective at
destroying the unburned hydrocarbons and chlorocarbons in the PBR effluent at moderate
energy densities (1.3 J/cm^). At lower energy densities (0.45 J/cm^), the PBR chlorocarbon
effluents are reduced, but the byproduct COCI2 (phosgene) concentration rises to an observed
peak of 15 ppm.
Pilot scale demonstrations at the Savannah River plant (Ref. 8) on VOC contaminated air
showed that the mineralization of the VOCs was not complete and about 20 small PIC
byproduct peaks (probably each <1 ppm) were observed for most of the test runs.
Representative chlorocarbon byproducts identified were the input POHCs (PCE, TCE, and
TCA), as well as CCI4, chloroform, dichloroacetic acid (DCAC), TCAC, and phosgene. In
addition, CO2, CO, and NO2 were detected in the SDP exhaust.
During tests with mixtures of TCE and CCI4 in argon and oxygen, growth of deposits
were observed on the grounded aluminum electrode when it was not covered with a dielectric
material. These deposits arise from reactions between the discharge products and the cell wall.
Although the cell continued to operate normally with the deposits present, most of the power
was deposited in and around the deposits. Thus, chemical compatibility between the cell
construction materials and the VOCs or products of destruction is necessary.
High concentrations of organics produce a high-heat load in the SDP cell due to oxidation
of the contaminants. This may require cooling of the SDP or limiting the input organic
concentration to 10 to 100 ppm (Ref. 9).
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Figure 6-5. Fraction Removal of Dry and Wet TCE and CCI4 With an SDP

6.3.1.3

Technology Status

Prototype tests have been performed at LANL, and tests in conjunction with a packed
bed reactor have been performed on simulated waste from the Rocky Flats Plant (Ref. 7 and 10)
and from the Mound Plant (Ref. 11). Tests have also been performed with the SDP as a second
stage with the VAC*TRAX low-temperature thermal desorber at Rust Remedial Services at
Clemson Technical Center (Ref. 5). These tests were performed on TCE, TCA, and BTEX
compounds using an inert purge gas (nitrogen and/or argon) with only a few percent of
oxygen. The VACTRAX system, with an SDP operating at 3 scfm, will be tested at RFP
beginning February 1995. These tests will be performed at low-desorption temperatures on
combustibles (Ref. 5 and 9). Data on the results of combining the SDP with a thermal desorber
will not be available until after these tests at RFP are completed.
A pilot-scale demonstration of the SDP was performed at the Savannah River Site (SRS)
on VOCs liberated from the soil using a vacuum extraction process (Ref. 8). The tests were
performed on an air stream containing TCE, PCE and TCA in concentrations ranging from 700
to 4,000 ppm, and at flow rates of 30, 60, and 95 std liters/min.

6-22

Survivability and maintainability are key to development of the SDP reactor. Its working
environment is characterized by an oxidizing and/or corrosive atmosphere because oxygen
may be fed to the reactor (depending on the carrier or purge gas), and acid-water mixtures are
expected reaction products from decomposition of halocarbons. Thus, dual dielectric barriers
should be used for the more corrosive compounds to prevent contact between the corrosive gas
mixture and the metal electrodes.
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 (a few mm of glass or
ceramic) cannot be made arbitrarily large without risk of mechanical failure. High
concentrations of organic contaminants in the carrier gas will also produce high temperatures in
the SDP causing differential thermal expansion or thermal shock, causing the dielectrics to
crack. In addition, high-power loadings may cause the dielectric to crack (Ref. 11). However,
doubling the reactor power, halving the flow rate, or placing reactors in series to double the
residence time will result in the same organic destruction efficiency. Thus, the preferred
approach to scaling up the SDP is modularization using combinations of several small SDP
reactors (Ref. 7). Also, a single large module is probably not desirable from the aspect of
servicing or a single point failure.
Since most actual waste streams will have variations in concentration, some feedback in
the process control loop will be required. The SDP units use continuous-emissions monitoring,
and variable-frequency power supplies so fluctuations in the influent composition can be
accommodated.
6.3.1.4

Destruction Efficiency

Tests with the planar prototype cell were performed on TCE in an
80%Ar/20%O 2/saturated water-vapor mixture (Ref. 3). Approximately 650 to 1,000 ppm TCE,
fed to the SDP at 10 liters/min, was reduced to 1 ppm in the effluent. TCE removals ranged
from 90% to >99% for energy densities from 0.02 J/cm^ to 0.09 J/cm^ for dry feeds (wet feeds
required about 1 J/cm^ for removals >99%) (Ref. 7). For similar CCI4 concentration and the
same carrier gas mix and flow rate, the destruction was not as complete and significantly more
power was consumed; however, increased CCI4 removal is expected with increased oxygen in
the carrier gas mixture. The best removal efficiency for CCI4 was >99% with dry feed and an
energy density of 3 J/cm.3.
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Figures of merit were developed in terms of the number of kilowatt-hours required to
remove a kilogram of hazardous material. Based on laboratory data, 12 kW-hr/kg is required
for 90% removal of TCE, 84 kW-hr/kg is required for >99% removal, and 270 kW-hr/kg for 90%
removal of CCI4 (Ref. 10).
Tests indicate that organic contaminants in the sub-ppm range in the effluent from the
PBR can be reduced by the SDP unit to the 1 to 10 ppb range (Ref. 7). Mound and LANL have
collaborated in conducting tests on the LANL system using the PCB surrogate 1,2dichlorobenzene (DCB) at a concentration of 9 ppm in air for a total DCB input of 22 mg directly
to the SDP (Ref. 11). At an energy density of 1.9 J/cm^, the total amount of DCB collected was
134 |ig for a calculated DRE of 99.4%. Tetrachloroethylene was observed at 2.5 mg, and ~5 mg
of other, mostly oxygenated organics, were detected. Although the SDP provided good
destruction efficiency for the DCB, a third of the input mass remained in the exhaust as PICs,
and some PICs remained in the SDP, primarily as oxygenated aromatics. Small quantities of
PCDD/PCDF were also produced by the SDP.
The SRS tests indicated that TCE was the easiest to treat, PCE the next easiest, and TCA
the most difficult to treat (Ref. 8). DREs of five 9s were approached for TCE over a broad range
of energy densities (3.71 to 16.14 J/cm^), concentrations and flow rates. PCE treatment achieved
DREs of two to three 9s over the range of test parameters. The best typical DRE for TCA was
about 98%. Total VOC DRE was in the range of 99.326% to 99.966%.
6.3.1.5

Cost of Technology or Equipment

Cost estimates for the SDP have not been published.
6.3.2

High-Energy Corona

The high-energy corona technology has been investigated by EPA since 1988 (Ref. 2), and
is currently being developed and demonstrated by Battelle, Pacific Northwest Laboratory (PNL)
for the DOE.
6.3.2.1

Technology Description

The HEC consists of a cylindrical ceramic or glass reactor with an inner electrode along
the centerline of the cylinder, and a grounded metal screen attached to the outer surface of the

6-24

glass cylinder. The annular region between the coaxial electrode and the glass tube is filled with
dielectric pellets or beads with a void fraction of approximately 40%. When a high-voltage
alternating electric field is established across the gap between electrodes, corona discharges
occur among the dielectric beads creating a plasma. The primary function of the dielectric beads
is to provide a surface to catalyze the reactions, and to amplify the electric fields that occur at
the contact points between the beads. The amplification factor depends on the dielectric
constant of the bead material and the bead shape (Ref. 12). When the gas to be treated is pulled
through the packed dielectric material, the plasma (consisting of electrons, radicals, and excited
molecules and atoms) destroys the contaminants.
Use of dielectric particles in a packed bed configuration increases the area over that
available in the SDP for catalyzed surface reactions. Typical packing material has been glass
beads (borosilicate or soda lime) 0.6 cm diameter; however, PNL has investigated various
packing materials with the potential for optimizing the HEC operating conditions and packing
material for specific contaminants. For example, zirconium packing with a doping material
provides improved destruction of N O over other packing materials (Ref. 13).
x

The laboratory-scale reactors at PNL are 2-inches in diameter, 4-feet long, and weigh 20
pounds. A high-voltage power supply is connected to the electrodes to provide 0 to 50 mA of 60
Hz power at 30 kV. The technology can be packaged in a mobile system that includes offgas
handling equipment and on-line analytic capabilities. One reactor can process up to 5 scfm of
contaminated offgas; the flow rate depending on the contaminant, its concentration, and the
operating parameters of the HEC. Experiments were typically run under ambient conditions
with volumetric flow rates between 1 to 2 cfm giving a pressure drop less than 0.5 psi, and
requiring an input power of 100 watts (Ref. 14).
There are many variables that affect destruction efficiency and thus scale-up parameters.
These variables include bed height and flow rate which determine residence time, applied
voltage, column and electrode diameters, bead size and dielectric constant, bead material,
reactor temperature, pressure, humidity, inlet contaminant concentration and type. The effect of
residence time, applied voltage and TCE inlet concentration on destruction efficiency are
reported in Reference 14 and summarized in Section 6.3.2.4.
6.3.2.2

Input and Output Stream Characteristics

In addition to TCE and PCE, tests have demonstrated the ability to treat other organic
materials in the gaseous state including CCI4, benzene, naphthalene, and heptane. The highest
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concentration of TCE tested was 10,000 ppm with a 99% DRE (Ref. 13). The lowest concentration
was 5 ppb, and it was found that lower concentrations give higher rate constants. Tests on
10,000 ppm benzene provided a 97% DRE with only a 0.2 to 0.4 second residence time. Tests by
the DOD have also been successful with nerve agents, although data has not been made
available. It has also been found that the HEC has unique flame-arresting qualities so that
organic concentrations can be above the explosive limit.
Reaction products from the destruction of TCE in humid air include N O / O3, and
X

oxidation products of TCE including HC1, CI2, phosgene, and dichloro acetyl chloride. Most of
these byproducts react with water and were not found downstream from the caustic scrubbers
and dry ice trap of the laboratory system. Phosgene and dichloro acetyl chloride were found in
the reactor head space in concentrations < 15 ppm.
The SRS field tests revealed a factor of four increase in partially decomposed byproducts
as the humidity of the inlet stream was increased from 45% RH to 90% RH (Ref. 12). At a
nominal 55% RH, partially destroyed byproducts ranged from <1.5% of the total inlet carbon for
a 15.7 second residence time, to <4.2% for 0.8 seconds on a carbon mass basis. These byproducts
consisted of phosgene, trichloro acetyl chloride, chloroform, and 1,1-dichloroethane. Variations
in humidity had only a minor effect, if any, on destruction efficiency and caused less than a 10%
change in power requirements.
6.3.2.3

Technology Status

In 1993 the HEC was tested on a pilot scale by treating an air stream contaminated with
moderate levels of TCE and PCE (Ref. 15). The contaminated stream was from a soil-vapor
extraction well at the SRS with a TCE concentration of 130 ppmv, and a PCE concentration of
720 ppmv. The pilot system used 21 laboratory-scale reactors connected in parallel allowing
flow rates from 1.4 to 42 cfm corresponding to reactor residence times of 15.7 to 0.8 seconds. The
total electric power during these field tests was 12 to 15 kW.
The patent for this technology is held by DOE with a license to Battelle. PNL is also
licensing the technology to two industrial partners, and expects a CRADA to be in place after
the licensing agreement is completed (Ref. 13). The first commercial installation will be at an
automobile parts manufacturer. In addition, a full-scale unit is expected to be demonstrated in
conjunction with a thermal desorber at Rust Remedial Services at Clemson Technical Center.
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The market for the HEC will primarily be for industrial factory emissions, mobile or fixed
soil offgas treatment, and treatment of thermal desorber offgas. A concept for a commercial
treatment system is shown in Figure 6-6.
6.3.2.4

Destruction Efficiency

A first generation HEC device was developed for the destruction of trichloroethylene
(Ref. 16). Tests to date have demonstrated >99% destruction of TCE in moist air at
concentrations from 1500 to 2000 ppmv, and at flow rates up to 2 scfm. Chlorinated byproducts
were trapped in a wet scrubber and easily neutralized with sodium bicarbonate or NaOH. Total
emissions of N O were below 1 ppm.
x

Tests in this laboratory system demonstrated that the destruction efficiency for TCE was
strongly dependent on residence time in the reactor. The residence time can be increased while
maintaining a high flow rate by increasing the length of the reactor as long as the pressure drop
remains reasonable. Destruction efficiency also increases linearly with increasing voltage up to
30 kV. However, there is a minimum voltage below which no destruction is observed; in the
laboratory system this was 12.5 kV. As the inlet concentration of TCE is increased, the amount
of TCE destroyed increases; however, the destruction efficiency decreases. Thus, for a constant
residence time, the applied voltage must be increased with increasing contaminant
concentration to maintain the same level of destruction (Ref. 14).
The results of the initial field tests at the SRS are shown in Table 6-1 where the DRE is
presented as a function of residence time. The destruction efficiency increases with residence
time, and residence time can be varied by increasing the length of the reactor or decreasing the
flow rate of the carrier gas. The first order rate constants for TCE and PCE were 4.7/second and
0.9/second, respectively-(Ref. 12).
Table 6-1. Destruction and Removal Efficiency vs. Residence Time (in seconds) (Ref. 15)
Compound

95%

99%

99.9%

TCE

0.8

1.2

1.8

PCE

3.3

5.1

7.7
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Figure 6-6. Commercial HEC Air Treatment System

As indicated previously, different dielectric packings in the HEC can influence treatment
capacity. As shown in Figure 6-7 (Ref. 15), tests with alternate packings demonstrated a fivefold increase in treatment rate for PCE over that achieved with glass beads used in the SRS field
tests. Both of the new packings also appeared to reduce byproduct emissions and decrease
power usage (Ref. 12).
6.3.2.5

Cost of Technology or Equipment

Capital cost for a prototype field treatment system is estimated to be $50K (Ref. 1). Labor
requirements are projected to be ~0.25 full-time equivalent, and maintenance costs are minimal.
Energy requirements are $27/day, or approximately $0.35/lb of contaminant. Total treatment
cost is roughly $10.00/lb contaminant, including a 25% contingency. This total cost assumes 8%
downtime and a capital payback period of 6 months.
Cost estimates have been developed for a 20 kW commercial system to treat an air stream
containing 2,000 ppm nonhalogenated VOCs to 99% destruction at 850 cfm (Ref. 17). The capital
cost was estimated at $141K, assuming a 25% contingency. The annual costs were $46K, which
included the cost of capital at 8% with a 5-year payback, and $13K energy costs at $0.08/kW-hr.
Based on these figures, an approximate figure of merit for this system is 5 to 6 kW-hr/kg of
VOCs destroyed with 99% efficiency.
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Figure 6-7. Effect of HEC Reactor Packing on PCE Treatment Rates
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6.3.3

Technology Comparison

Advantages of these nonthermal plasma technologies include the following:
•

Performs effectively at low concentrations and applicable to a wide variety of
organic compounds.

•

Operates at ambient temperature and pressure.

•

Eliminates disposal or treatment problems associated with carbon adsorption.

•

Eliminates sensitivity to poisoning by sulfur or halogen containing compounds
associated with catalytic oxidation.

•

Requires no auxiliary fuel or excess oxygen, or addition of chemical oxidants or
catalysts.

•

Requires low maintenance.

•

Low-energy requirements for the HEC system.

•

If adequate destruction is not achieved, the air stream can be routed back to the
reactor for additional treatment.

Further work is required to characterize and quantify the reaction byproducts in these
systems under various conditions, such as phosgene, N O , dioxins and furans. The need for
unprotected electrodes and the problems associated with corrosion by reaction byproducts also
should be addressed.
x
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VAPOR-PHASE PHOTOLYTIC OXIDATION
Vapor-phase photochemical detoxification has been tested at near-room temperature to

treat VOCs in the offgas from vapor-phase extraction systems (Ref. 1 and 2), at elevated
temperatures to treat offgas from thermal desorbers (Ref. 3 and 4), and to treat PICs and other
combustion byproducts using solar radiation (Ref. 5).
Unlike photolysis in an aqueous medium where UV light is primarily used to produce
oxidizing radicals from hydrogen peroxide or ozone, in the gas or vapor phase the initial
destruction is due to direct photolysis of the organic molecule. Depending on the contaminant
and mixture of species, direct photolysis may be the only method of destruction, or it may
produce active radicals (e.g., organic radicals and Cl») that initiate a chain reaction and
reproduce Cl» to rapidly and more efficiently dc. »rny additional contaminant molecules. Since
c

destruction occurs by direct interaction of the photons with the molecule, there must be an
overlap between the absorption spectrum of the reacting species and the emission spectrum of
the light source. For efficient destruction, the absorbing species must have a high absorptance,
or extinction coefficient, at the wavelength of the source having the highest intensity.
Typical UV sources include low- and medium-pressure mercury lamps having a peak
output at 254 nm, with a smaller (<15%) emission at 185 nm. The balance of the energy is
emitted in the visible and infrared regions, which are not useful for organic photolysis. Because
most VOCs absorb in the sub-250 nm region as shown in Figure 6-8 (Ref. 1), mercury UV lamps
rely on the production of hydroxyl radicals from hydrogen peroxide or ozone in an aqueous
solution to attack organics. Purus, Inc. has applied xenon plasma-pulsed flashlamps to produce
relatively high-intensity emissions in the deep UV region (<250 nm) as compared to mercury
lamps. Figure 6-9 compares a 6-inch Purus 3675-W xenon flashlamp with a 7,500-W mediumpressure mercury lamp used in a Peroxidation system discussed in Section 2.
The overlap between the xenon emission spectrum and VOC absorption spectra is shown
in Figure 6-8 where the lamp spectrum is given on a linear scale and the absorption spectra are
on a logarithmic scale. The halomethanes and TCA are weak absorbers, whereas TCE and other
chloro-olefins absorb strongly in the deep UV region. The VOCs all absorb strongly below 200
nm. A shift in peak output from 250 to 230 nm is significant because it corresponds to a 1 to 2
order of magnitude increase in absorptivity of many VOCs, thereby enhancing the rates of
photolysis (Ref. 1).
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In combustion processes the molecules in the ground state (curve So in Figure 6-10) must
acquire sufficient thermal energy to overcome the activation energy barrier (E ) to initiate
a

decomposition reactions. However, an organic molecule exposed to UV radiation of an
appropriate wavelength can be raised to an excited energy state as shown by the curve Si in
Figure 6-10. In this excited state, the electronic configuration is modified from that of the
ground state, tending to weaken the molecular bonds and reducing the activation energy
required to induce chemical reactions. Thus, molecules in Si should react more rapidly than
those in the ground state, and shorter wavelengths will produce higher energy states decreasing
the activation energy further. With sufficiently energetic UV radiation (i.e., shorter
wavelengths) the molecules may be dissociated, requiring no additional thermal energy for
reactions to occur.
Photochemical
Slow, No Thermal Activation
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Products
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Figure 6-10. General Energy Versus Reaction Coordinate Diagrams for Photochemical
(Top), and Photothermal (Bottom) Decomposition
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The lifetime of these excited states can be very short, often on the order of nanoseconds
(Ref. 4). Thus, destruction reactions compete with deexcitation and only very fast reactions can
occur from these states. These competing processes include radiative relaxation (i.e., emission
from the excited singlet state, or fluorescence, and emission from the excited triplet state, or
phosphorescence), and non-radiative processes such as internal conversion to thermal energy or
electronic-spin inversion (Ref. 6). An important parameter defining the efficiency of a
photochemical process is the quantum yield, defined as the ratio of the number of molecules of
material undergoing the reaction process to the number of light quanta absorbed (Ref. 6).
Thus, although relatively small energy barriers exist for molecules in the excited state,
allowing some hazardous species to react photochemically, at ambient temperatures the
reaction rates are slow and often do not result in complete mineralization of the contaminant.
However, at higher temperatures (>200°C) the small activation energy barriers are overcome
more rapidly resulting in higher reaction rates, and the organic waste absorbs UV radiation
more efficiently at lower energy (longer wavelength). Figure 6-10 illustrates that at high
temperatures, higher energy vibrational levels in the ground state become populated, reducing
the energy gap between the ground and excited states, and allowing photons of lower energy to
excite the molecule. This is the theoretical basis of the photothermal detoxification process
(Ref. 4).
Organic destruction in the gas phase is a function of the total dose and wavelength of
radiation to which the organics are exposed, the molar extinction coefficient of the contaminant,
and the temperature. The dose is defined as:
Dose = Residence time x Radiation intensity
where the residence time is directly related to the flow rate. For the Purus flashlamps, the
radiation intensity is given by flash frequency x number of lamps x energy /flash.
6.4.1

6.4.1.1

Low-Temperature Photolysis

Technology Description

Direct photolysis of organic contaminants in an air stream requires a light source emitting
in the deep UV region. Purus, Inc. has applied a xenon plasma flashlamp that emits significant
light intensity at wavelengths <250 nm. The spectral properties of the plasma produced in a
pulsed inert-gas lamp approach those of an ideal black-body radiator, with a peak emission
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wavelength defined by its characteristic temperature. Increasing energy discharged into the
plasma increases the temperature, which lowers the wavelength of the peak emission, and
increases the number of photons. Shortening of lamp life places an upper limit on the plasma
temperature used.
The xenon flashlamp has a maximum at 230 nm as shown in Figure 6-9, and significant
output at wavelengths as low as 200 nm, whereas mercury lamps have most of their output at
wavelengths above 250 nm. The peak power to the lamp determines the UV content of the
spectral emission, and the frequency of the pulses determines the average power. Flashlamp
intensities of several hundred to 1,000 watts per inch are possible compared to a few hundred
watts per inch for medium-pressure mercury lamps. Lamp life for both lamps is on the order of
1,000 hours.
The Purus flashlamp is 6-inches long and can be pulsed at a rate from 1 Hz to 30 Hz.
Laboratory, pilot-scale, and field tests have been performed. Field tests at the LLNL Superfund
site, where a vapor extraction system removed TCE from contaminated soil, used two types of
reactors. One configuration (designated Air-2) was a steel cylinder 4-feet in diameter by 8-feet
long (Figure 6-11). Four flashlamps were distributed around the center of the cylinder pointing
inward, and the process stream flowed from one enJ of the cylinder to the other. The other test
configuration (designated Air-3) is a Purus-patented reactor consisting of four disc-shaped
stainless steel chambers (Figure 6-12). Each chamber is 42 inches in diameter by 6.1-inches high
with a volume of 4.1 ft 3 exposed to the light source. The lamps are positioned in the center of
each chamber. The process flow enters the bottom of each chamber, around a deflection plate, in
toward the lamp, and out the top (Ref. 2).
6.4.1.2

Input and Output Stream Characteristics

Very rapid destruction has been observed for chloro-olefins such as TCE, PCE, and DCE,
which has been attributed to chlorine-atom chain reactions (Ref. 2). For these compounds as
well as chloroform, methylene chloride, and possibly 1,2-dichloroethane, Cl» is photogenerated
under UV light and subsequently takes part in chain reactions to remove the compound from
the waste stream. However, with the current Purus lamps, only the rate constants for the
chloro-olefins are high enough for a commercially viable process (Ref. 7). Despite the high
quantum yields for CH2Q2 ^ CHCI3, their absorption cross-sections are too low to cause
enough production of Cl» to initiate a chain reaction. Although the chloro-olefins rapidly
photogenerate Cl», they are also efficient scavengers of the Cl» and therefore do not sensitize
a n c
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the photooxidation of CH2Q2 or CHCI3 (Ref. 7). Other compounds having a much longer rate
constant cannot propagate a chain reaction and are destroyed only by direct photolysis.
Co-contaminants can cause both sensitization and inhibition of photolysis. The photolysis
rate of TCE decreases by a factor of 75 when mixed with a high concentration of CI* scavenger,
such as ethene which contains no chlorine and cannot propagate a CI* chain (Ref. 1). However,
when TCE is mixed with 1,1-DCE the rate of TCE loss is slightly reduced but the rate of 1,1-DCE
loss is significantly enhanced. This is interpreted to be the result of photo-initiation by TCE
which is a strong absorber, with chain propagation by 1,1-DCE which reacts with chlorine
atoms more rapidly. Details of the chain reactions and the data that provide back-up to the
proposed reaction pathways are contained in References 1 and 2.
The products of chloroolefin photolysis include chloroacetyl chlorides and phosgene,
which require further treatment (Ref. 2). For example, the main product (>85%) from the
photolysis of TCE is DCAC, which upon further photolysis is converted to about 20%
dichlorocarbonyl (phosgene or DCC), both of which are acutely toxic. Compared to TCE, about
100 times more light exposure is required to reduce the DCAC concentration by 90%. Thus,
although chloro-olefins are eliminated rapidly by chain reactions with CI*, the overall result of
photolysis is limited by the rate of destruction of the reaction byproducts which occurs on a
timescale similar to that for compounds that do not enter into chain reactions.
Because the toxicity of DCAC is 40 times greater than that of TCE, the most DCAC that
can be emitted is 0.025% of the initial TCE concentration to achieve the goal of 99% reduction in
initial toxicity (Ref. 2). Similarly, the concentration of DCC would need to be less than 0.45% of
the initial TCE concentration. Therefore, taking advantage of the rapid chain reactions depends
on the ability to detoxify the initial products by methods other than photolysis. DCC can be
removed with a water scrubber where it rapidly hydrolyzes to CO2 and HC1. However, DCAC
will hydrolyze to dichloroacetic acid (DCAA) and HC1, and DCAA is equal in toxicity to DCAC.
Thus, depending on the water flow, DCAA concentration may be above the proposed drinking
water limits of 2 ppb (Ref. 2).
6.4.1.3

Technology Status

This technology is being tested and commercialized by Purus, Inc. LLNL has used this
system, or modifications thereto, to perform tests and evaluations of the technology on aqueous
waste streams of interest to DOE.
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The technology was accepted into EPA's SITE Emerging Technology Program in March
1991,

and field testing of a full-scale prototype began in October 1991 (Ref. 8). The test was

conducted at the LLNL Superfund site which contains soil zones contaminated with TCE. A
vacuum extraction system delivered contaminated air to the Purus system at flow rates of up to
500 cfm, and initial TCE concentrations in air of 250 ppmv.
6.4.1.4

Destruction Efficiency

Tests have been performed on a variety of VOCs using the Purus xenon flashlamp.
Results of several laboratory tests are shown in Figures 6-13 and 6-14 (Ref. 1). As indicated
previously, co-contaminants may enhance or hinder the destruction rate of the primary
contaminant of interest. Moreover, as TCE is destroyed the rate constant decreases with time
until at very long times (TCE <lppmv) the chain propagation becomes inefficient and the
observed reactions are predominantly direct photolysis (Ref. 1).
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Figure 6-13. Purus System Photolysis Plots for Individual VOCs
In the field experiments at the LLNL Superfund site (Ref. 2), the Purus systems were
operated at flash frequencies of 1 to 30 Hz, temperatures of 33°C to 60°C, flows up to 300 scfm
(260 ppmv TCE), and concentrations up to 10,600 ppmv (100 scfm). Residence time ranged from
5 to 75 seconds. In all cases, except at the lowest flash frequency, greater than 99% removal of
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TCE was observed. Under the highest exposure and optimal conditions, conversions of
99.9996% were demonstrated. However, it is clear that this technology does not achieve these
destruction efficiencies for organics in general and reaction byproducts remain in the effluent. A
summary of the field test results is provided in Table 6-2 (Ref. 8).
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Figure 6-14. Purus System Photolysis Plots for Chloro-olefins

Table 6-2. TCE Photolysis Field Test Results for the Purus System (Ref. 8)
DCC
yield
(ppmv)

dl*

TCE
dest.
(%)
>99.99

nd

20.2

108.5

dl

>99.99

21.3

26.5

10.4

98.3

dl
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25.6

34
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0.07

99.92

15.9

49.2

4
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4.8
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TCE
output
(ppmv)

DCAC
yield
(ppmv)

6.4.1.5

Cost of Technology or Equipment

Costs for a Purus system applied to vapor-phase organic destruction have not been
published.
6.4.2

Photothermal Detoxification Unit

As indicated in the Section 6.4.1, ambient temperature photolysis of VOCs in the vapor or
gaseous phase has shown limitations in the type of VOCs that can be treated, resulted in failure
to mineralize the VOCs, and produced toxic byproducts that must be dealt with by a secondary
treatment process. In order to develop a solution to these problems, EPA has conducted tests on
high-temperature photolysis, or photothermal destruction, of VOCs. In addition, the University
of Dayton Research Institute is developing a Photothermal Detoxification Unit (PDU) for testing
this technology on a larger scale (Ref. 9).
6.4.2.1

Technology Description

The PDU uses photothermal reactions conducted at higher temperatures (200°C to 500°C)
than conventional photochemical processes, but lower than combustion temperatures (typically
greater than 1000°C). The PDU (shown in Figure 6-15) consists of an insulated reactor vessel
illuminated with high-intensity UV lamps. The lamps are mounted externally for easy
maintenance. Remediation technologies that generate high-temperature gas streams (such as
thermal desorption or steam stripping) may supply the PDU directly with the contaminated air
stream. The PDU can be equipped with a preheater for use with low-temperature extraction
technologies. It can also be equipped with standard air pollution control devices for removal of
acids and suspended particulates.
6.4.2.2

Input and Output Stream Characteristics

The PDU has proven effective in destroying PCBs, polychlorinated dibenzodioxins,
polychlorinated dibenzofurans, aromatic and aliphatic ketones, and aromatic and chlorinated
solvents, as well as brominated and nitrous wastes found in soils, sludges and aqueous streams
(Ref. 9). However, the process has not yet been optimized for the destruction of the feed waste
or any associated reaction products (PICs). As indicated below, a significant number of PICs
have been observed under test conditions depending on the parent contaminant. These PICs
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Figure 6-15. Photothermal Detoxification Unit

generally are produced at a yield less than 2% of the initial contaminant concentration, except
for CCI4 which is produced at 18% of the input TCE concentration. The PIC yield from any
specific contaminant depends on temperature and drops to zero under conditions where the
parent is completely destroyed.
6.4.2.3

Technology Status

This technology continues to be tested by EPA and the University of Dayton Research
Institute. It was accepted into EPA's Emerging Technology SITE Program in August 1992, and
development work started in December 1992. In programs sponsored by the DOE, the
effectiveness of the technology was investigated using long wavelength UV light (>300 nm)
contained in concentrated sunlight. Limited data has been generated for shorter wavelengths
using industrial UV lamps.
During the first year of the Emerging Technology Program, the PDU process is to be
refined and demonstrated using typical remediation wastes. The resulting information will be
used to develop a general PDU reactor model and a detailed prototype design-
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6.4.2.4

Destruction Efficiency

EPA laboratory tests were performed on a variety of compounds including BTEX
compounds (benzene, toluene, ethyl benzene, and xylene), trichloroethylene (TCE),
tetrachloroethylene (PCE), 1,2-dichlorobenzene (DCB), monochlorobenzene (MCB), carbon
tetrachloride (CCI4), and 89-octane gasoline. These tests were performed using an 18.1 W/cm^
xenon arc lamp emitting at wavelengths >230 run, except for the MCB experiments which used
an 883 mW, 280 nm laser (Ref. 3). For increasing temperature, each compound exhibited an
increase in absorption, the onset of absorption occurred at a longer wavelength, and the spectral
region of absorption broadened thereby increasing the overlap of the absorption spectra with
the radiation spectra. Elevated temperatures also significantly increase the rate of photothermal
reactions.
Destruction tests were performed on TCE and DCB using a pulsed xenon lamp, on MCB
using the monochromatic laser source, and on 3,3,4,4-tetrachlorobiphenyl (TCB) using artificial
sunlight to simulate a relatively weak UV source (Ref. 4). Each of these compounds were
exposed for 10 seconds in a flowing stream of dry air. The lowest temperature for which data
was taken was 300°C. For TCE, 12.2% of the sample was destroyed at 300°C, which increased to
81.3% at 500°C where it is claimed there are still no significant thermal reactions taking place,
and complete destruction (>99%) at approximately 660°C. In the case of DCB, 28.7% was
destroyed at 300°C, and 55.4% by 600°C with complete destruction at 700°C. For MCB, 30.2%
was destroyed at 300°C, rising to 75.3% at 600°C. Only 5.7% of the TCB was destroyed at 300°C,
but this increased to 74.4% at 600°C. Both MCB and TCB were completely destroyed at 700°C. A
model was developed and validated with the data from the 18.1 W/cm^ lamp used in these
tests, which predicts the destruction of TCE at 500°C using a xenon arc lamp delivering 100
W/cm^ of radiant energy (Ref. 1).
The data from these tests show that the temperature required for complete photothermal
destruction is comparable to that for purely thermal destruction at approximately 700°C at the
exposure conditions used (e.g., exposure times, radiation sources and radiation levels). This
indicates that these conditions are inappropriate for a field operational system. Also, data from
the National Fire Protection Association (NFPA) indicates that many chloroorganics begin to
decompose at about 300°C by thermal mechanisms. Thus, it seems questionable that there are
no thermal destruction processes occurring at 500°C, and that the destruction efficiencies
observed are due primarily to the photothermal effect.
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Detailed data on PIC formation from photothermal and thermal destruction is provided
in Reference 4. For TCE, the major product was CCI4 with a yield of 18.9% of the initial TCE
concentration from the photothermal process, and 15% from the thermal process at 600°C.
Phosgene was also observed from both processes and is likely to be a major product.
Photothermal destruction of DCB generated monochlorobenzene and 2-chlorophenol as major
PICs with yields of 1.3% at 600°C and 1.1% at 650°C, respectively. Photothermal destruction of
MCB and TCB produces a complex mixture of organic products, but at yields less than 0.5% at
600°C
In general, as the molecular weight of PICs increases, the photothermal yield of a
particular product decreases, and the temperature required for its destruction is reduced as
compared to the product from thermal destruction. Thus, the photothermal process tends to
produce products of lower molecular weight and simpler structure, and is capable of destroying
these products at lower temperatures than the comparable thermal process. In all cases, the
photothermal process effectively destroys PICs under conditions where the parent waste
approaches complete destruction, or approximately 700°C. Thus, optimizing the process for
feed conversion is likely to also destroy any associated PICs (Ref. 4).
6.4.2.5

Cost of Technology or Equipment

This technology is still in the test and development stage and no cost figures have been
published.
6.4.3

Solar Destruction

Solar destruction of organic material is similar to photothermal destruction discussed in
Section 6.4.2 except the source of UV radiation is concentrated solar radiation. The DOE,
through the National Renewable Energy Laboratory (NREL) has been studying solar
detoxification since 1986. This particular application involves post-combustion destruction of
PICs such as dioxins, furans, and PCBs formed during the combustion process.
6.4.3.1

Technology Description

A schematic of the solar reactor is shown in Figure 6-16 (Ref. 5). The reactor consists of a
combustion chamber with a coaxial air atomizer and a port for secondary air in the rear of the
chamber. The front wall is a quartz window that allows sunlight to enter the chamber. Waste is
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fed to the reactor as a liquid, atomized with air, and ignited with secondary air. A combustion
flame fills the back third of the chamber. Combustion products along with unreacted waste
components flow to the front of the chamber where they are exposed to concentrated solar
energy. Residence time in the reactor is about 1 second. Reactor gas exit temperatures range
from 700°C to 900°C.

Figure 6-16. Schematic of Solar Reactor
The solar hardware will most likely be a parabolic dish design in which sunlight is
collected in a large parabolic reflector and focused at a point beyond the reactor window.
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6.4.3.2

Input and Output Stream Characteristics

The primary inputs to this solar enhanced combustion process are organic liquids to the
combustion process, and high-molecular-weight PICs to the solar destruction process. The
output is a decrease in the concentration of furans by approximately 78%, and a decrease in
dioxins by approximately 89%.
6.4.3.3

Technology Status

The Department of Defense through the U.S. Army Toxic and Hazardous Materials
Agency is considering the use of concentrated solar energy for decontamination of soil at
various military sites. It has entered into a collaborative agreement with the DOE, through
NREL and the University of Colorado, and the EPA to determine feasibility of using solar
energy to remediate a waste site at the U.S. Army's Sierra Army Depot located in California
(Ref. 5). This site was used as a dumping site for waste solvents and pesticides and contains
soils contaminated with numerous chlorinated organic compounds. The contaminants of
highest concentration are 1,2-, 1,3-, and 1,4-dichlorobenzene. Other wastes include TCE,
naphthalene, and toluene. Low-temperature vapor extraction and thermal desorption can be
used to remove these contaminants from the soil. The contaminants can then be condensed for
subsequent delivery to the solar reactor or a conventional incinerator.
Funding has been awarded to SAIC to integrate their solar hardware and the reactor, and
perform the tests at the Army site in FY94 (Ref. 10). The SAIC solar concentrator is a 50 to 60 kW
point focus system consisting of several stretched membrane dishes focused to a single focal
area.
A solar furnace was used in a small-scale pilot test at NREL in which the maximum
concentration was 2,300 times normal sunlight (about 230 W/cm^). Midwest Research Institute
in Cary, North Carolina, is testing a minipilot-scale reactor using NREL's solar furnace, and an
artificial UV light produced by a 1.8 kW mercury vapor lamp as part of the EPA/DOE/DOD
tri-agency effort (Ref. 11).
This technology is still in the test and evaluation phase and has not been commercialized
at this time.

6-48

6.4.3.4

Destruction Efficiency

Previous tests using a solar furnace were conducted on dioxin fed to the reactor at an
average concentration of 200 ppm; a concentration too low to sustain combustion (Ref. 5).
Temperatures in the reactor ranged from 700°C to 960°C. Tests were performed in two modes:
with UV radiation and without UV radiation using a filter to remove wavelengths from 300 to
400 nm. Results of these tests are shown in Figure 6-17 where the fraction remaining of 1,2,3,4tetrachlorodibenzo-p-dioxin is shown at two temperatures. The presence of UV radiation
increased the DRE of dioxin by a factor of 10,000 enabling the process to reach 99.9999% DRE at
750°C.
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Figure 6-17. Results from Solar Furnace Field Tests
The small-scale pilot tests demonstrated 99.999% destruction of 1,2-dichlorobenzene in
both the solar and non-solar modes. However, the solar modes showed significant reduction in
PIC levels as compared to the non-solar mode. Total TCDFs were reduced from 1,800 picograms
to approximately 400 picograms, and total TCDD was reduced from 190 picograms to an
average of approximately 20 picograms. The full-spectrum and UV-filtered solar modes showed
no significant difference in PIC destruction indicating that the UV between 300 and 400 nm did
not play a role in the solar enhancement (Ref. 5).
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6.4.3.5

Cost of Technology or Equipment

This technology is still in the test and development stage and no cost data has been
published.
6.4.4

Technology Comparison

The advantages of carrying out the photooxidation reactions in air include less
interference from competing absorbers like nitrate and humic acid, the availability of excess
oxygen, the occurrence of chain reactions for some molecules, and fewer corrosion and cleaning
problems. The advantages of carrying out the oxidation in water include a greater density
allowing smaller reactors to more efficiently use the light, and the ease of using H2O2 to
produce OH- for secondary oxidation and destruction.
In both air and water, reaction products need to be evaluated to determine treatment
effectiveness. Low-temperature photolysis produces highly toxic DCAC and DCC as reaction
byproducts. Further work is required for secondary treatment to remove these products of
photooxidation. Methods such as dry or wet scrubbers, thermal destruction, or other methods
for post-treatment are required. Use of shorter wavelength UV lamps or catalysts need to be
examined to treat a broader range of VOCs.
As with low-temperature photolysis, photothermal destruction produces a large number
of PICs, depending on the temperature and parent compound. Initial tests have demonstrated
complete destruction (>99%) of the contaminant and PICs at temperatures comparable to those
required for purely thermal destruction. However, a model has been developed that predicts
TCE destruction at 500°C under more optimum conditions. Thus, further work is required to
optimize the process in terms of residence time, light intensity, and wavelength. In addition, the
types of wastes that are candidates for photothermal destruction require better definition.
The solar detoxification system is a second-stage process for the destruction of PICs from
a combustion process. Thus, this may be considered an incinerator by regulators and the public
for permitting and siting purposes. In addition, the capital and maintenance cost of the solar
array required to concentrate solar radiation onto the reactor window may be an issue.
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6.5

6.5.1

PACKED-BED REACTOR (THERMATRIX PROCESS)

Technology Description
The Thermatrix technology is a flameless thermal destruction process for vapor-phase

organics which takes place in a packed bed reactor. In the packed bed, high-temperature
thermal oxidation occurs within a reaction zone in a bed of chemically inert ceramic material
typically operated at 1600°F to 1850°R The packed bed consists of an insulated cylinder, lined
with an alumina and silica refractory, and containing a ceramic matrix composed of oxides of
aluminum and silicon with low levels of oxides of titanium, calcium, manganese and
magnesium (Ref. 1). The matrix is immune to moisture and acid, is noncatalytic, and has a
temperature rating up to 2500°F.
Two types of reactor configurations have been described in the literature and are shown
in Figures 6-18 and 6-19. A third high-flow rate, recuperative configuration has been mentioned
in the literature in which the heat from the treated gas stream is transferred internally to the
incoming waste stream.
The design shown in Figure 6-18 is a single pass system that incorporates an external
matrix preheater and is suitable for flow rates in the range 500 to 5,000 scfm (Ref. 2 and 3).
During normal processing, the waste stream enters the distribution plenum through the "inlet"
at the bottom of the reactor and flows upward into the mixing zone, which is at ambient
temperature. Depending on process conditions, supplemental fuel or air may be added into the
distribution plenum, or through a separate inlet manifold. The passage of the gas through the
small interstitial spaces within the matrix generates a high degree of turbulence resulting in
efficient mixing of oxygen and organics in the mixing zone, and effective heat transfer between
the gases and the bed material in the reaction zone.
As the mixture rises, the temperature of the gas increases rapidly as it picks up heat from
the bed until the oxidation temperature of the organics is attained. Once the reaction
temperature has been reached, the organics in the gas stream oxidize, releasing heat and
creating the reaction zone. The heat released from the exothermic reaction sustains the
temperature of the bed and maintains the stability of the reaction zone. The expansion of the
gases as they heat up is accommodated by an increase in the matrix void volume. The
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Figure 6-18. Thermatrix Flameless Oxidizer with External Preheat
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oxidation is completed within the first few inches of the reaction zone, allowing for a compact
device. The product gases exhaust the system through a port on the top to post-treatment
devices (e.g., acid gas scrubber) or to the atmosphere.
The external matrix preheater shown in this design can be equipped with either electric
elements or a gas burner. In either case, once the matrix has reached the desired operating
temperature (i.e., 1600°F) the preheater is shut off and isolated from the system. The thermal
properties of the matrix allow the mixing zone to be cooled to near ambient temperature prior
to introduction of the waste, while the reaction zone remains hot.
If the waste stream contains sufficient organics (enthalpy content greater than 30
BTU/scf), the reaction will be self-sustaining, and no supplementary fuel is required. In the
design shown in Figure 6-19 (Ref. 4), the internal electric matrix heater can be operated
simultaneously with the oxidation process, providing continuous supplemental energy if
required. This design is capable of 50 scfm operation, and functions similarly to that shown in
Figure 6-18 except when the hot, treated gas exits the reaction zone it travels down the inner
core. Heat is recovered from the gas by heat transfer to the ceramic matrix before the gas
exhausts. If additional heat is required for low-heating value waste streams, the electric heater
can be used to heat the ceramic matrix, or fuel can be added to the gas stream as it enters the
oxidizer.
Thoroughly mixing the waste and air prior to the reaction provides a uniform reaction
region for the gases, preventing poorly mixed regions of organic vapors from leaving the
system unreacted, and establishing a uniform reaction zone perpendicular to the gas flow over
the entire flow cross-section of the reactor. At operating temperature, the reaction kinetics are
very fast and the reactions proceed to completion in tens of milliseconds eliminating the need
for long residence times. Peak temperatures are well above those necessary to achieve highdestruction efficiencies, but well below the levels at which significant formation of thermal N O
and CO occur. The large thermal mass of the bed also enables it to store or release heat without
rapid changes in temperature. This allows the system to be effectively used in applications
where changes in waste input (e.g., batch reactions) occur, or to accommodate variations in
waste composition and concentration.
x

The heat capacity and geometry of the matrix provide an inherent flame arresting
capability. In the event that a flammable mixture were to enter the reactor, the cold mixing
region would prevent the backward propagation of the flame upstream into the waste stream
header. The heat capacity of a unit volume of matrix is two to three orders of magnitude greater
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than the maximum heat that can be generated in an equivalent volume of flammable gas, and
the matrix interstices provide both a high-quench surface area and tortuous pathways for flow
interruption. Tests with propane over a wide range in flow rate, and concentrations from below
the LEL to well above the UEL demonstrated no evidence of flashback, detonation, or
uncontrolled combustion (Ref. 2).
6.5.2

Input and Output Stream Characteristics
This technology can only treat organics in a gas or vapor phase. It cannot handle solids,

and organometallic or organic phosphorus compounds can precipitate on the packing (Ref. 4). If
there are particulates in the gas stream, they must be filtered out before the gas enters the
oxidizer.
Tests on a limited number of organic compounds indicate no PICs, no detectable CO, and
less than 2 ppm N O when the reactor is at operational temperature. The typical output stream
contains CO2, H2O, and acid gases. There has been no indication of tests for recombination
products, such as dioxins or furans, from the reaction.
x

6.5.3

Technology Status
This process and design of the packed-bed reactor has been patented by Thermatrix Inc.,

a company based in San Jose, California.
During the period 1987 to 1991, three experimental units for internal development
purposes were built by Thermatrix. The units were sized for 3,100, and 1,000 scfm. The last unit
was also equipped with an internal heat-recovery system. The company invested several
million dollars testing the concept and to substantiate its claims for destruction efficiency,
emission control, and operational characteristics (Ref. 5).
In 1993 twelve Thermatrix units had been installed or were under construction (Ref. 1).
These include systems to treat fugitive VOC emissions from pump seals, and treat VOC
emissions from a printing process in a manufacturing plant in Latin America (Ref. 2).
Wastewater containing 530 ppm of ethyl chloride is being treated in New Jersey using an air
stripper and two electrically powered Thermatrix units each operating at 100 scfm (Ref. 3). A
system is being used to collect VOCs from several batch process vents for delivery to a 30,000
scfm destruction unit (Ref. 1). The batchwise nature of the upstream process in this application
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creates a waste stream that varies widely in both flow rate and composition so that
supplemental fuel and air are required to maintain the constant 1650°F operating temperature.
As part of a system delivery order, Thermatrix has designed a system to process the
offgas from a direct-fired, 80 tons per hour thermal desorber (Ref. 6). The thermal desorption
gas, at 400°F and containing 1,000 ppm VOCs, enters the reactor system at 13,500 scfm. Air and
supplemental natural gas (if necessary to sustain the reaction zone temperature) are added for a
combined flow rate of 23,500 scfm. Three recuperative units operating at 1600°F will be used to
treat this offgas.
Thermatrix is also developing a design of an integrated thermal desorption system that
will be capable of treating soils contaminated with VOCs at a feed rate of 5 tons per hour (Ref.
6). As shown in Figure 6-20, the system is indirectly fired and uses the gas from the Thermatrix
unit to inert the rotary thermal desorber. In this design a knockout pot with a dust collector is
used to remove particulates (dust and mist).

Contaminated
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Vapor Laden Gas Stream

Solids Out
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<

Stack Discharge
to Atmosphere
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Figure 6-20. Thermatrix, Inc. Waste Processing System
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6.5.4

Destruction Efficiency

Destruction tests on the Thermatrix reactor were conducted over several years between
1989 and 1992. The reported results of these tests are provided in Table 6-3 from Reference 7. In
these tests, benzene was tested in a two-pass 100-scfm unit shown in Figure 6-19, and CCI4 was
tested in a two-pass 50-scfm commercial unit installed at a chemical plant in California. The
other compounds were tested in a single-pass pilot-scale oxidizer in which the gases flow
downward through a 3-inch inside diameter by 65-inch long steel tube (combustion chamber)
and exit the bottom.
Table 6-3. Summary of Thermatrix DRE Test Results (Ref. 7)
Minimum
Residence
Time
(sec)

Maximum
Residence
Time
(sec)

Lowest
Inlet
Concen.
(ppmv)

Highest
Inlet
Concen.
(ppmv)

Benzene

2.0

9.6

1,719

8,406

99.99

Carbon Tetrachloride

N/A

N/A

0.67 wt%

1.15 wt%

99.998

Dichloromethane

0.67

2.0

5,000

18,000

99.99

Isopropanol

0.5

1.0

400

600

99.999

Methyl Chloride

1.0

1.5

10,000

30,000

99.99

Monomethylamine

0.67

2.0

16,000

31,000

99.99

Paint Solvent Mixture

0.5

1.7

3.87 mg/l

5.32 mg/l

Compound

Minimum %
DRE

99.9992

N/A - not available

These test results demonstrated little effect on DRE from residence time (i.e., flow rate) or
concentration when operating in the normal temperature range (1600°F to 1800°F), and CO
concentrations were below the 10 ppm detection limit. However, the DRE for each compound
depended greatly on temperature until the normal operating temperature was reached. For
benzene at temperatures above 1400°F the DRE was at least 99.99%, but at 1200°F the DRE
dropped to only 16.3%. During 1400°F tests with dichloromethane, the DRE was a strong
function of residence time as shown in Figure 6-21, and the emissions contained over 2,000 ppm
of CO and significant quantities of PICs as the residence time decreased. For monomethylamine
DREs were in excess of 99.99% for all tests above 1200°F.
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These tests indicate that DREs of over 99.99% can be achieved for the organic compounds
tested as long as the temperature of the reactor is above 1600°F. In these tests the CO emissions
were below the detectable limit of 10 ppm, and N O emissions were below 2 ppm. There was
no indication of tests to detect recombination products such as dioxins and furans.
x

6.5.5

Technology Comparison

Results from the test units, and the results from units operating in the field, indicate the
following system characteristics:
•

DREs greater than 99.99% over a range of VOCs

•

The ceramic matrix does not deteriorate during operation

•

There does not appear to be any scale-up limitations with test units operating
•between 3 to 1000 scfm, and units in the field operating at up to 30,000 scfm
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•

Low NOx formation, typically below 2 ppm

•

Low CO formation, typically not detectable

•

Low-pressure drop across the system, typically 3 inches water gauge

•

Ability for internal heat recovery in excess of 70% to limit supplemental energy
requirements for low-heating value waste streams

•

Ability to treat low flows with low concentrations as well as high flows with high
concentrations

•

High turndown ratio in excess of 20:1

•

Relatively low capital and operating cost.

Disadvantages include relatively high electricity costs without heat recovery, and the
inability to handle certain compounds that may precipitate on the packing and potentially cause
sticking and agglomeration of the packing material.
6.5.6

Cost of Technology or Equipment

The application for treating fugitive emissions from pump seals involved connecting 8
pumps to an oxidizer with a requirement for 50 oxidizer installations throughout the plant to
accommodate all the pumps in the facility. The average cost per oxidizer station, including
suction lines and installation labor, was $27,000 for a 60 scfh unit. The electricity required to
maintain oxidizer temperature was estimated to be 2.5 kW per unit or $1,095 per year.
In the press-dryer application the BTU content of the waste stream was inadequate to
maintain a self-sustaining reaction so that a supplementary heat load of 264 kW was required
for an electricity cost of $46,200 per year. A Thermatrix unit with an internal heat-recovery
module was used that could accommodate a nominal flow rate of 2,000 scfm and a VOC
loading of 30 lb/hr. The capital cost was $230,000 (Ref. 2).
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SECTION 7
HIGH-TEMPERATURE TREATMENT TECHNOLOGIES
Incineration is a mature, well-developed hazardous waste treatment technology.
Traditional incineration processes, including rotary kiln, liquid injection, fluidized bed, and
infrared, heat waste to temperatures between 700 and 1100°C (1,300 and 2,000°F), volatilizing
and combusting organic constituents with excess air. Because excess air is used to insure
complete combustion of organic wastes, the air pollution control system (APCS) must be
relatively large to handle the high offgas volume. Because of the high flow rate of air the offgas
will contain a high percentage of fine particulates and NO produced mainly from the N2 in the
x

air. Other offgas constituents may include S O , volatile metals, HC1 and volatile metal chlorides
x

if chlorinated hydrocarbons are burned. Products of incomplete combustion (PICs) may be
produced if the residence time in the flame or turbulence to provide mixing are inadequate, and
recombination products, such as dioxins and furans, may be produced during the offgas
cooldown period. The APCS must be capable of treating the offgas to prevent emission of these
components to the atmosphere.
The high temperature thermal processes discussed here use means of destruction other
than flame combustion in excess air. These include thermal destruction of organics in an oxygen
starved or inert environment, or reacting the organic material with something other than
oxygen (e.g., H2O in the form of steam). In pyrolysis processes the offgas will contain PICs or
combustible materials which are typically reacted in an afterburner; however, the air flow is
lower and the combustion process is more complete than with incinerators. Systems are also
being developed to oxidize wastes in baths of molten salt or break down the organic molecules
into their elements in baths of molten metal. These baths are designed to contain much of what
is emitted in the offgas from conventional incinerators.
Several of these technologies treating hazardous waste will be regulated as incinerators,
and others may be regulated under RCRA Subpart X as thermal treatment systems. For
example, the plasma arc will be regulated as an incinerator as indicated in the following quotes
from Code of Federal Regulations Title 40 Part 260.1 (40 CFR 260.1):
"Incinerator means any enclosed device that meets the definition of infrared incinerator
or plasma arc incinerator."
"Plasma arc incinerator means any enclosed device using a high intensity electric
discharge or arc as a source of heat and which is not listed as an industrial furnace."
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Other thermal treatment devices that require a secondary combustion chamber to achieve
the required destruction efficiency may also be regulated as incinerators. Less conventional
methods of thermal treatment for hazardous organic wastes will most likely be regulated under
Subpart X. In any case, these units will be required to adhere to many of the requirements
applied to incinerators, including trial burns. Boiler and Industrial Furnace (BIF) rules have
been applied to trial burn protocols for incinerators since 1987, and it is expected that they will
be applied to these non-conventional thermal treatment systems as well. These BIF rules for
burning hazardous wastes contain both CO and metals emission limits and are more difficult to
meet than the incinerator regulations (40 CFR 264.343).
With this said, high temperature thermal technologies are included in this document for
completeness with the recognition that they have different mechanisms of operation from
conventional flame combustion systems. Thus they may have fewer permitting problems and
improved public acceptance over conventional incineration. The final decisions regarding
regulating, permitting, and siting a thermal treatment system rests with the EPA, its permit
writers, regional administrators, as well as the public. The technologies described in this section
are:
•

Molten Salt Oxidation

•

Metal Melting Technologies

•

Steam Reforming

•

Supercritical Water Oxidation

•

Plasma Pyrolysis

•

ChemChar Process

•

Packed Bed Reactor (LANL)

•

Vitrification (organic destruction)

•

Plasma Torch and Electric Arc Technologies.
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7.1

7.1.1

MOLTEN SALT OXIDATION

Technology Description
The molten salt oxidation (MSO) process uses a bath of molten salts maintained at 700°C

to 950°C to oxidize organic wastes and retain radionuclides and metals in a salt residue. The
operating temperature is selected based on the characteristics of the waste to be destroyed.
During operation, a mixture of liquid or solid particulate wastes and air is injected through a
downcomer through the head of the reaction vessel, or through the side-wall of the vessel, into
the bottom of the melt. Thus, any gas formed during oxidation is forced to pass through the
melt before being discharged to the offgas system. The high temperature and intimate contact
with the molten salt causes rapid reaction of the organic material with the oxygen in the air to
produce conventional products of combustion. Depending on the waste stream to be treated
and the operating temperature, the vessel may be fabricated from high temperature, corrosion
resistant alloys or it may require a ceramic lining. A process schematic is shown in Figure 7-1.
The molten salt bath acts as a dispersing medium for both the waste being processed and
the air or oxygen used in the processing. It enhances completeness of chemical reactions by
providing improved physical contact and a stable heat-transfer medium that resists thermal
surges. It also acts as a catalyst for the oxidation reactions to accelerate the destruction of
organic material. The melt retains soot and char for more complete reaction and retains most of
the radionuclides and other noncombustible materials associated with the waste.
Data indicates that the type of contaminant and the chemistry of the salt melt can
significantly affect the percentage of radionuclides retained in the melt (Ref. 1), although
capture of these species with appropriate prefilters in the APCS should present no unique
problems (Ref. 2). Although there may be less concern regarding the escape of radionuclides
and hazardous metals into the offgas from an MSO system due to the lower operating
temperature relative to incinerators, further research is required to determine the volatility and
level of retention of these species in the melt, and the fate of these species in the system.
During system startup, the salt bath is brought up to operating temperature by external
electric or natural gas heaters, depending on the system design. The operating temperature
typically ranges from 700°C to 950°C, depending on the waste stream to be treated. At these
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temperatures, the molten salt viscosity is similar to water. Once at temperature, the waste and
air mixture is introduced and the reaction begins. Short term changes in the feed rate or
composition will have little or no effect on destruction efficiency or temperature due to the large
thermal inertia of the melt. For most waste materials appropriate for treatment by MSO, the
heat of oxidation may keep the salt molten and the auxiliary burner can be turned off, but for
some wastes (such as those with a large water content) supplemental heat from natural gas or
fuel oil may be required, or organic waste may be added to increase the heat value.
The salt typically used in the MSO process, as initially developed by Rockwell
International, is sodium carbonate or sodium carbonate mixed with other salts such as
potassium or lithium carbonate (Ref. 3). The selection of the salt to be used, or whether a single
salt or eutectic, depends on the desired operating and melting temperature. All the carbonate
salts prevent formation of acid gases (HC1, SO2, and P 2O5) by forming solutions of their stable
salts (NaCl, Na2S04, and Na3P04). The removal of HC1 by these salts to below 4 ppmv in the
offgas removes one of the precursors to formation of dioxins and furans. Offgas control systems
will be needed for removal of particulates and volatilized metals and radionuclides, and
possibly treatment of PICs although recent tests indicate certain PICs are only in the 10 ppb or
less range (Ref. 4). Due to the relatively low operating temperature, aqueous scrubbers or
afterburners are not considered necessary and the APC system will consist of fabric filters
and/or HEPA filters (Ref. 5).
A catalytic oxidizer for CO emission control may also be required, and salt fume
carryover to the offgas system may be high (Ref. 2), depending on the design and operating
conditions of the system, and the contaminant being treated. Inadequate mixing of the air and
feed, high chloride content of the melt (generally over 20% NaCl), and low excess oxygen
produced high levels of CO (100 to over 200 ppm) in the offgas (Ref. 6). However, by modifying
the injection nozzle such that good mixing of the air and waste was achieved before injection
into the melt, by operating with less than 20 mol% chloride in the melt, and by operating with at
least 20% excess air the CO levels were decreased to less than 100 ppm, and for some
contaminants to the 10 ppm range. The actual CO levels depend on the contaminant being
processed and operating conditions. Further conversion of CO to CO2 is slow and depends on
temperature and residence time in the melt (i.e., superficial velocity of the gas and depth of the
melt).
Salt may be entrained in the offgas, and fumes may be liberated from a
carbonate/chloride molten salt bed in the range of 2 to 6 grains/SCF under the reactor
conditions of 900°C to 1000°C with a bed velocity of 2 ft/sec (Ref. 2). The amount of carryover
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increases with temperature, the amount of sodium chloride present, the superficial velocity, and
the contaminant being treated (Ref. 6). Sodium carbonate and sodium chloride have significant
vapor pressures at 900°C to 1000°C with the vapor pressure increasing, and surface tension of
the melt decreasing, with increasing NaCl. Carryover is also affected by the manner in which
waste is injected into the melt; high velocities produce high turbulence which increases
carryover (Ref. 6). However, the amount of carryover may be mitigated by the use of baffles to
disrupt the flow of particulates and which may act as a heat sink to minimize vapor carryover.
Full scale systems may be designed with sufficiently large plenums to cool the gas and lower
the gas velocity allowing vapor condensation and return of particulates to the melt. It has been
suggested (Ref. 6) that by using baffles and periodic operation of a soot blower to remove
carryover from the exhaust pipes, an MSO pilot plant may operate for up to 1000 hours without
shutdown for cleanout of offgas piping.
Under steady state conditions, a melt overflow stream would leave the bed continuously
to purge ash and sodium chloride. NaCl can affect the destruction efficiency, CO emissions, and
carryover as mentioned above. For wastes containing large quantities of aluminates, silicates,
and oxides, the ash accumulates as either dissolved substances or in the form of a two-phase
slurry, resulting in increased viscosity and loss of fluidity (Ref. 7). This increase in viscosity will
affect the bed hydrodynamics and indirectly the destruction efficiency. If the salt accumulates
high concentrations (20% to 30%) of alumina and silica while the process is operated under
oxidizing conditions, the alumina and silica combine to form solid deposits on the vessel walls
(Refs. 5 and 7). This phenomena has not been observed during oxygen deficient conditions (i.e.,
in the pyrolysis mode), or in the presence of silica or alumina alone. Other investigators (Ref. 8)
indicate that the alumina-silica concentration does not need to reach 20% before deposits are
possible in the oxidizing mode. If there is a possibility of 5% to 6% (the exact value is not well
known), oxidizing operation should not be considered and the unit should be operated in the
reducing mode. Early tests have shown that alumina or silica individually do not affect
viscosity, but when these materials are present in a 1:1 ratio the viscosity can exhibit an
appreciable rise (Refs. 5, 6 and 7).
Recent tests on ash surrogates (Si02, AI2O3, and kyanite) indicate high viscosities with
separate ash loadings of 10% to 15% (Ref. 6). However, the rheological behavior of the melt is
sensitive to the morphology of the ash (particle size and surface area), and these tests did not
simulate actual MSO reactor conditions in that mixing was performed prior to melting, and the
resulting melt was deficient in CO2 so that the carbonate decomposed over time. Based on
operational experience, it appears that by selecting waste with low ash content, and by
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continuously withdrawing, processing, and recycling the salt to prevent ash build-up, the
viscosity can be maintained at the appropriate level.
Recycle of the salt would be desirable to reduce the volume of contaminated salt residue
requiring disposal. Most MSO aqueous salt processing schemes start by first quenching the salt
directly and forming a concentrated brine (Ref. 8). The pH is then adjusted (usually by
contacting it with CO2 from the offgas) down to approximately 9.0, the solution is then held up
to permit time for the silicates to come out of solution, and then it is filtered. Most of the heavy
metal constituents reside in the filter cake as oxides, carbonates, sulfides, fluorides, or silicates.
Soluble radionuclides, such as Cs, are removed by ion exchange. The dissolved salts are
separated by crystallization. The alkali carbonates are recycled back to the reactor with make-up
salt, and the sodium and potassium salts (chlorides, sulphates, phosphates, etc.) are calcined
and removed for disposal.
These unit operations have been demonstrated individually in other applications, and
two large-scale MSO projects operated by Rockwell (one for coal gasification and one for flue
gas desulfurization) used aqueous processing to remove ash and sulfur and to recycle the
sodium carbonate. LLNL currently has a program to demonstrate the salt recycle chemistry
using a single salt. In summary, several of the issues that have been raised regarding MSO
(Ref. 2) may be mitigated by selective waste feed, and proper system design and operating
conditions.
7.1.2

Input and Output Stream Characteristics
Inputs

MSO treatment is considered applicable to waste streams with high organic content and
ash residuals less than 10% (Ref. 2 and 8). Low Btu, high ash-content waste streams, or waste
streams with very high chlorine content are less than ideal for MSO treatment. Ash
accumulations within the bath itself must be limited to 20% or less to prevent excessive
increases in viscosity. For some conditions where aluminum and silicon oxides are about equal,
this ash limit decreases to about 5%. Chlorine accumulates in the melt as NaCl affecting
generation of CO and salt volatility as described above. Chloride build-up is typically limited to
about 20% although higher levels may be acceptable depending on the contaminant. Inorganic
products resulting from the reaction of the waste with the alkaline salt increase in concentration
over time and are removed by salt recycling to prevent complete conversion of the alkaline salt
with an eventual decrease in performance and loss of ability to remove acid gases. However,
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complete HC1 removal may be accomplished with less than 1% sodium carbonate in the melt
(Ref. 5). Other limiting factors for waste streams that can be fed to the MSO include volatile
metals and radionuclides, and aluminum. High levels of aluminum metal in the waste can
cause corrosion of alumina-based refractories; however, other materials may be used to
construct the reaction vessel or liner.
According to an OTD Technical Review Panel (Ref. 2), wastes potentially suitable for
treatment by MSO include contaminated paper products, cloth, graphite, halogenated organic
liquids, leaded rubber, oil, organic sludge, PE/PP and some other plastics, rubber, and wood.
Organic liquids, including highly chlorinated wastes, and contaminated gases have been
identified as wastes for which MSO is currently most applicable (Ref. 5 and 8). However, these
wastes must be monitored, and the salt recycle system sized to handle the high ash and chloride
wastes. In addition, MSO has the potential to process difficult-to-treat wastes such as nuclear
grade graphite and tributyl phosphate. Industrial hazardous waste, medical waste, and
energetic materials are also treatable by MSO. Combustible solids may also be treated in an
MSO system but, as with most treatment processes, the size must be reduced to allow
pneumatic conveyance into the reactor and provide sufficient surface area for efficient reaction.
The size of the particles depends on the size of the reactor. At LLNL energetic material
particles three-sixteenths of an inch in diameter were successfully destroyed in a 6-inch
diameter reactor vessel, and Rockwell has introduced larger coal particles into their 1-ton per
hour system. Because much of the solid waste includes plastic and cotton clothing, bags, gloves,
and other material containing thin sheets of plastic, shredding may be difficult. However, knife
shredders have been shown to reduce plastic pipe, plastic bottles, rubber gloves, Kimwipes, and
styrofoam to a nominal one-millimeter size in one stage (Ref. 8).
Certain organic waste streams will require pretreatment. Thick sludges may have to be
diluted to facilitate pumping into the molten bed. Multi-purpose grease, dissolved variously in
kerosene and alcohol was successfully treated in the bench-scale ETEC system (Ref. 8). Metal
bearing organics are best filtered prior to thermal treatment with the filtered metals rinsed and
stabilized, and sorting of some waste streams will be required to remove most metals and
noncombustibles. Some non-combustible materials, such as sludges containing alkali metal
nitrates and hydroxides, may be treatable with MSO as indicated in Table 7-3 (Ref. 5). Materials
not considered suitable for MSO treatment include hazardous salts where safety issues are
involved, soils, metal parts and wastes containing substantial amounts of metal parts, rubble, or
ash (Ref. 5). Pretreatment to remove water from some waste streams may be necessary since
large amounts of water may cause excessive steam release and have high energy requirements.
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Outputs
The discharged carbonate salt contaminated with ash or chloride, metal salts, and
radionuclides is a waste that must be disposed of unless steps are taken to separate the unspent
alkali carbonate for recycle. Without recycle, the volumes of waste may be up to five times that
which would be generated by incineration. According to DOE studies (Ref. 2), the MSO process
residue (on a mass basis) without recycle and with stabilization for disposal was 60% of the
incoming waste mass. With recycle, which would normally accompany the MSO process to
minimize secondary waste, the theoretical ash and discharged salt mass is identical to an
incineration system assuming similar stoichiometric efficiencies (Ref. 2), and the final waste
mass was 38% of the incoming waste mass after stabilization. Depending on the incoming waste
stream's ash and chlorine content, the final disposal volume can vary from less than the initial
volume to several times the initial volume.
Recent bench-scale tests at ORNL (Ref. 4), using a suspected precursor
(2,4 dichlorophenol) to the formation of dioxins and furans mixed with CCI4 and TCA, resulted
in dioxin formation of < 0.015 ng/m^ at up to 20 mol% chloride content and 0.8 ft/sec gas
velocity. The same was true at low chlorine content (< 5 mol%) and high (1.6 ft/sec) gas
velocity. The investigators conclude that operating at up to 20 mol% NaCl at flow rates less than
1.0 ft/sec should provide acceptable dioxin emission levels.
The same bench-scale apparatus was used to perform destruction tests and evaluate the
formation of PICs for CCI4 and TCA (Ref. 4). In these tests at least 99.9999% DRE was achieved
with no observable 2,4 dichlorophenol in the offgas. The only important PICs observed in these
tests were chloromethane, methylene chloride, benzene, and toluene in concentrations typically
less than 4 ppb. There was no observable effect of NaCl concentration or air flow rate on the
DRE results, and there appears to be little, if any, relationship between CO emissions and the
DRE. Larger systems, with increased residence time, may perform better but additional pilot
scale testing will be required.
Tests with a bench-scale MSO process at 900°C by Rockwell for the destruction of solid
combustible waste bearing plutonium at TRU levels demonstrated that 99.9% of the plutonium
was retained in the melt in the form of PuO (Ref. 3). Combustion tests were performed on
paper, PVC, polyethylene, and rubber containing nonradioactive isotopes and several heavy
metals. Results shown in Table 7-1 from Reference 3 indicate over 99% of the radionuclides and
heavy metals are retained in the melt. However, tests at Rockwell/ETEC on 50 gallons of waste
oil containing Cs-137 and Co-60 resulted in distribution coefficients of 10 to 20; that is, the
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specific activity of particulates collected in the HEPA prefilters was about 10 to 20 times the
specific activity of the melt (Ref. 9), although the mass of the filter catch was very small.
Table 7-1. Retention of Selected Elements in the Salt Melt (Ref. 3)
Element

Compound in Salt Melt

Cs

CSNO3

Sr

Sr(N0 )

Ru

HP.UCI4

Eu

Eu(N0 )

I

Nal

-99

Cr

Cr

>99.96

Mn

Mn

>99.99

Ni

Ni

>99.99

Co

Co

>99.93

Pb

Pb

>99

Pu

PuO

3

3

Retention in Salt (%)
>99.5

2

>99.7
>99.9

3

>99.8

>99.9

Evaluation of these test results indicated that the chemistry of the melt could affect
radionuclide retention. Tests with a sodium carbonate/sodium sulfate melt indicated a melt
retention of 85% for Cs-137 and 99% for Co-60. The melt retention during a test with only
sodium carbonate was 53% for Cs-137 and 72% for Co-60 (Ref. 2). Further tests at LLNL (Ref. 10)
supported conclusions that 1) 20 wt% Na2SC»4 in the melt decreases Cs volatility by a factor of
2; 2) 10 wt% of NaCl in the melt increases Cs volatility by a factor of ten; and 3) the presence of
2 wt% ash, molecular sieve or silica has no effect on Cs volatility. Thus, although the ability to
retain some radionuclides and possibly heavy metals can be improved by proper melt
chemistry, the life of the melt may be determined by the ability to retain these materials since
NaCl is continuously being formed during the destruction of chlorinated wastes.
7.1.3

Technology Status

Rockwell International developed a molten fluoride process in the 1950s to process
nuclear fuels (Ref. 2). This effort expanded to include experimenting with using molten sodium
carbonate to scrub sulfur dioxide from coal flue gas and act as a catalyst for coal gasification. In
the course of the coal gasification work, Rockwell discovered that the salt melt could achieve
complete oxidation of organic and carbon-based materials. Bench-scale tests (2 lb/hr) of the
process were run on several organics, including chlordane and polychlorinated biphenyls.
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Demonstration scale tests from 150 to 2,000 lb/hr were run on gas streams, combustible solids,
and various organic forms. This work was sidelined in the late 1970s as incineration became a
common, relatively inexpensive form of waste treatment. Interest has been revived recently as
alternatives to incineration have been sought.
Rockwell has investigated both destruction efficiencies and PIC formation, and a large
body of intellectual property exists in this area. There were extensive tests run at Rockwell in
1981 on both pilot and bench scale systems for EPA to obtain DRE and PIC formation data with
hexachlorobenzene and a chlorinated pesticide as feedstocks. The pilot tests were on a scale that
was considered "commercial" with up to 270 lb/hr hexachlorobenzene destroyed. Detailed
parametric tests of PCBs were performed, and an extensive test program was run at Edgewood
Arsenal by the Army on chemical weapons agents. Dioxin and PIC data has recently been
obtained by ORNL (Ref. 4).
Rockwell has used a bench-scale, one-stage, 6-inch diameter reactor made of ceramic
material to destroy an oil/TCE mixture at the rate of 0.25 lb/hour (Ref. 11). The Rockwell team
reports control of the problems of salt melt viscosity (by use of appropriate additives) and saltaerosol entrainment in the offgas stream. In addition, Rockwell has been able to reprocess the
salt for reuse.
LLNL has constructed a two-stage molten salt unit that uses a low-temperature (750°C)
reducing stage followed by a higher temperature (> 900°C) oxidizing stage for the first-stage
offgas (Ref. 11). The unit can be operated as either a single- or two-stage process and is capable
of operating at temperatures up to 950°C. This unit has been used extensively over the past
three years, including one run of over 100 hours in which rubber was destroyed (Ref. 8). LLNL
has also developed an instrument for measuring the froth height in the molten salt unit, for
which a patent is pending.
Work has also been performed at DOE's NREL on a MSO offgas treatment reactor, and
PNL has investigated the MSO reaction mechanisms and kinetics. However, as of 1995 work is
no longer being performed at these facilities (Ref. 8).
DOE Office of Waste Management (EM-30) has initiated a development and
demonstration project for a single-stage molten salt unit for destruction of DOE mixed waste at
LLNL with industrial participation (Ref. 12). This will be a pilot-scale system with a throughput
of approximately 20 kg/hr of organic material and a start date of late 1997 or early 1998. This
system will be part of LLNL's Mixed Waste Management Facility. LLNL is working with the
State of California to permit the MSO process. The Naval Surface Warfare Center has also
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shown interest in the MSO process for treatment of explosives and propellants (Ref. 10). LLNL
is also supporting fundamental work in Russia to investigate the catalytic effects of the salt on
organic destruction.
In addition to the above development work, EM-50 has funded a technology
development effort by LLNL, ORNL, and ETEC to provide answers to the questions and issues
associated with the MSO process, as discussed in Section 7.1.5 (Ref. 12). The results of these
studies are presented in References 4 and 6.
Although work on the MSO process started in the 1950s, and significant work is ongoing
at the laboratory and bench scale, no production-scale MSO system for hazardous or mixed
waste has been constructed to date. However, Rockwell has proposed a system for the
commercial destruction of hexachlorobenzene wastes at a major chemical manufacturer's
facility at a throughput of 10 tons/day. The project is under consideration and could be started
in 1996. The pilot-scale system scheduled for installation at LLNL's Mixed Waste Management
Facility is in the preliminary design phase.
7.1.4

Destruction Efficiency

Tests performed by Rockwell from 1975 to 1984 demonstrated >99.9999% destruction of
PCBs, chlordane, trichlorobenzene, GB and VX nerve agents, and mustard gas (Ref. 3).
Perchloroethylene distillation bottoms were treated in the Rockwell laboratory MSO system.
These wastes consisted primarily of perchloroethylene (92-94%), with 0.1-0.2% uranium and 4 to
8% other organics. Within detection limits, destruction of the organics was complete—1 to 3% of
the uranium was found in the particulates; the concentration of NO in the offgas was less than
25 ppm; and the concentration of HC1 in the offgas was less than 2 ppm, as long as any
Na 2C O3 remained in the melt. The particulate content of the offgas, consisting mainly of NaCl,
increased with time. More recent tests on waste oil containing organic degreasers, solvents, and
alcohols and spiked with TCE by Rockwell/ETEC demonstrated 99.9999% destruction in the
bench-scale reactor with 99.7% retention of the HC1 generated by destruction of the TCE (Ref.
9). Results of several tests performed by Rockwell International are summarized in Table 7-2
(Ref. 5).
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Table 7-2. Typical Results of MSO Destruction Tests (Ref. 5)
Waste Description

DRE

Comments

Chemical Agents

>99.999999

Conducted at Edgewood Arsenal

Perchloroethylene Bottoms

Complete; No
PICs found

Feed contained 500 ppm Uranium

Trichlorobenzene

99.99997

Liquid chlorinated hydrocarbon

PCB

>99.9999

N0CI2 or phosgene

Hexachlorobenzene

>99.99999

Solid chlorinated hydrocarbon

Chlordane

>99.999999

No CI 2 or phosgene in off gas

Industrial Waste

Complete

Contained N, S, and CI2

Ion Exchange Resin

Complete

Difficult to incinerate

Fluorine wastes

Complete

Solid fluorinated hydrocarbon

Aqueous cyanide

>99.99

Aqueous waste

Silicon carbide

Complete

Leaded gloves

Complete

Lead retained in salt

LLNL's two-stage MSO unit has achieved organic destruction efficiencies of 99.99% for
organic liquids when the temperature is maintained above 900°C in the second stage (Ref. 11).
Results of tests performed by Rockwell International on radioactive and simulated radioactive
wastes are summarized in Table 7-3 (Ref. 5).
Table 7-3. Results of Radioactive and Simulated Radioactive Tests (Ref. 5)
Waste Description

Test Results

Comments

Pu Contaminated Waste

99.9+% of Pu in melt

Pu in prefilter only

Simulated fission products

>99.5% Sr, Eu, Cs in melt

99% 1 in melt

Concentrated aqueous slurry
NaN03

Maximum safe H2O is 60%

NO 3- and OH" form CO 3=

Simulated rad waste

Complete destruction

7-day pilot plant test

Solid nitrates & nitrites

No NO 3" or NO2" in melt

N O as low as 26 ppm
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7.1.5

Technology Comparison

7.1.5.1

Advantages

•

MSO can accomplish organic destruction, acid gas absorption/neutralization, and
some particulate and volatile metal removal from a waste stream in a single unit
operation. At adequate conditions of oxygen concentration, residence time, and
temperature, MSO has demonstrated high destruction and removal efficiencies for
organics, minimum generation of PICs, and high removal efficiencies for acid gases.
Acid gas removal remains high until nearly complete melt depletion of the alkali
carbonate salt occurs. Because salt recycling is expected to be an integral part of the
MSO process, acid gas removal will remain high and CO generation low.

•

This technology may be able to successfully process difficult-to-treat wastes such as
nuclear grade graphite and tributyl phosphate and may be suitable for other
problem waste streams such as sodium metal and energetic materials.

•

Gas-liquid contact in the melt is intimate, providing high mass and heat-transfer
rates under normal melt conditions of viscosity and density.

•

MSO provides significant thermal mass/inertia to prevent process upsets, such as
those involving sudden changes in waste feed constituents or concentration. This
provides some level of containment of waste constituents to prevent them from
entering the offgas system.

•

MSO is not a major N O generator due to its moderate operating temperature.
x

• ' MSO is not an open flame waste destruction process, which may make it more
acceptable to the public than incineration. However, MSO will most likely be
permitted under Subpart X of RCRA for miscellaneous thermal treatment using
current and future RCRA hazardous waste incinerator emissions standards and
operating conditions (Ref. 2).
•

MSO operating systems may be constructed in relatively small units for small
quantity generators.
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7.1.5.2

Issues and Potential Disadvantages

Following is a discussion of issues gleaned from References 1, 2, 11 and 13 and are
primarily concerned with process complexity, reliability, safety, and maintainability. As
indicated in the following discussions, many of these issues have been resolved, or engineering
designs are being developed to resolve these issues.
•

Solids Pretreatment: To achieve good solid-liquid contact, solid wastes must be
reduced in size. The size reduction required depends on the size of the system and
LLNL has demonstrated reduction to 1 mm using commercially available shredders
and ball mills (Ref. 8). However, particles 3/16-inch and larger have been treated.

•

Materials of Construction: Molten halide and carbonate salts in an oxidizing
atmosphere constitute an extremely aggressive chemical environment. Work has
been underway at ETEC and LLNL to explore alloys and coatings for MSO vessel
construction. To date several commercially available alloys have been tested. One of
them, Inconel 600, has been subjected to a molten carbonate salt bath with high
chloride and humidity at 950°C with low corrosion rates, and appears to be
satisfactory for vessel construction
Some high-alumina ceramics have shown good resistance to oxidation and hightemperature corrosion up to 1050°C; however, parts, fittings, seals, baffles, etc. are
not readily available from such materials. Thermal cycling and thermal shock may
be also a problem with ceramic refractories; corrosion enhancement may occur due
to interaction of the salt with certain wastes or certain waste components; and phase
changes in alumina refractories may be a problem.
Stainless steel is said to be stable in the presence of alkali carbonates at low
temperature, but is susceptible to stress corrosion in the presence of chlorides, and
welds may be subject to failure with excess thermal cycling. Some high alloy metals
have withstood the effects of molten salt for long periods of time, but only at lower
temperatures (i.e., < 850°C to 900°C). There is also a potential for severe corrosion of
materials containing the melt when the system is operated under reducing
conditions, particularly if the wastes contain sulfur.

•

Freeze-Up/Loss of Fluidity : The salt melt will freeze in all regions of vessels and piping
that are not adequately insulated" and/or heat traced. Freeze-up of molten salt in
process equipment must be avoided, particularly in radioactive service. Design must
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include an auxiliary heat source to re-melt the salt and the ability to remove the salt
in solid form if re-melting is impossible.
High ash conditions can cause loss of fluidity or undesirable increases in viscosity
(vs. freeze-up) of the salt melt within the MSO reactor or ancillary systems during
off-normal operating conditions. Combinations of alumina and silica can cause rapid
loss in fluidity and salt deposits on the walls at relatively low concentrations. The
conditions that cause these problems may be easily avoided by (1) analysis of the
feed stream to limit the amount of ash introduced into the system, and (2) use of a
continually operating salt recycle system to remove the ash from the melt.
Melt Composition: To achieve consistent operating conditions in the unit, the melt
composition must be controlled within specified limits to prevent build-up of NaCl
and ash. Increases in viscosity due to ash build-up changes the melt's hydraulic
behavior and ultimately decreases the mass transfer rate from the solid and gas to
the liquid melt phase. For an air-sparged MSO unit, increasing melt viscosity causes
increased splashing of melt into the vapor space above the melt, resulting in
increased droplet entrainment and potentially melt carryover into the offgas and
buildup on surfaces. Ultimately, salt bridging could occur in the vapor space and
offgas exit duct, depending on the system design.
These problems may be minimized or eliminated by continuous overflow
withdrawal, recycle, and addition of make-up salt. The offgas piping can be
protected from splashing and salt entrainment by baffles and/or mist eliminators,
adequate disengagement height above the salt surface, and /or mechanical means
(soot blowers or rodding out devices) may be used to remove frozen salt from the
offgas piping. Salt that is carried over into the offgas system and does not stick to the
piping walls will be trapped in the bag filters and may be returned to the reactor.
There is the potential for buildup of metals in the reactor vessel with extended
operation. It is known that lead and aluminum can form separate phases from the
salt under certain conditions, but it is not known how this may affect operation.
Rockwell has operated bench scale and pilot scale units with liquid lead, aluminum,
copper, and silver in the salt bed with no adverse consequences (Ref. 8). The metals
and metal oxides that sink to the bottom of the melt may be removed by the normal
function of the salt recycle system.
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•

Low Temperature Operation: Low temperature systems are no longer being considered
because of potential operational problems. For example, foreign salts, tars, and
carbon residue may form in the low temperature reducing stage of LLNL's two-stage
reactor (Ref. 11). With low temperature operation Rockwell has shown that with
certain feed materials, combustible reactant can collect in the bed and act as if there
were additional ash, or exhibit other problems (Ref. 8). For instance, carbon or char
can collect and at a certain critical loading the salt bed can suddenly "fizz and foam"
ejecting liquid salt into the offgas. Also, aluminum metal at low temperatures can
collect and form a pool in the bottom of the reactor. The aluminum can suddenly
react with the carbonate causing a severe thermal excursion. Other problems with
low temperature operation include delayed ignition which Rockwell has shown to
occasionally result in detonations in the cover gas above the melt pool, and
depositions of carbon and tar in the offgas over long periods of time.

•

Monitoring and Control: Melt composition changes are slow over time and can be
monitored by on-site laboratory services with a melt sample on a once-per-shift basis
(Ref. 8). Trends in chloride salt carryover and offgas composition can be correlated to
melt content, and gross changes in melt viscosity can be inferred from vessel
operation. Real time monitoring of bed temperature, bed depth, reactant feedrates,
and offgas composition have been done routinely. Monitoring of the bed reactivity in
terms of excess alkali can be done with simple wet analysis of the melt overflow. The
bed is meant to operate at an average excess carbonate level; measurement of the
HC1 in the offgas will provide a trip signal in the event the alkali content is
inadvertently depleted.
Pre-characterization of the waste input will also assist in controlling the melt
composition: Waste characterization is necessary to monitor parameters such as
chemical reactivity and chloride and ash content. Analysis of the incoming waste
feed can be used to trend the ash build-up, and analysis of the salt recycle stream
(taken periodically or continuously) will confirm the projection.

•

Salt Carryover: Carryover of salt from the molten salt unit into the offgas system may
occur by both volatilization and physical entrainment, and has been considered a
problem by previous evaluators of this technology. The salt generates particulates in
the offgas in addition to particulates generated from the waste, and the resulting
carryover may cause build-up and bridging in the offgas system. However,
volatilization is low at the operating temperature of the melt, and Rockwell and
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LLNL indicate that this issue has been dealt with successfully in several pilot and
demonstration size systems (Ref. 8). Impingers have been developed that are not
subject to bridging and blocking to provide trouble-free operation. Self refluxing
baffles have been used by LLNL to alleviate salt carryover by eliminating splashing.
In addition, LLNL plans to monitor pressure drops in the offgas piping of the system
they are developing and use an on-line mechanical means of rodding the piping if
necessary. Mist eliminators and baffles used in smaller systems to reduce carryover
may be subject to salt buildup and plugging, but large systems may be designed
with adequate disengagement height to minimize carryover into the offgas system.
As the offgas is cooled, the volatilized and entrained salt freezes, is collected in
conventional filters, and may be returned to the reactor.
LLNL experiments indicate a froth may be produced on the surface of the melt
which can increase entrainment and carryover of salt. Several factors may cause the
production of froth and froth height, however, the problem results primarily from
low temperature operation and the resultant build-up of free carbon (Ref. 8).
Over-Pressurization: Previous evaluators expressed concerns regarding adverse
reactions of certain wastes with the molten salt, and the potential for steam
explosions with large quantities of water in the waste feed. However, Rockwell
indicates these fears regarding steam explosions are unfounded. ETEC and LLNL
found that aqueous wastes could be continuously fed to their bench-scale MSO
vessels with no adverse effects (Ref. 8). In several experiments, high pressure water
was intentionally injected through a 1/4-inch nozzle with no explosive reaction.
Steel plants have had similar concerns with molten metal, but as long as the bed is
being air blown there is no explosion potential.
Systems Operation: There are several issues regarding system operation, and several
operational problems have occurred during previous tests.
-

High ash wastes require greater quantities of make-up salt, and the salt bed life
can decrease significantly (from months to days), or the recycle rate increased,
depending on the ash or chloride content of the waste. Thus, the waste feed must
be characterized to monitor the ash or chloride content of the feed.

-

Spent salt reprocessing used to extract radionuclides or ash has not been
demonstrated on mixed waste. However, two large-scale MSO projects (one for
coal gasification and the other for flue gas desulfurization) operated by Rockwell
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has aqueous reprocessing to remove ash and sulfur and to recycle the sodium
carbonate in the spent salt. Work is in process to develop and evaluate final
forms for disposal of the secondary waste (Ref. 4 and 6). However, there is
insufficient test data to make a definitive statement about secondary waste or the
type and quantity of residuals from processing DOE mixed waste streams by this
process.
-

Although claims are made that the salt can be treated by "standard aqueous
technology" to remove the contaminants and recycle the salt, the MSO process
has not been evaluated or demonstrated as an integrated system. That is, molten
salt has been investigated on a bench-scale as a unit process; the other parts of
the system (waste preparation, waste handling and injection, salt recovery,
secondary waste, offgas treatment, etc.) have not been considered from a system
or life-cycle standpoint.

-

7.1.6

Salt processing adds another level of complexity to the process similar to that
associated with recovery of acids in the direct chemical oxidation processes
discussed in Section 2.

Cost of Technology or Equipment

Rockwell has estimated that the costs in 1992 for a small system for treatment of a generic
radioactive waste, including CO2 retention, was $3,200 to $3,600 per ton (Ref. 14). These are
costs for a specific system and should not be construed as general processing costs as actual
costs will depend on the waste constituents and matrix. These costs do not include waste
stabilization or disposal. Salt recycling contributes approximately one-third to the total cost, and
shredding costs will also be significant (Ref. 2).
7.1.7
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7.2

7.2.1

METAL MELTING TECHNOLOGIES

Technology Description
Metal melting and refining technology is an established decontamination method in

which contaminated steel, copper, or other contaminated waste can be melted with a suitable
slag. This technology may be used to treat metal-bearing and other types of mixed waste to
destroy the organic contaminants, achieve waste volume reduction, recycle the contained metal,
and produce a compact, leach resistant waste form. Generally, the waste is introduced into a
molten metal bath within a refractory lined vessel, and the process parameters are controlled so
that the constituents separate into a metallic layer, a slag layer (oxidized material) and an offgas
stream. The separation of metals from oxidized material depends on the differences in chemical
reducibility, melting points, vapor pressure, density, miscibility of the melts, and additives used
in the process. A variety of operating environments (oxidizing to reducing) are possible in
these systems.
Radioactively contaminated solid metal wastes can potentially be treated using metal
melting technology. Over a third of the debris in the DOE inventory is metal or predominantly
metal, including discarded metal equipment removed from gloveboxes that are surface
contaminated with low-level radioactive material coupled with hazardous organics (such as
pump and lubricating oils). Some melting systems allow for treatment of these heterogeneous
wastes, whereas other systems require size reduction in order to introduce the wastes into the
bath. Uranium, transuranic elements, and many other radionuclides have a higher affinity for
oxygen than iron, copper, nickel, etc., so these elements are preferentially oxidized and
concentrated in the oxide, or slag, phase. Liquid slag is separated and vitrified, making it
chemically stable and resistant to leaching, and may be treated as a low-level waste. Although
the amount of radioactive elements remaining in the metal depends on operating conditions,
the amount is expected to be very low. Any radioactive components remaining in the metal will
be stabilized and evenly distributed in solution in the bulk of the metal rendering them less
hazardous than the original surface-contaminated waste material. The liquid metal can be cast
into convenient shapes and recycled within the DOE complex in the form of shielding material
or waste containers.
The organics would be decomposed by the intense heat and/or the catalytic nature of the
metal bath, producing hydrogen, carbon, and CO or CO2 depending on the nature of the
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reactor. Organic wastes are potentially useful as fuel for heating or as a reducing agent, and
waste material containing silica may be used as a fluxing agent. Heat can often be reclaimed
from offgases with heat exchangers for use, for example, in drying furnace feedstock. Organics
in the form of methane, fuel oils, or solid carbon can be added to maintain a reducing
environment.
The refining characteristics of ferrous-based alloys, and formation of the slag layer, will
be based on the oxidation of dissolved contaminants by supplying oxygen to the metal bath
(either by gas injection or by the addition of easily reducible oxides), dissolving the
contaminants in reactive oxide slags, and vacuum degassing the volatile dissolved species.
Many of the metal contaminants in mixed waste are present as oxides, requiring only physical
separation.
Conventional, high-throughput metal melters that potentially could have application for
mixed waste treatment include induction heating melters, electric arc melters, and combustion
melters. The most attractive of these is the induction furnace, which offers large refining
capacity, controlled and confined gaseous atmospheres, and robust operating capabilities with
multiple feed streams (Ref. 1). In addition, several companies have developed innovative
melting systems. Descriptions of melters potentially applicable to the treatment of metalbearing mixed waste follows.
Induction Heated Melters
Induction heated melters use an electrical induction coil for heating a refractory-lined
crucible in which the wastes are contained. The melter requires a cooling water system to cool
the induction coil and power supply. When melting metals, a slag coagulant is added to the top
of the molten mass to aid in slag removal. Induction melters are used commercially in the
foundry industry and may be useful for treatment of both small and large dry metallic solids.
Electric Melter Technologies
Electric arc melters are high-temperature melters (1650°C) that maintain an arc between
graphite electrodes and the material to be processed. A plasma gas similar to that of plasma
melters is produced in the vicinity of the arc. Arc melters differ from plasma melters in that no
plasma torch or torch gas is used. Electric arc melters can be operated with either direct current
(dc) or alternating current (ac) power. Using dc power and reducing conditions within the melt,
the furnace can separate a metal phase from a glass phase. If metal is to be incorporated into the
glass matrix, ac power is used and oxidation conditions are maintained.
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Combustion Melters
Combustion melters use high-temperature combustion of fuels and direct heat-transfer to
melt and vitrify waste. The waste is first entrained in a high-temperature combustion gas
stream, melted, and then centrifugally separated from the gas stream. Waste is introduced into
the high-temperature gas stream as a finely divided solid or as an atomized slurry.
Other Metal Melting Technologies
Other metal melting technologies which have been assessed for mixed waste treatment
include fossil fuel melting (bath smelting, basic oxygen processes); electron beam melting;
vacuum arc remelting; and electro-slag melting. Joule-heated melters, which are the primary
melters used for vitrifying high-level waste, are glass melters rather than metal melters and are
not well suited for treatment of wastes that contain large amounts of metal.
Several companies are developing molten metal technologies for application to
hazardous and mixed waste. The following discussion is a brief description of these systems.
Ashland Petroleum
Ashland uses a proprietary process, called the Hymelt^ process (Ref. 2), to destroy
wastes such as trash, garbage, and low-value chemical and refinery streams and recycle
hydrogen and carbon with a molten iron bath. Waste or low-value refinery streams are injected
into the molten metal where they dissociate into their elements. With trash, garbage, and other
hydrocarbons, hydrogen is emitted from the bath. Carbon dissolves in the molten iron which
flows to a second chamber where air or other oxygen source is injected to evolve CO. Both
effluents can be used to produce new products or are burned for heat.
1

Feeds can include any low-valued materials, but hydrocarbons are particularly preferred.
Trash and garbage are principally hydrocarbons, as is dewatered sewage sludge and
agricultural waste. Sulfur, silica, and other incidental impurities can form a slag layer that can
be tapped off from the molten surface. Bacteriological agents, chemical weapons, and other
hazardous waste can be detoxified because they are separated into their individual elements.
This technology has not been developed for application to mixed or radioactive waste.
Scientific Ecology Group (SEG)
SEG has a 20 ton/hr induction furnace melting facility in Oak Ridge, Tennessee, that is
equipped with surface decontamination equipment for cleaning prior to melting (Ref. 1). The
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feed to the furnace has very low levels of uranium contamination. The system uses an acid slag
that may yield less than the optimum refining chemistry for the product metal, and the furnace
is open to the atmosphere. This uncontained operation may be a problem when processing
materials more severely contaminated with uranium or plutonium. Furthermore, significant
chrome loss may occur when processing stainless steels in the open atmospheric operation. The
metal produced from this facility is typically used for shield block within the DOE complex.
Sirosmelt Technology
Sirosmelt is being developed and commercialized in Australia. This technology centers
on a lance through which process air and fuel are delivered beneath the surface of a liquid slag
bath (Ref. 3). The steel lance is protected from the furnace contents by a coating of frozen slag,
which is maintained by the cooling effect of the combustion gases passing down the lance. The
process gases are injected into the slag and create very turbulent conditions in the bath, which
promotes rapid reactions and high smelting capacity. Sirosmelt has been applied to a variety of
smelting and reduction processes on scales ranging from 50 kg/hr to 50 tons/hr.
The technology has intense and controllable stirring and is able to accept a wide variety
of feeds, ranging from crushed ore from mines to mud and fine concentrates injected through
the lance. It may be applied to treatment of residues and wastes from a variety of sources and
can treat organic/heavy metal wastes in a single stage. For example, a waste water sludge could
be fed as a filter cake directly into a reactor. The organic components will combust at the system
temperature and additional combustion air can be added to the furnace gases at a controlled
rate through the lance. This allows post combustion within the body of the furnace. The
remaining components are either slagged or volatilized for collection in the baghouse. It is also
possible to add chemical modifiers such as carbon to alter the oxidation state of metal species
like hexavalent chromium, which can be reduced to trivalent chromium.
Applications of the technology include smelting to produce most non-ferrous metals, as
well as some ferrous processes. It has also been used to recover metals from various waste
streams, such as zinc leach residues, slag dump materials, steel plant dusts, and retort residues.
Molten Metal Technologies (MMT)
The Catalytic Extraction Process (CEP) developed by MMT employs an inductivelyheated, refractory-lined, molten metal bath which can process gaseous, liquid, or solid wastes
and recycle their constituents as products. MMT either heats the metal directly with an
induction field, or heats a succeptor which heats the crucible and the metal. Gaseous, liquid, or
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solid slurries are injected into the bottom of the reactor through tuyeres (concentric nozzles).
Bulk solids are fed into a top section of the reactor through a lance or other feeding mechanism.
Injection of feed materials into the bottom of the melt provides sufficient residence times for
feed decomposition, dissolution, reaction, and separation of the product phases. Bulk feeding is
engineered so that longer dissolution and residence times are allowed to ensure complete
reaction.
In the CEP process, chemical reactions are performed in a highly reducing environment
which results in extremely low concentrations of free oxygen, preventing the formation of
dioxins, furans, NOx/ and SO - This operating environment gives the CEP regulatory
advantages over combustion technologies. The CEP has recently received Best Demonstrated
Available Technology (BDAT) Equivalency for K027 RCRA-listed organic wastes. MMT has
reported environmental performance exceeding most combustion technologies, with organic
destruction exceeding 99.9999% for dioxins and di-furans and other hazardous organic
constituents. The reducing environment is maintained by the carbon present in the waste feed
or by the addition of carbon in the form of methane, fuel oil, or solid carbon. In addition to
carbon, ceramic additives can be added to maintain ceramic phase properties as desired.
x

In the CEP, metal oxides are either reduced to their elemental state or partitioned as
oxides into the ceramic phase. This partitioning can be predicted by chemical thermodynamics.
Ceramic oxides such as silica, calcia, and alumina are collected in the ceramic phase. Uranium
and transuranic elements remain as oxides and are partitioned to the ceramic phase. Organic
wastes are converted to carbon monoxide and hydrogen. The halogen content of organic
wastes can be partitioned to the ceramic or gas phases as desired by the customer. Water is
converted to carbon monoxide and hydrogen. MMT has demonstrated the safe processing of
aqueous wastes and slurries in the molten metal system as well as organic liquids, gases, and
bulk materials. Volatileheavy metals such as mercury, lead, and cadmium are collected in the
gas handling train.
7.2.2

Input And Output Stream Characteristics

Metal melting treatment systems accept a wide variety of waste streams with generally
rninimum pretreatment except for size reduction in some systems. The composition of the waste
that can be efficiently treated in a melter varies with the system, and some metal melting
systems are more versatile than others. Often, waste characterization is necessary to control slag
chemistry. A limitation to the technology is the processing of wastes containing significant

7-25

quantities of water; the additional fuel requirements would make the process less cost effective
and there is the potential for steam explosions. However, MMT has demonstrated the CEP on a
number of aqueous wastes and slurries. Steam explosions were not a problem for the CEP due
to the highly turbulent bath with high void spaces. Excess organics in the feed may produce a
reducing environment causing RCRA metals to form in their metallic state and remain in the
molten metal bath rather than oxidize and partition to the slag. Carbon can be added to the
bath to control the reducing environment.
Induction heated melters are useful for treatment of both small and large dry metallic
solids and inorganic materials such as incinerator ash, yielding a final waste form resistant to
leaching. Electric arc melters are well suited for metal-laden wastes because of the electrode
arrangement and high operating temperature used. They can be used to treat organic liquids,
dry or wet solids, bulk metals and inorganic waste forms, and bulk combustible waste with low
heating value. Sealed furnace electric arc systems require some feed size reduction. If the gas
space in dc arc melters is maintained under reducing conditions, organic material may be more
efficiently treated by another technology, or an afterburner will be required to burn off the
syngas produced.
Combustion melters use gas phase combustion and thus are suitable for processing of
wastes containing organics. Due to feed size restrictions, they are not amenable for treatment of
bulk metal. Large items would require extensive crushing or grinding as a pretreatment step.
In general, some pretreatment may be required to remove volatile metals or some
presorting to remove chemical species that would be highly miscible in their molten state. An
example includes mixtures of copper and iron which, if melted, cannot be easily separated
because of the nobility of copper relative to iron (Ref. 1). Solid material pretreatment is required
for the MMT system to reduce the particle size to enable entrainment with a gas or liquid slurry
for tuyere injection. Present tuyere injection requires particles sized to less than 0.25 inches.
Lance injection and bulk injection have been bench tested using larger sized feed material
(about 1 inch).
The output streams (solid, liquid, and gas) from metal melting systems vary
considerably, depending on operating design parameters (e.g., oxidizing or reducing
atmosphere). The slag containing radionuclides may or may not be susceptible to leaching,
depending on the input stream components and the required slag chemistry. A melt/slag
process should be designed so that the slag is able to pass EPA toxicity characteristic leaching
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procedure (TCLP) tests, because generally it is not amenable to further processing. However, it
is possible that some slags could be used as a fluxing agent.
Typical effluents include 1) a metal product that may be recycled for use as waste
containers or shielding; 2) slag that contains oxidized radionuclides and heavy metals and that
may meet most disposal requirements; 3) gaseous products of volatilization, oxidation, and
decomposition; and 4) particulates and metals entrained in the offgas. The evolution of
particulates, radionuclides, and toxic metals may be large compared to other thermal treatment
operations in a high-temperature bath without a cold top of unmelted feed material. A properly
designed offgas system will capture any particulates and volatile materials present. Mercury,
lead, and other volatile metals may then be recycled. The effluent gaseous products include
primarily CO, CO % d H2 from organic material, water in the feed, and N O - In highly
a n

x

reducing environment, typical of the CEP, CO2, S O and N O are not formed. According to
x

x

MMT, halogens in the feed can be partitioned preferentially to the ceramic phase as metal
chlorides, resulting in low halogen acid emissions. Other potential gaseous emissions, which
include compounds of carbon, nitrogen, and sulfur, depend on the feed composition and
operating conditions. The process itself should be designed so that organics present in the feed
are destroyed and do not end up in the offgas.
The metals in various mixed wastes include carbon steel, aluminum, copper wire, monel
pipe, and nickel (and in some cases precious metals such as gold, silver, and palladium) and
may have economic recycle value. SEG and MMT use processes that generate metal ingots of
various sizes. The ingots may be used to manufacture metal waste disposal containers, vitrified
waste canisters, and reinforcing material for use in concrete waste storage containers or
construction materials.
The total mass of slag product, metal product, and solid dust removed from the offgas
system will be similar to the mass of input feed material, less the amount of gasified feed
material, plus any amounts of slag and metal-forming additives (Ref. 5). The only potential for
liquid waste generation would be through wet scrubbing technologies (if used) for air emissions
control.
MMT reports the CEP yields four basic end-products depending on the feed: recoverable
metals of high purity; concentrated gases including synthesis gases, such as hydrogen, carbon
monoxide and up to 1% C2H4, with smaller amounts of other light hydrocarbons (<C3); and a
ceramic slag phase consisting of silica, alumina, and calcium chloride (Ref. 4 and 6). Recent
tests have shown that halogens can be significantly (99%) partitioned to the slag by reacting
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with CaO to form CaCl2- Nonferrous elements such as nickel, chromium, and vanadium are
reduced to the elements and dissolve in the bath. Preliminary work with transuranic elements
indicate they will concentrate in the slag as oxides (Ref. 6).
7.2.3

Technology Status

Extractive metallurgical processing has been in commercial use since the turn of the
century, and the technology is well understood. Current commercial metallurgical operations
often include the recovery of metals and other salable materials from hazardous wastes. Other
melting operations have been specifically designed and used for the treatment of hazardous
waste. Currently, several of DOE's environmental restoration programs are involved in
development of metal melting technologies for treatment of metal-containing mixed wastes
(Ref. 7). In addition, several private companies are investigating or using metal melting
technology to treat mixed waste.
The Decontamination & Decommissioning Integrated Demonstration (D&DID) is
pursuing development of technologies to decontaminate scrap metal wastes from DOE facilities
in bulk form by means of metallurgical processes. D&DID also has plans for studying future
needs for metal material within the DOE complex that potentially could be satisfied by
recycling metals that have been virtually decontaminated. SEG has a PRDA through the D&DID
to demonstrate decontamination of about 70 tons of scrap metal, and then use the refined metal
to fabricate waste storage containers.
SEG currently uses induction heating in their metal melting facility (annual capacity is
estimated to be 25,000 to 30,000 tons) which treats metal-based wastes contaminated with
radionuclides. The plant uses a 1000°F preheater to remove water and organic films prior to
treatment in a 20-ton, 7,200 kW induction furnace. Uranium in the waste collects in the slag
phase, and the metal phase may be used for shielding or waste container applications.
Arc melting is another well developed melting method that has applications to the
treatment of a variety of DOE mixed waste. Hanford and the Idaho National Engineering
Laboratory are developing this technology as a means of waste treatment. Idaho National
Engineering Laboratory has been involved in development of this technology, and Buried
Waste Integrated Demonstration (BWID) is supporting operations in this area.
The BWID is currently supporting several efforts to demonstrate the applicability of
metal melting technology for treating buried wastes and soils. BWTD is demonstrating the use
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of an electric-arc melter to treat mixed transuranic (TRU) contaminated wastes and soils in an
existing arc melter furnace test facility at the U.S. Bureau of Mines (U.S. BOM). The melter is
commercial scale and currently operational. BWID is also demonstrating the use of induction
heated melters for waste solids, and pursuing the development of a dc graphite electrode
electric-arc furnace for the treatment of a variety of waste types including solids, liquids, and
offgas streams. This task is to be accomplished through collaborative effort between PNL, MIT,
and Electro-pyrolysis, Inc.
The Waste Component Recycle, Treatment, and Disposal Integrated Demonstration
(WeDID) was working to develop a molten metal system that can accept small explosive
devices and other weapon components. The weapon components routinely contain radioactive,
explosive, and toxic materials that are not easily separated or characterized for treatment.
Contaminants may include heavy metals, organics, beryllium, and PCBs. However, this project
was suspended for lack of funding in FY94.
MMT has successfully demonstrated the use of their patented molten metal technology
known as Catalytic Extraction Processing (CEP), for treatment of a variety of materials
including halogens, cyanides, PCBs, and polyaromatic hydrocarbons. CEP was originally
developed at U.S. Steel to utilize organic gases for heat value and recover specialty inorganics
and metal from wastes. A commercial-scale prototype of a CEP unit capable of processing up to
2 tons/hour of waste (17,500 tons/year) is being used to test other materials.
MMT currently operates a full-scale demonstration plant that contains a 3-ton molten
metal bath. Bench-scale and pilot-scale units are also operated at MMT. Waste treatment rates
in current CEP designs exceed 30,000 tons/yr. Power requirements depend on the feed rate and
composition of the feed material, but values of about 0.5 kWh/lb of feed material are needed for
melting non-combustible material.
MMT is currently designing plants for four commercial customers: Hoechst-Celanese
(chlorinated chemical plant waste), Clean Harbors (hazardous waste), SEG (ion-exchange resin),
and Martin Marietta. Martin Marietta Corporation recently teamed with MMT, Inc. to form a
new business entity called M4 Environmental, L.P., to commercialize the Catalytic Extraction
Processing technology for DOD and DOE applications (Ref. 8).
MMT has also installed a bench-scale unit in SEG's facility at Oak Ridge and is
performing operational trials on ion-exchange resins. Experimental demonstrations on both
surrogate and contaminated ion-exchange resins indicated complete capture of cobalt in the
metal bath with negligible dust carryover and volatilization of cesium. MMT has developed a
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proprietary cesium capture system that removed cesium from the gaseous phase down to lO'^

2

Ci (Ref. 9).
The DOE has awarded a PRDA to MMT to develop and demonstrate their QuantumCEP. This will include theoretical systems design, investigation of radionuclide partitioning,
optimization of the vitreous ceramic phase for stabilization of radionuclides, testing of RCRA
waste, and conceptual design development for heavily contaminated scrap metal (Ref. 9).
Ashland Petroleum's proprietary Hymelt™ process is a small-scale development
program and patents are pending on the process. While the basic components, such as
refractories and molten metal handling, are well known in the steel industry, the process
requires demonstration to attract capital to build commercial units.
7.2.4

Destruction and Decontamination Efficiency

Evaluation of liquid metal/slag technology was reported in Reference 1 in which
decontamination factors are provided for various slag chemistries. Experimental results are
reported in which the decontamination reaction for uranium on mild/carbon steel was
completed in less than 6 minutes. The decontamination factor increased with melting time and
temperature with the same slag composition. Decontamination of iron wastes contaminated
with Pu provided metal concentrations of Pu below 0.01 ppm and some samples exhibited
concentrations below 0.001 ppm. Partition coefficients (Pu in slag/Pu in metal) of 7x10^ were
obtained with a slag containing 81% Si02,13% B2O3,4% Na20,2% AI2O3, and 0.5% K2O.
Bench-scale tests by MMT, using hafnium as a radionuclide surrogate, were conducted to
demonstrate oxidation and partitioning of radionuclides (Ref. 9). The results demonstrated
>99.6% decontamination of iron and nickel using an aluminosilicate ceramic phase and >99%
using a borosilicate ceramic phase. Residual hafnium concentration in iron was 0.2 ppm and 2
ppm in nickel with the measured results limited by the lower detection limit. This indicates that
operating conditions and the vitreous phase can affect radionuclide capture and stabilization.
While most metal melting technologies are designed specifically to handle large amounts
of metal, almost complete organic destruction is possible with several melter designs. MMT
reports the CEP provides a destruction efficiency of 99.99999% for a variety of hazardous
wastes, and it can be used to recover valuable constituents (Ref. 4). Selected feeds processed at
MMT's Fall River demonstration prototype showed >99.9999% DRE for biosolids (based on total
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hydrocarbons), and F024, K019, K020, and K027 wastes. In all cases, PICs were < 1 ppm, CO2
was < 1%, and N O and S O were < 1 ppm (Ref. 9).
x

7.2.5

x

Technology Comparison
Advantages include the potential for treating all DOE wastes, and production of

recyclable metals and a nonleaching ceramic phase final form. A metal melting treatment
technology could allow DOE to meet legal requirements for treatment and disposal of mixed
wastes that cannot currently be met, and potentially could result in delisting of waste streams.
Other reported advantages of some metal melters include the ability to accept a wide variety of
waste streams, minimal feed pretreatment, significant reduction in offgas and process waste
volume, and production of a stable, nonleachable final waste form.
The viability of molten metal decontamination methods involving selective reaction of
contaminant radionuclides with another element such as oxygen to form an immiscible slag
phase has been established in prior work; however, this has been limited to uranium and
plutonium. There are a variety of contaminated metals and contaminants in the DOE waste
inventory, some of which will require treatment with different slags and different melting
processes. The importance of control over the thermochemistry is vital for these processes to
function as expected, and the effects of the chemical composition of the feed materials are
important (Ref. 10). To achieve the required partitioning, waste characterization is required and
the partitioning ratio for given slags, and waste components, must be determined.
Most of the radionuclide contaminants and/or radionuclide-metal combinations are
believed to be capable of effective removal by selective oxidation under molten metal
conditions. However, a number of radionuclides or radionuclide-metal combinations exist that
cannot be decontaminated by selective oxidation and partitioning into an immiscible slag. Thus,
satisfactory melt recovery results and assurance of safe operations may not be attainable
without detailed waste stream characterization, treatability studies, and performance of feed
stream preparation/pretreatment operations. These operations may include removing or
minimizing the presence of organic and other nonmetallic wastes; segregation of metals based
on base metal chemistry and thermochemical requirements for decontamination; segregation of
metal wastes based on radionuclide contaminant chemistry and thermochemical requirements
for decontamination and segregation; and size reduction required for furnace loading.
MMT indicates that their reactor can be controlled so that any type of feed could be
processed. The authors of Reference 1 have reservations regarding the applicability of liquid
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metal refining to waste with a high percentage of organic material combined with a radioactive
component. However, subsequent discussions with Davy International, the designers of the
MMT facility in Fall River, Massachusetts, indicate that the design basis for the Fall River CEP
facility included hazardous organic and inorganic wastes and could be designed to
accommodate radioactive materials. The LANL report also questioned the advisability of
heating the bath with the organic component since reactors of this type typically generate a
solids loading in the offgas on the order of 20% of the incoming feed. However, MMT has
demonstrated the processing of organic liquids and aqueous slurries without significant solids
carryover. The CEP has received BDAT Equivalency for a variety of organic listed wastes
indicating organic destruction which meets or exceed incineration standards. In addition to
organic liquids and aqueous slurries, MMT has demonstrated the processing of biological
sludges, and a variety of bulk wastes.
MMT has also demonstrated the CEP on all of the waste types typical of DOE mixed
wastes (soils, sludges, liquid organics, aqueous slurries) on their full-scale facility in Fall River.
As described in the previous section, hafnium was used by MMT as a surrogate for uranium. In
addition to these surrogate tests, MMT has performed bench-scale tests on radioactive ion
exchange resins at the SEG facility in Oak Ridge, Tennessee.
There are issues with employing conventional metal melting technology to treat mixed
wastes. Many commercial systems' treatment capabilities are limited to a narrow and wellcharacterized waste stream. Potential offgas problems must be avoided or handled by proper
design, including volatilization of heavy metals. In addition to development of the metal
melting unit, supporting technologies such as conventional feed, product (metal and slag)
handling systems, and feedback systems must be refined and modified for use with the unit.
Management of potentially hazardous secondary wastes is also a concern. In induction heating,
process parameters of the operation must be carefully controlled to prevent equipment damage
and possible explosion. With electric-arc melters, the high temperatures used may result in
excessive electrode consumption.
A primary disadvantage may be the dissolution of the refractory material in an oxidizing
environment, the associated downtime, and required maintenance in a hazardous and
radioactive environment. Although public acceptability should be comparable with other
melting processes that produce volume-reduced, nonleachable products, concerns with worker
safety, radiation containment, and toxic and hazardous emissions would still exist. The slag
product should be easily disposed; however, if the metal product is not recyclable, it may not
pass leachability tests. The offgas system solids will require immobilization or reinjection of fine
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particulates, metals, and radionuclides that are volatilized or otherwise carried from the melt at
temperatures around 1600°C.
Disadvantages for processing mixed wastes in liquid metal melters include the lack of
demonstration, especially for particle sizing and bulk solid feeding; the need for additives
which decrease the potential for volume reduction; technology is emerging with no treatment
units in operation; and there is no experience with long-term operability and maintenance
requirements. As indicated previously, one of the major disadvantages is the potential for
dissolution and/or corrosion of the refractory liner of the vessel containing the melt. Refractory
life has not been well established. Feeding of larger materials to the molten bath, and control of
feed contact and residence time with the molten bath, could be difficult (Ref. 5).
Major R&D requirements for metal melting systems include :
•

Demonstration of the pretrearment system for sorting and sizing for feeding.

•

Bulk solids feeding and control including the use of baffles.

•

Operability, performance, and lifetime of key components such as the feed system
and the refractory.

•

Demonstration of the applicability to the large variety of DOE wastes, including
control of radionuclides and RCRA metals and partitioning and immobilization of
these materials in the slag.

•

Methods of heat input to the melt when there are significant amounts of nonmetal
materials processed in the melt.

•

.Effect of organic content of the waste on radionuclide partitioning and generation of
particulates.

Other issues that require resolution include the potential for over-pressure due to rapid
gas evolution of volatile bulk materials; the effect of components commonly found in mixed
wastes (halides, sulfur, phosphorous, monoxides, etc.) on nuclide partitioning and delistable
slag formation; automation of material handling to minimize risk to operating personnel; and
development of instrumentation, control, and monitoring systems, including on-line feedback
of metal and slag compositions and offgas components.

7-33

7.2.6

Cost of Technology or Equipment

System costs are expected to be comparable to that of other inorganic waste treatment
options. Cost savings may be realized in terms of value of the scrap metal in addition to the
avoided disposal cost. Cost/benefits and acceptability of secondary waste stream generation
would be different for high- versus low-level waste and will also vary with the amount of
organics, metals, and other inorganics fed to the system.
The total capital cost of a typical Sirosmelt plant including development and other
requirements is in the region of $13 to $15 million, depending on the type of feed material, the
plant capacity, local site conditions, and whether or not oxygen enrichment is used (Ref. 3). The
operating cost is in the region of $60 to $80 per ton of slag.
Capital costs for a typical MMT installation are in the $15 to $50 million range, depending
on the volume and composition of the waste stream (Ref. 11). Smaller scale systems will be
designed to handle about 5,000 tons of waste per year. The system being constructed for Clean
Harbors Environmental Services, Inc. will have a capacity of 30,000 tons of waste per year, with
capital costs estimated to be between $25 to $35 million (Ref. 12).
7.2.7
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7.3

STEAM REFORMING

7.3.1

Technology Description

In steam reforming, hazardous organic chemicals can be destroyed by reacting with
superheated steam to produce a synthesis gas consisting of CO, CO 2/ H2, and H2O and CH4.
Several variations of the basic steam reforming system have been commercialized and are under
further development. The system that appears to be most mature with respect to processing
DOE wastes is the Synthetica Technologies system. Another system, developed by
ThermoChem, Inc., has been applied primarily to biomass feedstocks but recently tested on
surrogate mixed wastes. In the following sections, these two systems are described.
7.3.1.1

Synthetica Technologies

The Synthetica Detoxifier® consists of a two-stage destruction process. In the first stage,
organics are volatilized by high-temperature steam in a waste feed evaporator. The
hydrocarbons are vaporized within the evaporator upon exposure to superheated steam at
600°F to 1100°F, which begins the steam reforming chemistry to thermally decompose and
fragment the organic molecules. These gases generated in the evaporator pass to a noncatalytic,
high-temperature steam reforming reactor (or detoxifier) operated in excess of 2000°F, where
they are mixed with excess superheated steam and the reactions proceed to completion (Ref. 1).
Synthetica reports the availability of four different feed systems: a drum feed evaporator
for contained waste; a moving bed evaporator for liquids or slurries, chlorinated hydrocarbons,
and nitrate wastes; a heated shredder for debris; and a heated screw for contaminated soils.
Figure 7-2 depicts the operation of the system using a drum feed evaporator. Steam and hot
gases from the detoxifier are passed through the drum to evaporate organics in the drum and
begin the decomposition process. The hot gases are passed to the electrically heated detoxifier,
where the reactions continue to very-near completion with superheated steam. A small portion
of the detoxifier effluent is bled off of the main flow and may be fed to an adsorption bed or to a
catalytic converter where excess oxygen is added to destroy any residual organics and convert
these gases to CO 2 and H2O. The major portion of the hot effluent is sent back to the evaporator
to continue the process.
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Drum Feed Evaporator - DFE

Detoxification Reactor

•
•
•
•
•

• Conversion of organic vapors to non-toxics
• Operates under negative pressure
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•
•
•
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Selexsorb removes any halogens
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Minimal handling of wastes
COj purged to ensure safety
Double containment to prevent leaks

Process Controls
Fully automated operation
Continuous monitoring of all
process variables
• Ensures efficient, reliable operation

CO Converter (400-1200'F)

Heat Exchanger (350-1 sso'F)

• Detoxified gases oxidized to CO, and H 0
• Vent gases exceed all air emission standards

• Efficient heat recovery for economical operation
• Excess heat is recirculated to the Feeder

2

Figure 7-2. Schematic of Drum Feed Evaporator and Detoxifier Operation

The detoxifier is 4 ft x 6 ft x 7.5 ft and uses standard industrial power. Thus, it can be
mounted on a mobile platform for on-site treatment. The drum feed evaporator involves
vaporizing drummed waste with a hot carrier gas and steam and feeding the resulting gas
stream to the detoxifier. Alternately, wastes can be continuously fed from tanks into a drum
evaporator that internally produces a vaporized stream using the hot offgas from the detoxifier.
The drum is placed on a weigh cell and liquids are metered into the drum and vaporized. The
drums are sealed with a quick-disconnect and check valve fitting to provide inlets and outlets
for the waste and hot gases and to prevent contamination of the evaporator cell (Ref. 2). Any
inorganic or heavy organic residue is left in the drum.
Heavy solid-liquid slurries or thick liquids that are difficult to vaporize directly in a
standard drum may be fed into a moving bed evaporator (MBE) that vaporizes all volatiles and
produces a powdered residue at the outlet (Ref. 1). The MBE consists of a cylindrical vessel with
a conical bottom filled with 3/8-inch diameter ceramic spheres (Figure 7-3). The spheres move
down through the vessel and exit the bottom where they are conveyed by a screw conveyor to a
bucket elevator. The spheres are raised and returned to the top of the vessel. The waste is
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Figure 7-3. Original Synthetica Moving Bed Evaporator Operation

delivered to the top of the vessel, where it coats the ceramic spheres. Hot gases from the
detoxifier and superheated steam enter the MBE at the bottom. As the gases rise through the
MBE, they volatilize the organics from the spheres and carry the gaseous waste stream to the
detoxifier for further destruction. The residue remaining on the spheres is removed by sphereto-sphere abrasion and an elutriation device that assists abrasion and removal of the residual
material.
The MBE shown in Figure 7-3 is the initial design prototyped by Synthetica which has
historically encountered sphere breakage and agglomeration. This design has several problems
when applied to DOE waste. In particular, it is mechanically complex and may have severe
maintenance and personnel exposure issues when treating radioactive wastes. It is generally
agreed that this bucket elevator and screw feed approach is inadequate for most radioactive
waste forms. Sandia National Laboratories in Albuquerque, New Mexico, and LLNL were
developing a modified MBE, shown in Figure 7-4, that uses pneumatics to transport the ceramic
spheres from the exit of the MBE to the entrance (Ref. 3). Chlorinated hydrocarbons pose a real
challenge in the Synthetica System and the MBE was developed to treat chlorinated
hydrocarbons and wastes containing nitrates; however, there are design issues requiring
resolution that will be discussed in Section 7.3.2.
7.3.1.2

ThermoChem

The ThermoChem process uses an indirectly heated fluidized bed reactor to gasify
organic material with steam. A pulsed-enhanced combustor with fire-tubes contained within
the bed provides indirect heat. Sodium carbonate is often used as the fluidized bed material and
serves as a catalyst for gasification reactions. Superheated steam is injected at the bottom to
fluidize the bed, and travels up the bed countercurrent to the waste. Liquid waste is sprayed on
to the bed surface and solid waste is size reduced and fed to the system through a feed hopper
and screw feeder. The offgas is removed from the top of the bed and passed through an offgas
treatment system to remove flyash and acid gases that may be present.
The reactions take place in an oxygen-free, reducing environment to produce a
combustible hydrogen-rich fuel gas. Direct contact of the waste stream, such as black liquor or
sludge, with the hot particles promotes high rates of heating and pyrolysis. The porous char
layer that forms a residue on the surfaces of the bed particles is then gasified by reaction with
the steam. This fluidized bed reactor operates in a temperature range of 650°C to 900°C,

7-39

ELUTRIATION
SETTLING CHAMBER

BALL
CIRCULATION
RATE EOUALS
2.0 LBS/SEC

(LIFT)
BLOWER

EDUCTOR
(CERAMIC LINED)

SOLIDS

Figure 7-4. Schematic Diagram of Pneumatic Moving Bed Evaporator (MBE)
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depending on the feedstock, and at atmospheric pressure. The product gas is mainly H2, CO,
and CH4 that can be used to supplement the firing of the pulsed combustors or be flared in a
secondary combustion chamber, and a small amount of C02- After combustion, the offgas
should be composed of CO 2 and H2O.
For treatment of hazardous or mixed waste, ThermoChem is developing a two reactor
system shown in Figure 7-5 (Ref. 9). This consists of a first stage fluidized bed reactor described
above, and a second stage fixed bed catalytic reactor. In the first stage the organic contaminants
are gasified and the metals and radionuclides remain with the fluid bed solids which are
removed periodically for treatment or disposal. The gas leaving the first stage enters two
cyclones in series where coarse particles are separated and returned to the fluidized bed. Most
of the fine particulates (~ 2 |im) are separated in the high temperature filter. Unreacted traces of
volatile organics are then reacted with steam in the second stage reactor to form syngas. After
the second stage reactor, the syngas enters a venturi scrubber where steam is condensed, the gas
is cooled, and acid gases are scrubbed out. The gases leaving the scrubber are then oxidized in a
thermal oxidizer and the exiting flue gas is further cooled and scrubbed.
7.3.2

7.3.2.1

Input and Output Stream Characteristics

Synthetica Technologies

The Synthetica system is suitable for a wide variety of waste streams (solid, liquid, or
gaseous), such as solvent wastes; aqueous wastes with high or low concentrations of toxic
organic contaminants; paint, printing ink, glues, and sealants; medical infectious wastes; spent
adsorbents and loaded activated carbon; spent filters; pharmaceutical wastes; pesticides; some
explosives; printed circuit boards; and other organic materials.
In order to treat polymeric organic solids, grinding or shredding is required. If grinding
leaves large chunks of polymeric materials, these chunks are likely to be reduced to
carbonaceous char, which will not be efficiently gasified by normal steam reforming methods.
Tests on drums of printed circuit boards left the metals and a carbonized ash residue in the
drum. Contents of these solid residues has either not been determined or not reported. Steam
reforming has also been shown to destroy inorganic salts that decompose thermally (e.g.,
nitrates and nitrites).
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Figure 7-5. ThermoChem Hazardous Waste Stream Reformer System
Steam reforming has provided volume reductions of up to 100 and has provided a factor
of 50 reduction in mass. A demonstration on a drum of whole rags and shredded rags, paper
and clothes, etc. contaminated with solvents and oils demonstrated a mass reduction from
26 lbs to 0.5 lbs, and the volume was reduced to 1/320 of the original volume (Ref. 1). This
destruction required 8 hours at a temperature of 1025°F. A 50% mass reduction of creosote
contaminated soil was achieved in 2.5 hours using the standard drum feed evaporator at 1050°F
(Ref. 4). The organic compounds remaining were all in concentrations less than 0.1 ppm. Tests
performed to simulate the heated shredder system on mixed cellulosic and plastic waste
(cotton, paper, rubber gloves, and plastic bags) resulted in a twelve-fold reduction in mass
(Ref. 1).
Reactivation of granular activated carbon has been demonstrated (Ref. 4) using the drum
feed evaporator configured so that the hot regenerant gas at 500°F to 1200°F enters the bottom
of the drum, is drawn off the top, and pulled into the detoxifier for processing. The carbon was
loaded to 15 wt% with solvent containing 99% toluene, 0.5% TCE, and 0.5% DCB. After the fifth
cycle, the reactivated carbon retained a loading of 4.6%. These tests indicate that 5 to 10 cycles
can be extracted before the capacity and selectivity of the carbon is significantly degraded.

7-42

One of the major limitations of the Synthetica system as it is currently configured is the
limits on the chlorine content of the waste. Due to the production of HC1, and the effects of
corrosion on surfaces within the detoxifier, the chlorine content of chlorinated hydrocarbons in
the waste is severely limited (Ref. 2). There have been attempts to decompose the chlorocarbons
to release the chlorine in the form of HC1 and to remove the HC1 from the gaseous effluent
before the vapors enter the detoxifier. However, at the time of this writing HC1 removal has not
been accomplished, although efforts are continuing to develop a method for HC1 removal.
Tests have been performed with the moving bed evaporator to decompose chlorinated
hydrocarbons and destroy nitrates in the Hanford tank wastes. Chlorinated hydrocarbons
vaporized in a drum feed evaporator have been passed through a heated MBE to further break
down the organic into HC1 and lighter organic compounds. The spheres were coated with
NaOH to react with and remove the HC1 before the gas entered the detoxifier. However, the
pilot-scale MBE at Synthetica was unable to reach the temperature required to decompose the
chlorinated hydrocarbons (the decomposition temperature is claimed to be about 650°C
whereas the spheres could only be heated to 500°C to 560°C). At the temperatures required to
decompose the organics, NaOH liquefies, causing the spheres to agglomerate in the cooler
portions of the MBE as the molten caustic solidified (Ref. 2 and 5). A potential solution to this
problems is the use of N a 2 C 0 3 to react in situ with HC1 to produce NaCl, H2O and CO2. This
concept may be worthy of further research, and in one of their pilot-scale MBE tests LLNL
injected NaOH and CO 2 to produce N a 2 C 0 3 .
Other tests on the destruction of halocarbons (Ref. 6) indicate that in an oxygen deficient
atmosphere (nitrogen) significant thermal degradation does not occur until well above 650°C
with a mean residence time of 2 seconds (650°C to 690°C for CCU, 875°C to 925°C for TCE, and
975°C to over 1000°C for chlorobenzene). Although these tests were performed in a nitrogen
atmosphere rather than in superheated steam, they may be indicative of the temperatures
required for halocarbon destruction. Further tests will be required to determine temperatures
required for destruction of chlorinated hydrocarbons with superheated steam, and the
production and removal of HC1 prior to entry to the detoxifier.
Tests on simulated Hanford wastes indicate that steam reforming will not destroy bulk
nitrates. However, in laboratory tests with sodium nitrate dispersed over a large surface area of
silica beads, the decomposition temperature decreased from over 725°C to between 260°C and
280°C in air (Ref. 7). Bench-scale tests in a small (100 gram) fluidized bed of alumina particles
coated with sodium nitrate, and treated with a mixture of steam and argon at 550°C,
demonstrated 95% decomposition of NaN03 in 10 minutes (Ref. 3). The observed decrease in
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decomposition temperature with silica beads was a result of a reaction in which sodium silicate
was formed. A similar reaction did not occur with alumina.
The thermal decomposition of NaNC>3 results in Na20, N2 and O2; in the presence of
steam, N a 2 0 will convert to NaOH. Again, at the temperatures required for nitrate
decomposition, NaOH melts and may produce a sticky mass on the spheres. A solution
proposed by Sandia is to flow CO 2 countercurrent to the waste and the spheres in the MBE to
convert the NaOH to solid Na2C03- Tests by Sandia and LLNL using pneumatic transport and
the LLNL Hot-Recycle-Solid Oil Shale Retorting Pilot Plant demonstrated, over a 4-day period,
conversion of NaOH to N a 2 C 0 3 with no solid sticking, agglomeration, or mastic formation
(Ref. 3).
Because the detoxifier operates at high temperatures and does not combust the hazardous
organic wastes (e.g., oxygen content is kept below 0.3% to prevent combustion), it avoids
production of S O , N O , dioxins, and furans. High-temperature reactor emissions using a
waste mixture of 66% acetone, 32% xylene, 1% 1,1,1-TCE, and 1,2-DCB are shown in Table 7-4.
Addition of air emission abatement devices, such as the catalytic converter, reduce these
organic emissions by a factor of 500 so that only benzene can be detected at very low levels
(Ref. 1). A halogen absorber, known as Selectsorb, is used to remove small quantities of HC1
from the offgas when halocarbons are treated.
x

Table 7-4.

x

High-Temperature Synthetica Reactor Emissions Without Air Emission
Abatement Devices (Ref. 1)

Effluent Product

Product
Concentration

Effluent Product

Product
Concentration

Carbon Dioxide

80%

Water

15%

Hydrogen

1.4%

Light Hydrocarbons

3.3%

Carbon Monoxide

2,000 ppm

NO

0.3 ppm

Particulate Mater, PM10

background

Hydrogen Chloride

4 ppm

1,2 Dichlorobenzene

4 ppm

1,1,1 TCA

3 ppm

2,3,7,8 TCDD

<0.3 ppt

1,1,2 TCA

<0.3 ppm

Acetone

30 ppm

Xylene

30 ppm

Benzene

9870 ppm

Toluene

300 ppm

Ethyibenzene

<40 ppm

Styrene

40 ppm

Benzyl Chloride

40 ppm

Naphthalene

40 ppm
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x

The concentrations of each emission product is a function of the temperature in the
detoxifier. Thermodynamic equilibrium calculations, using a model developed by Synthetica,
show the reaction product concentrations as a function of temperature (Ref. 1 and 8). These
calculations show that the addition of air to the mixture increases the production of N O and
x

PICs in the detoxifier offgas.
End products from this process are primarily hydrogen, carbon dioxide, and halogen
acids (depending on the particular feed stream). The process will generate a secondary waste
stream consisting of a fixed carbon "char" remaining after volatilization of the organic material,
and the nonvolatile portion of the waste feed. Indications are that the organic residuals in this
solid phase residue are reduced by factors of 100 to 1000 depending on the waste and operating
conditions (Ref. 2). Research will be required to determine the characteristics of this waste
stream. In addition, dust and particulate material produced in the MBE will contain char and
organic residue.
7.3.2.2

ThermoChem

Tests have been conducted on biomass feedstocks such as rice hulls, wood chips, Kraft
mill sludge waste, and recycled paper mill sludge. The feed must be size-reduced to a small
enough size to allow fluidization, but not so small that the particles become entrained through
the bed without complete reaction. Particle sizes smaller than 1/4 inch are required (Ref. 10).
Some carryover of bed material is expected in the effluent from the reactor. Other than
this carryover, the process is not expected to generate any solid material other than the ash
contained in the waste stream and depleted bed material. If hazardous waste is processed, this
ash and bed material will contain heavy metals and radionuclides from the original waste
stream and will require further treatment.
In situ chlorine capture by the bed material (CaC03, N a 2 C 0 3 , or Ca(OH)2) inhibits
production of dioxins and furans (Ref. 11), and the low temperature minimizes vaporization of
toxic metals that remain in the char. Feed sludge from paper mill waste, which contained 1,543
ppt of dioxins, was processed through the ThermoChem system (Ref. 12). Dioxin levels in the
effluent consisted of 10.1 ppt in the bed material, 100.2 ppt in the cyclone ash, and 0.33 ppt in
the condensate for a total destruction efficiency of 97.5%. Tests indicated that at temperatures
required to gasify sludge from paper and cardboard recycling operations (>860°C), the
limestone used as a bed material calcined (Ref. 13). Thus, for this application, silica sand was
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used as the bed material. Constituents of the solid char remaining on the bed particles have not
been determined.
Effluent from the gasifier also includes condensed steam which may contain tar/oil and
particulate products depending on the waste constituents.
A series of tests sponsored by SNL/NM were conducted in early February 1995 in a
system without the second reactor shown in Figure 7-5. The feedstock consisted of MWIP
surrogates 2110 and 3113/3114 as defined in Reference 14. The constituents of these feeds
included ethylene glycol, toluene, tetrachloroethylene, naphthalene, 1,2-dichlorobenzene, and
compounds of Ce, Cr, Ni, Pb, and Cd. The offgas contained hydrogen, low molecular weight
organics, and small amounts (< 1% v/v) of H2S. The metals were retained in the system, either
in the bed or captured in the high temperature filters. The chlorine in the feed was converted to
HC1 which attacked the stainless steel components of the equipment. Additional tests are
planned that will include the second stage reactor and dry scrubbers after the first and second
stage reactors for acid gas removal, and measurements will be made for dioxins or furans.
7.3.3

7.3.3.1

Technology Status

Synthetica Technologies

Catalytic steam reforming is a common industrial process that is used to make hydrogen
gas from methane. Noncatalytic steam reforming has been studied as a means of gasification of
coal and cellulosic wastes. Synthetica Technologies was formed in 1984 and has continued to
develop and test their steam reforming technology. The moving bed evaporator is still under
development at Synthetica. Most of the test data has been developed in either bench-scale
systems, or in the pilot-scale system at Synthetica's facility in Richmond, California.
Experiments performed during FY93 for USTID showed that nitrates can be converted to
hydroxides if exposed to high-temperature steam while dispersed on a surface. This was
demonstrated by bench steam-reforming tests using both NaNC>3 and Hanford NaNC>3
saltcake/sludge simulant, dispersed on ceramic spheres. SNL and Synthetica Technologies have
investigated application of Synthetica's steam-reforming system for destruction of hazardous
organic contaminants found in DOE wastes (e.g., wastes addressed by VOC Arid ID, VOC NonArid ID, USTID, and WeDID). However, these investigations were terminated in part due to
the inability of Synthetica to process chlorocarbon wastes in their current system.
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Sandia was developing a pneumatic MBE to allow treatment of Hartford tank wastes and
was working with Synthetica to develop a method to remove HCl from the gases before they
enter the detoxifier. Sandia was also developing a 0.5 gpm steam reforming system (Figure 7-6)
with the intent of gaining sufficient information and experience to design and build a full-scale
system for the treatment of Hanford UST wastes. However, this program has been put on hold.
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Figure 7-6. Hanford 0.5 gpm Steam Reforming System

7.3.3.2

ThermoChem

The ThermoChem process is being developed by ThermoChem, Inc. and is a fairly
mature process for biomass wastes. A 72 ton/day unit was installed at a Weyerhaeuser paper
mill in North Carolina, and a 50 ton/day facility was constructed in India that came on line in
May 1993. Tests on DOE mixed waste surrogates have recently been completed.
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7.3.4

Destruction Efficiency

7.3.4.1

Synthetica Technologies

For many organic solvents commonly found in mixed wastes, greater than 99.99%
destruction efficiencies have been achieved at 1200°C (Ref. 1). Greater than 90% destruction
efficiencies have been achieved for many polymeric organic components of mixed wastes (e.g.,
plastic bottles, paper, shredded wood, caulks, dried paint residues) (Ref. 1). Nitrate destruction
tests demonstrated destruction efficiencies over 92% (Ref. 7).
Typical test results for destruction of organic compounds, as reported by Synthetica in
various articles, are shown in Table 7-5.
Table 7-5. Summary of Typical DRE Test Results (Ref. 1)
Compound

Temperature (°F)
2170
2100
2100
2050
2100
2100
2100
1800
2000
2024

Acetone
Carbon Tetrachloride
Chloroform
Dichlorobenzene
Isopropanol
Methanol
Methylene Chloride
Methyl Isobutyl Ketone
1,1,1-Trichloroethane
Xylene

7.3.4.2

DRE (%)
99.9995
99.9952
99.9992
99.9904
>99.9994
>99.9996
99.9978
>99.99
99.9916
99.9926

ThermoChem

The only tests on hazardous materials were those recently completed for SNL/NM and
described previously. The DREs for the first stage reformer are shown in Table 7-6. Higher
DREs are expected with a second stage reformer operating at a higher temperature.
Table 7-6. DRE Data for the ThermoChem First Stage Reformer (Ref. 9)
Contaminant

Reformer Temperature (°F)

Tetrachloroethylene
Toluene
1,2-Dichlorobenzene
1,2-Dichlprobenzene
Naphthalene
Average of two laboratory analyses

1650
1650
1650
1550
1550
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DRE
>99.999
99.21155
99.73134
98.48032*
99.84409

7.3.5

Technology Comparison

7.3.5.1

Synthetica Technologies

Since steam reforming relies on superheated steam and is not a combustion process, it
does not require fuel, air, or oxygen, and N O , S O , are not generated as offgas contaminants.
x

x

However, NOx is generated when treating nitrates, and SOx may be generated during the
treatment of waste containing sulfate salts. Steam reforming, coupled with a catalytic oxidizer
in the offgas stream, leads to the destruction of PICs and organic byproducts and the formation
of trace amounts of benzene. But reportedly, this formation can be suppressed by operation
with a stoichiometric excess of steam. Synthetica has obtained a regulatory opinion from the
State of California and the district EPA office that their system is not an incinerator and would
be considered a RCRA unit permitted under Subpart X (Ref. 2).
The system may be designed to be transportable. A major structural problem could result
in a significant air leak that could lead to fires. However, the control system has instrumentation
and shutdown features to handle unusual problems such as leaks.
The process is very energy intensive (Ref. 15). Electric power consumption for destruction
of 1 ton of chemical warfare agent per day is estimated to be 335 kW (with a 24-hour, operation).
The heat produced in the reactions and by electric power consumption must be removed by
suitable cooling.
The biggest uncertainties are the fate of radionuclides in the system, ability to treat high
levels of halogenated hydrocarbons, and long-term reliability. Most of the tests have been shortterm tests lasting up to one day. Long-term testing will be required.
7.3.5.2

ThermoChem

The low temperatures used in this process may prevent complete destruction of many
hazardous wastes. However, higher operating temperatures that would allow higher
destruction efficiencies may cause melting of certain wastes and plugging of the bed. Another
factor affecting destruction efficiency is the entrainment of fine particles from the bed before
reactions can proceed to completion. Selection of the waste feed to eliminate material that may
melt and plug the bed, and use of a second stage reformer may alleviate these concerns.
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This technology is in an advanced state of development for biomass, and the use of
N a 2 C 0 3 as a bed material may allow in situ neutralization of acid gases. However, its
relatively low operating temperature and the potential for the bed to plug or freeze, the need to
flare the offgas or treat it in a catalytic converter, and the need to treat the bed material as a
mixed waste may limit its application to DOE wastes.
7.3.6

7.3.6.1

Cost of Technology or Equipment

Synthetics Technologies

System costs are expected to be comparable to that of other organic waste treatment
options and cheaper than incineration. Costs, benefits, and acceptability of secondary waste
stream generation would be different for high- versus low-level waste, and these aspects will
also vary with the amount of toxic organics, metals, and other inorganics fed to the system.
Certainly, costs will depend on the type of evaporator required (drum, moving bed, heated
screw, etc.) because of differences in complexity. Synthetica reports treatment costs of $10/ft3
for hazardous, medical, and low-level radioactive wastes (Ref. 1). These costs are for an
installed system amortized over 8 years, processing 50,000 ft^/yr, and includes all operating,
maintenance, and residue disposal costs.
7.3.6.2

ThermoChem

Costs reported by ThermoChem depend on the ability to recover energy from the fuel gas
and the attendant "tipping" fees from the sale of electricity generated by the system. Prices for
electricity have been assumed (Ref. 10) to back out treatment costs. For electricity prices of $0.04
and $0.08 per kWh, the estimated treatment costs for non-radioactive material are $40 and $100
per ton, respectively. The cost of a fluidized bed sludge gasifier, operating at an average feed
rate of 315 kg/hr and a steam rate of 963 kg/hr, was $4 to $5 million (Ref. 13).
7.3.7
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7.4

7.4.1

SUPERCRITICAL WATER OXIDATION

Technology Description

Supercritical Water Oxidation (SCWO) involves the oxidation of organic wastes, in the
presence of a high concentration of water, at temperatures and pressures above the critical point
of water: 374°C and 22 MPa (705°F and 218 atm). In practice, the oxidation is usually performed
at 400°C to 650°C and 25.3 MPa (250 atm). The organic waste feed may be in the form of an
aqueous waste stream containing organics or a pumpable organic sludge. The oxidant may be
air, oxygen, or hydrogen peroxide; in some cases, nitrates have been used successfully.
Above the critical point, the properties of water change significantly from those of the
liquid or atmospheric vapor, as shown in Figure 7-7 (Ref. 1). The dielectric constant falls from 80
for liquid water to about 2 at 450°C and 250 atm, and the ionic dissociation constant falls from
its usual value of 10~" to about 10 "23. As a result, supercritical water acts as a nonpolar fluid,
and its solvating properties resemble those of an organic solvent such that hydrocarbons are
highly soluble and inorganic salts are almost completely insoluble above 450°C. However, the
solubility of salts vary with pressure, and increasing the pressure can increase the solubility,
even at high temperatures. This allows some control of solid separation in the reactor (Ref. 2). In
contrast to wet air oxidation, oxygen and most organic compounds become completely miscible
with the supercritical fluid, eliminating the usual transport and mixing problems associated
with reaction of two or more phases. Thus, reaction rates become limited by kinetics rather than
mass transfer, providing high organic conversions with short residence times. In general,
complex organic molecules break up rapidly to smaller oxygenated species. Further oxidation of
these fragmentation products is slower, and the oxidation of simple compounds becomes rate
limiting.
The SCWO process can be thermally self-sustaining if the feed waste stream contains
sufficient organics with adequate Btu content. If the wastes have too much heat value, the
influent must be diluted since the heat load to the process may exceed materials design
expectations. Conversely, if the heating value of the waste is insufficient, supplemental fuel or
an external heat source may be used.
The destruction efficiency is a function of reactor temperature and residence time, and the
reactor temperature is a direct function of the waste inlet temperature and the heating value of
the fuel. A reactor temperature of 600°C to 650°C and residence time of 5 seconds are adequate
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for DEs of over 99.9999% (Ref. 3). To attain a temperature of 600°C to 650°C, the waste should
contain about 1,750 Btu/lb, which is the heating value of an aqueous solution containing 10
wt% benzene (heat of combustion, 17,500 Btu/lb). Since the reaction takes place so rapidly, the
process may be considered adiabatic. Consequently, the heat is contained within the reactor as
thermal energy, raising the temperature of the reacting mixture. The high-temperature effluent
can be used directly or through a heat exchanger to rapidly heat the incoming waste to the
required inlet temperature.
If the reaction takes place slowly, or the water/organic mixture is brought to supercritical
conditions relatively slowly, significant quantities of char and coke may be produced on the
waste matrix. As the temperature approaches the critical temperature of water, the production
of char increases (Ref. 4). However, if the reaction occurs rapidly at greater than supercritical
conditions, the production of char and coke reaction products is greatly reduced or eliminated.
The organics will reform to lower-molecular-weight species, which readily dissolve in the SCW
medium.
The reaction mixture is brought to an appropriate temperature in the preheater prior to
entering the oxidizer, and supercritical conditions for the mixture occur at some point in the
oxidizer due to heat released in the adiabatic oxidation of the organic feed (Ref. 5). The initial
temperature going into the reactor for materials that tend to char (i.e., pyrolyze or decompose)
should be above the char temperature range. For example, cellulosic materials tend to pyrolyze
in the range of 150°C to 325°C, so they should rapidly be brought to 374°C before the oxidizer
by recycling the reactor effluent (Ref. 5). On the other hand, many liquid organics and organic
wastes do not substantially pyrolyze below 374°C, so these materials can enter the reactor at
lower temperatures.
Supercritical water is a unique solvent medium allowing rapid oxidation to take place at
lower temperatures than incineration, thus limiting the production of N O and char. The
reaction is entirely enclosed in a pressure vessel with concentrations low enough and reactions
fast enough to allow the heat of reaction to be absorbed by the solvent, thus allowing excellent
temperature control. An advantage of SCWO is minimal air pollution problems since all acid
forming anions are soluble as acids and exit the system as solutions (or, in the case of nitrogen,
as an inert gas). NOx is routinely less than 1 m g / m ^ in the gaseous effluent of most test units.
x

However, a major stumbling block for the technology has been handling certain inorganic
solids that are present or generated during processing. In the reaction zone, metals tend to
precipitate as their oxides, while anions form their respective acids. Experience has shown that
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neutralization of these acids is required to maintain the reactor effluent pH above 2 which limits
corrosion and potential failure of high pressure components (Ref. 6). When processing wastes
containing acid forming elements (chlorine, fluorine, sulfur and phosphorous), the most
effective neutralization technique has been in situ through the addition of a base. However,
while the neutralization is effective in limiting corrosion, the resulting salts formed (NaCl,
Na2S04, CaCl2, etc.) are insoluble in the supercritical fluid and sticky, depositing on the walls
of the reactor and piping and eventually plugging the system (Ref. 6).
Precipitation of these salts depends on their concentration, the pH of the mixture, as well
as temperature and pressure. Corrosion prevention is being addressed by the use of super
alloys, ceramic components, or reactor liners thereby rninimizing the need for neutralization. By
operating at a low pH and low salt concentration, salt formation may be controlled such that the
salts that do come out of solution are molten at the high operating temperatures and pass
through the system without plugging.
There are several process flows that have been used or proposed based on the purpose of
the system, waste stream characteristics, and method used to minimize corrosion and plugging
by salt deposition. A generalized flowsheet for a SCWO process as derived from Reference 5 is
shown in Figure 7-8 and consists of the following steps:
1)

The waste, as either an aqueous solution or slurry, is pressurized, heated to
supercritical conditions (374°C) by mixing with recycled effluent, and delivered to
the oxidizer inlet. Pretreatment may be required depending on the waste form:
energetic materials may require hydrolysis to produce a soluble waste, and solids
will require size reduction to approximately 100 urn to produce a slurry capable of
passing through the reactor. For solid particles (such as wood or plastic) that do not
readily dissolve in water, it may be advantageous to first dissolve them during the
supercritical water phase in a reformer prior to entering the oxidizer (Ref. 5).

2)

Oxygen is supplied in the form of compressed air, which passes through the eductor
to draw in a portion of the reactor effluent. The inlet mixture is a single,
homogeneous phase of air, organics, and supercritical water. In practice, the air can
be replaced with pressurized oxygen or H2O2 and the eductor replaced with a heat
exchanger. If nitrates are to be treated, the oxidizer may be replaced by a reducing
agent as described later for the treatment of Hanford tank wastes.
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3)

The organics are rapidly oxidized in the reactor and the heat released is sufficient to
raise the fluid to the required temperature at which all the organics are oxidized. The
reactor may be surrounded by heating elements for improved temperature control,
or additional fuel may be injected with the waste stream if the waste stream has
insufficient heat content.

4)

The effluent is then fed to a solid separator, such as a cyclone, to remove inorganic
salts that precipitated out of the fluid phase in the reactor. The reactor may be shut
down and flushed periodically with water to remove solid deposits; however, this is
not a desirable mode of operation because it decreases throughput and increases
cost.

5)

The fluid effluent from the solids separator is a mixture of H2O, N2, and CO2 (and
other reaction products such as CH4 and N2O, depending on the waste
constituents). A portion of this is recycled through the eductor or a heat exchanger to
preheat the incoming waste stream.
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6)

The remainder of the effluent is high-pressure, high-temperature fluid that may be
available for energy recovery.

7)

The fluid is now at a subcritical temperature and has formed two phases, gas and
liquid, which enters the high-pressure liquid-vapor separator where the N2 and
most of the CO2 are exhausted. The liquid consists of water with dissolved C02-

8)

The liquid from the high-pressure separator is depressurized and fed to a lowpressure separator, where the C02 is exhausted with the vapor stream and the liquid
stream is clean water.

A range of scale appears feasible whereby standard pressure vessel technology can be
used in small mobile units or permanent medium-sized surface installations. Plants with very
large capacities have been proposed in which a cylindrical heat exchanger and reaction vessel
are placed in the ground by use of oil-field drilling and well completion technology. (Ref. 3 and
7).
Various types of reactors have been used for bench-scale and pilot-scale testing. Benchscale testing has been performed in tubular reactors consisting of insulated thick-walled tubing
on the order of a 0.1 to 0.25 inches inside diameter and a 2- to 50-foot length to provide the
required residence time for flowthrough operation. These reactors have operated at
temperatures up to 650°C and pressures up to 250 arm.
Tests using Hanford tank waste simulants have shown that at a minimum temperature of
500°C and pressure of 83 MPa (820 arm) all components of the simulant remain in solution in a
single phase (Ref. 8). Thus, LANL has designed their pilot systems to operate up to 1,400 atm
and 575°C to perform treatment tests on Hanford waste simulants (Ref. 2). LANL has proposed
an operational system that consists of a waste/feed mixing subsystem to provide a
homogenized waste stream and allow metering of a reducing agent if nitrate/nitrite destruction
is required. The reactor subsystem is a coiled tubular reactor supplied by a hydraulically driven
high-pressure pump. Waste enters a preheater that consists of a tube-in-shell counterflow heat
exchanger, which extracts heat from the processed waste. An electrical trim heater in the next
section adjusts the final fluid temperature to the desired reaction temperature. The waste then
enters the coiled tubular reactor and effluent exits to the preheater, where it is cooled to below
supercritical conditions. Then the waste moves to a second counterflow heat exchanger, where
the effluent is cooled further before depressurization.
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This system is designed to operate continuously at up to 575°C with 1,000 atm and
provides a residence time of 180 seconds (Ref. 2). The preheater/heat exchanger section is 100 ft
long. The inner tube containing the incoming waste is 0.75" i.d. by 0.875" o.d. and is coaxially
mounted in a high-pressure outer tube 1.125" i.d. by 2.5" o.d. The effluent waste counterflows in
the annulus between tubes to preheat the incoming waste. The temperature of the waste is
adjusted in the trim heater (125 ft long, 0.75" i.d. by 1.625" o.d.) before entering the reactor. The
reactor tube is 430 ft long with 1.125" i.d. by 2.5" o.d. The flow velocity in the reactor at 5 gpm is
2 ft/sec, which is about twice that required to transport small particles through the reactor. The
final process cooler that lowers the effluent to about 50°C is 150 ft long, 0.75" i.d. by 1.625" o.d.
Because the reaction rate is so rapid, the tubular reactor contains small amounts of waste
at any one time so that the energy content is small. Thus, if a rupture occurs, a minimal amount
of waste or high velocity particles will be released. The high-pressure components are contained
inside a containment vessel for additional safety, and the containment vessel is evacuated to
provide additional insulation and rapid leak detection (Ref. 2).
Stone and Webster, with MODAR, Inc., developed a pilot plant and initiated testing in
1992 (Ref. 6). The approach to organic destruction and solids handling is described in Reference
6 and the process flow is shown in Figure 7-9. The waste feed is pressurized and enters the
reactor through the core of a concentric nozzle at near room temperature. Air is compressed,
heated to 600°C, combined with supercritical water, and injected into the reactor through the
annulus of the feed nozzle. The high temperature reaction occurs at the nozzle tip, where
organics are destroyed, inorganics are oxidized into insoluble salts, and acids are neutralized by
the addition of NaOH. The inorganic materials, including the sticky salts, ideally are projected
downward into a cool brine at the bottom of the reactor. The bottom portion of the reactor is
cooled with cold water to maintain a pool of liquid water at about 200°C. The sticky solids that
fall into the brine are dissolved in the cool water and removed. Filters in the vapor effluent
stream remove entrained solids before depressurization and cooldown to prevent plugging of
downstream components.
This system demonstrated over 99.999% destruction of perchloroethylene. It verified that
controlling corrosion to acceptable levels is one of the greatest challenges to commercial
application of the process, and the critical control parameter to limiting corrosion is maintaining
the effluent pH. These tests indicated a need for additional modification because the two
functions of the nozzle—to provide sufficient mixing for destruction and neutralization, and to
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direct the solids downward into the liquid brine—were at odds, resulting in an unacceptable
level of salt deposition in the reactor (Ref. 6). MODAR, Inc. is continuing to work on methods to
achieve acid neutralization while minimizing salt deposition.
Deep shaft wet-air oxidation and supercritical water oxidation is being marketed by VerTech
Treatment Systems, Oxidyne Corporation, and GeneSyst International, Inc. (Ref. 3 and 7). These
systems use a gravity pressure vessel sunk into the ground approximately 12,000 feet. In the
GeneSyst System, internal pressure at the bottom is approximately 3,400 psi and peak
temperature is 400°C (750°F). For technical and economic reasons, these systems have
limitations (Ref. 9): there must be at least 25 tons of common organic materials tp process at 50
gpm during any 24-hour period; a lower limit on organic content is approximately 0.3% in
water with flow rates of 1,500 gpm to provide sufficient heat energy; and materials limit the salt
concentration to 10,000 ppm. Company literature for the GeneSyst system make no mention of
potential problems associated with corrosion or salt deposition.
7.4.2

Input and Output Stream Characteristics

SCWO is applicable to any waste stream containing organics such as concentrated
organic liquid, vapors, and solids; aqueous solutions containing dissolved or suspended
organics; or solids that are directly soluble in supercritical water or can be reformed to products
that are soluble in SCW. Theoretically, SCWO is applicable to inorganic solids with adsorbed
organics; however, as a practical matter, it may be difficult to pass these solids through highpressure pumps, reactor tubing, or nozzles used in the SCWO systems as described previously.
Presently, high-pressure pumps are available for slurries with particles smaller than 100 |im;
thus, the applicability of SCWO to wastes containing solids depends on the ability to
comminute the feed solids to the required particle size (Ref. 3).
The areas of greatest potential applicability for SCWO would be for treatment of aqueous
waste streams containing 2 to 25% organics (Ref. 5) depending on the heat content of the waste.
The heating value of the waste stream determines the feed concentration and recycle ratio
required to reach a given reactor outlet temperature. The recycle ratio is determined by the
oxidizer outlet temperature and the desired oxidizer inlet temperature. Thus with lower heating
value wastes, reaction mixtures with higher feed concentrations are used or supplementary heat
is required.
Feed materials include Water, pH adjusters (such as a hydroxide or bicarbonate as a
buffer), and an oxidizer (oxygen or air, H2O2, or nitrates), in addition to the waste. Fuel may be
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added in the form of additional organic material to enhance the heat content of the waste
stream if required. In the oxidation step, organics are converted to CO2 and H2O; nitrates form
primarily N2 and N2O; heteroatoms (CI, F, S, and P) form the corresponding acid or salt if
cations are present; and heavy metals are oxidized to their highest oxidation state and may
precipitate as salts or oxides. Reportedly, no noxious gases are formed and there is no need for
offgas scrubbing since sulfur is oxidized to solid sulfate. The temperature of the reactor is
sufficiently low so that N O is not produced.
x

SCWO produces aqueous and solid effluents. Salts or oxides resulting from oxidation of
material in the original waste stream, and salts produced from hydroxides added to increase the
pH and minimize corrosion, may precipitate due to their decreased solubility under
supercritical conditions. Salt removal is achieved through two mechanisms: homogeneously
formed crystals settle in the separator or impinge and subsequently stick to the walls of the
separator and heater; or heterogeneously formed crystals develop and adhere to the system
walls. Sticky solids that adhere to the reactor walls or downstream equipment lead to plugging.
If solid deposition occurs, the system must be periodically flushed to remove the solids and
form an aqueous waste solution. Some system designs provide for removal of solids as a
concentrated brine or as a solid in knockout pots or hydrocyclones near ambient temperature
and pressure. When solids are removed, they represent a disposal issue similar to that posed by
incinerator ash. TCLP tests on solids collected from a SCWO unit indicated they would not pass
a TCLP test and would require additional treatment or immobilization if the waste contained
high levels of hazardous metals (Ref. 10). The liquid water effluent is essentially free of
organics, but it may contain dissolved salts or acids and inert particulates depending on the
mode of solids removal.
The SCWO environment is conducive to corrosion. Extremes in pH, high concentrations
of dissolved oxygen, ionic inorganic species, and abnormally high temperature-pressure
variations may enhance corrosion. This potentially affects the quality of the ash and may plug
up pressure regulating devices. In batch tests, extensive corrosion occurred during SCWO of
chlorinated compounds. However, when influent pH was adjusted to about 10, or buffered with
carbonates, significant reduction in corrosion occurred. Corrosion prevention is also being
addressed by use of high-strength nickel super alloys, ceramic materials, or reactor liners.
Limitations on the content of acid precursors in the waste may be required to eliminate or
minimize corrosive effects depending on the system. Many DOE wastes contain solvents or oils
high in chlorine content, as well as other corrosive materials such as fluorine in Freon, sulfur
containing additives in cutting fluids, and phosphorus in tributyl phosphate. Previous estimates
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of the limiting chlorine content in SCWO wastes were in the range of 100 to 1,000 ppm (Ref. 11).
However, General Atomics has processed chemical warfare agents successfully using titanium
or platinum liners where the chlorine content was >30,000 ppm. Thus, depending on the system
design, the capacity of a SCWO plant may be limited by the waste-to-water ratio, which is
determined by the chlorine (or other acid precursor) content, rather than the heat content of the
waste stream.
Because of corrosion problems, materials compatibility becomes an issue. Tests have
shown that oxidation of nitrates result in corrosion of Inconel 626, Hastalloy C-276, and
titanium (Ref. 1). In the presence of an oxidant (nitrate, hydrogen peroxide), selective leaching
of chromium and molybdenum occurs with subsequent deposition in other regions of the
system, and nonselective corrosion occurs in the absence of an oxidant. Corrosion products
involving chromium may be recovered as soluble species, and nickel and iron may form
insoluble oxides on the system walls (Ref. 12). Details of the removal or deposition of solids and
corrosion depends on operating conditions (temperature and pressure), waste composition, and
the presence of oxidizers and organic material.
Recent tests with 3.75% TRIM®SOL in water and spiked with zinc sulfate, lead chloride,
and cerium chloride as a plutonium surrogate were conducted by INTEL in a MODEC SCWO
unit (Ref. 10). These tests showed significant corrosion and deposition of most of the metals
within the reactor, primarily at the corrosion sites. Most of the corrosion and deposition
occurred in the preheater and the cooldown section, where the fluid passed through the
subcritical/supercritical transition point. Liners, which add 5-20% to the capital cost, may be
used for these wastes to minimize or prevent corrosion; however, no long term tests of >100 hrs
have been performed to verify the applicability of liners. Corrosion in the reactor section was
mild or non-existent.
7.4.3

Technology Status

The application of SCWO to wastewater treatment was conceptualized about 12 years
ago. Extensive research and development efforts have been carried out by universities, research
institutes, private companies, and federal agencies (Ref. 2 and 11). A SCWO unit with a capacity
of 960 gpd has been operating for several years at the Balcones Research Center, University of
Texas, in Austin. This unit has demonstrated feed rates in excess of 200 lb/hr of nitrogen
containing wastes at concentrations up to 7 wt%. In addition, MODAR, Inc. has tested SCWO

7-63

technology at both the laboratory scale (25 gpd) and pilot scale (300 gpd), while the Modell
Development Corporation (MODEC) has a 50 gpd unit.
EcoWaste Technologies has built the first commercial SCWO unit at the Austin Research
Laboratory of Huntsman Chemical, Inc., which has been running since April 1994. This is a 5
gpm processing unit designed to destroy unchlorinated hydrocarbon petrochemical wastes in
aqueous solution. This system cost $2 million (Ref. 13), and operating costs are approximately
$0.20/gallon. EcoWaste reports treatment of aqueous waste streams with up to 25% organic
concentration or sludges with less than 30% solids and <1000 ppm chlorides at a cost of 10 to 20
cents per gallon (Ref. 14).
Several additional SCWO units are presently being developed under contract. General
Atomics, together with EcoWaste Technologies and the University of Texas (EWT/UT), is under
contract to the Advanced Research Projects Agency (ARPA) and the Office of Naval Research
(ONR) to design a transportable SCWO unit with a capacity of about 1,000 gpd for processing
chemical warfare agents and other DOD hazardous wastes. General Atomics, together with
Hercules Inc., Thiokol Corp., and EWT/UT, is under contract to the Air Force Development
Test Center at Eglin AFB to design and build a solid rocket motor propellant disposal system.
Research is in progress to design a SCWO unit with a capacity of about 600 gpd for processing
feed solutions containing 5% class 1.1 solid propellant. Subsurface SCWO systems (similar in
concept to the original deep wells used in subcritical sludge treatment) are also being privately
developed.
Because of these development efforts, many of the engineering and design problems for
units in this capacity range have been worked out. The ARPA and Air Force units both process
highly halogenated wastes. However, this technology is not yet demonstrated or available for
complex DOE wastes. Further, several technical issues (corrosion, deposition, pretreatment,
final waste form properties, capacity, compatibility with a variety of waste streams, etc.) must
be resolved before it becomes available. Development work is ongoing at various DOE facilities
to understand the fundamentals of the SCWO process, develop a system for treating DOE
wastes, and determine the fate of radionuclides in the system. Work is continuing at SNL/CA,
LANL, INEL, and ORNL (Ref. 11). In 1992, DOE's Office of Technology Development
established the SCWO Program (SCWOP) to consolidate and focus SCWO R&D activities (Ref.
15). SCWOP intends to demonstrate the treatment of hazardous and mixed waste in a pilotscale SCWO operation at 300 to 500 gpd.
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INEL has designed and is planning to construct a testbed to evaluate several different
SCWO reactor concepts and other SCWO components (Ref. 16). Construction is planned to start
in early FY96 at INEL with start-up in mid to late FY96. The test facility is designed for treating
DOE mixed waste at the rate of 50 gallons per hour. Reactors that could be tested include a
transpiring wall, tubular, and vessel type reactor depicted in Figure 7-9. The vessel reactor will
be tested first as it appears at this time to have the most promise to obtain the required DREs
while limiting deposition and corrosion for mixed wastes. Initial wastes to be tested include
aromatics with mercury, nonchlorinated solvents with metals, paper, cloth, plastic, TRIM®SOL,
mixed oils, activated carbon, scintillation fluid, and tributyl phosphate.
A report has been published (Ref. 11) that summarizes the findings of an INEL technical
committee that reviewed the published literature on SCWO to identify technical constraints
needing resolution. The recommendations this committee made for a SCWO facility treating
DOE mixed waste are summarized in Section 7.4.5.
7.4.4

Destruction Efficiency

The efficiency of SCWO can be measured as the degree of destruction of the organic feed
materials (i.e., DRE) or as the degree of conversion of organic carbon to CO or CO2 (i.e., DE),
which is a more stringent measure of destruction. A number of bench-scale tests have been
performed in tubular reactors in which the residence time is controlled by reactor length and
flow rate. A compilation of bench-scale results is shown in Table 7-7 (Ref. 3 and 11). In general,
these data indicate that DEs on the order of 99.9% can be achieved at 400°C to 500°C with 1- to
5-minute residence times; 99.99% at 500°C to 550°C with about 1 minute; and 99.999% at 550°C
to 600°C with less than 1 minute. It has also been reported that 99.9999% is achievable at 600°C
to 650°C with a residence time of seconds (Ref. 3).
Various inorganic compounds and complex wastes have also been processed through a
supercritical water reactor (Ref. 1). The inorganic compounds include chlorides, sulfates, heavy
metal oxides, carbonates, and soils. Complex wastes include celulosics, diesel fuel, ion-exchange
resins, paper, sewage sludge, transformer oil, and surfactants.
MODAR, Inc. constructed a mobile pilot plant with a nominal capacity of 50 gal/day of
organic material. Tests were performed on various organics, including 2-chlorophenol,
nitrobenzene, and 1,1,2-trichloroethane with DEs of up to 99.9999% (Ref. 3). PCBs were also
tested with the effluent below detection limits, which indicated a DE of 99.99%.
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Table 7-7. Chemicals Treated by SCWO Processing and Typical Destruction Efficiencies

Destruction Efficiency (%)

Compound
Ammonia
Ammonium Perchlorate
Arochlors (PCBs)
Biphenyl
Carbon Tetrachloride
Chlorinated Dibenzo-p-dioxins
Chloroform
2-Chlorophenol
o-Chlorotoluene

>99.71
>99.9
>99.995
99.97
>96.53
>99.9999
>98.83
>99.997
>99.998
99.97
99.997
99.6"
99.993
99.99
99.9998
>99.9998
>99.95
>99.9992
>99.9993
99.99
>99.0
99^7

Cyclohexane
DDT
Dextrose
4,4-Dichlorobiphenyl
1,2-Dichloroethylene
2,4-Dinitrotoluene
Ethylene Glycol
Ferrocyanide
Fluorescein
Hexachlorocyclohexane
Hexachlorocyclopentadiene
HMX
Industrial Wastewater (TOC)
Industrial Sludge (TCOD)
Methyl Ethyl Ketone
Nitrobenzene
Nitroguanidine (NQ)
Nitromethane
PCBs
PETN
RDX
Simulated Hanford mixed waste
Simulated Rocky Flats waste
Simulated electronics industry waste
Tetrachloroethylene
TNT
Trichlorobenzenes
1,1,1-Trichloroethane
1,1,2-Trichloroethane
TRIM®SOL
o-Xylene

99J3
99.993
>99.998
>99.99
>99.9
>99.995
>98.25
>99.92
>99.9
>99.9
>99.9
99.99
>99.98
99.99
>99.99997
>99.981
>99.996
99.93
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Tests performed on various explosive compounds including PETN, HMX, RDX, TNT,
and NQ at approximately 600°C and with excess oxidant in the form of H2O2 (Ref. 14)
demonstrated DEs shown in Table 7-7. The gaseous effluent contained only CO2 and N2O, and
nitrates and nitrites were produced in concentrations dependent on the material being
processed. Detectable quantities of nonvolatile organic carbon were found for some materials
and assumed to be reaction products (such as formate or acetate; and for NQ, a significant
percentage of carbon formed carbonate or bicarbonate).
Tests with ammonium perchlorate (AP) produced a destruction efficiency of 99.6% at
600°C with most of the chlorine appearing in the effluent as NaCl. Most of the nitrogen occurs
as N2, although a small percentage occurs as nitrate and nitrite in the effluent and N2O in the
offgas with O2. Corrosion was significant when processing ammonium perchlorate in a
Hastalloy C-276 reactor. Most corrosion products formed insoluble salts in supercritical water,
and while it was possible to flush these salts out of the reactor during the cool-down phase, the
reactor eventually plugged and could not be reopened. In contrast to AP, other explosives
exhibited very little corrosion.
Since explosive materials have a low solubility in water, the cosolvent methyl ethyl
ketone (MEK) was tested to increase the throughput of the reactor (Ref. 17). The highest
concentration of HMX employed was 5,000 ppm and yielded a detection-limited DE of
99.9996%. However, significant quantities of MEK decomposition products were produced that
are likely to be undesirable waste products. Another approach to increasing the throughput of
explosives within the reactor was to pretreat the energetic material by base hydrolysis at an
elevated temperature to increase their solubility in water. The resulting soluble products can be
further processed in SCW to achieve complete destruction of the energetic material and its
hydrolysis products (Ref. 17 and 18).
The feasibility of destroying the nitrate, organic, and ferrocyanide components of the
Hanford tank wastes using SCWO has been studied (Ref. 2 and 8). The reduction of nitrate to
nitrogen gas and other n o n - N O products by reaction with methanol and ammonium
demonstrated nitrate was destroyed to near its detection limit (0.1 ppm) in less than 10 seconds
above 500°C. The reaction with methanol produced primarily ammonium and bicarbonate,
which precipitated on the reactor walls, with about 70% conversion of the methanol. These tests
indicate that nitrate is a more powerful oxidant for ammonia and methanol than oxygen in a
SCW system. The results indicate that ammonia may be used to convert the nitrate (in excess of
that necessary to oxidize the organics) to releasable gases. Potassium ferrocyanide reacted
completely with excess nitrate and with excess H2O2 in 9.1 seconds to produce ammonia,
x
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Fe203 as a particulate, and sodium or potassium bicarbonate. Ferrocyanide in the effluent was
reduced to below the detection limit of 0.1 mg/1, yielding a lower limit on the DE of 99.6%.
EDTA in the Hanford tank wastes was destroyed to below detection limits (-200 mg/1) in
reactor effluents at temperatures above 400°C and residence times greater than 20 seconds (Ref.
2). EDTA completely decomposed to hydrolysis products (i.e., formate, ethanol, ammonia,
acetate, bicarbonate) at temperatures above 425°C with no oxidant present. To completely
remove these refractory intermediates to below detection limits, temperatures above 450°C, and
residence times less than 5 minutes are required.
7.4.5

Technology Comparison

Limitations for SCWO include preparation of solid wastes to allow SCWO treatment;
solids deposition or erosion from solids in the preheat, reactor, and downstream equipment;
corrosion of preheat, reactor, and downstream equipment from acidic oxidation products or
feed components; and handling of the effluent solid and liquid products. Depending on the
system design, these limitations may restrict the applicability of SCWO to certain waste streams.
Significant solid material pretreatment is required for reducing the particle size of solid
waste to around 100 urn and to dissolve, slurry, or otherwise entrain the solid material with
feed water. Pretreatment will also include sorting and separation to reduce the inorganic
content of the solid waste. Chemical or physical removal of mineral acid precursors may also be
required to reduce the downstream corrosion potential. Adjustment of pH by addition of a base
or buffer may increase the salt content and subsequent precipitation, and deposition, and
plugging in the reactor depending on system design.
The maximum heating value (without the addition of heat removal from the reactor) is
limited to about 1,750 Btu/lb. For a waste with a higher heating value (e.g., plastic with a
heating value of above 17,500 Btu/lb), dilution would be required.
Because of the solvation characteristics of supercritical water, reaction rates in SCWO are
rapid and oxidation reactions proceed to completion, in contrast to wet air oxidation processes.
The effluent gas will include gaseous oxidation products (CO, C02,N2, and N2O), depending
on the feed composition. Particulates, metals, and acid gas emissions are low or non-existent
because of the inherent scrubbing effect of the process water. Acid gases such as N O , SO2 and
HC1, and with sufficient oxidizer PICs, have not been detected. The PICs that have been
detected include CH4, and low-molecular-weight hydrocarbons. For nitrogen-containing
x
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compounds, N2 is the predominant end-product, with ammonia and N2O also detected
(Ref. 20).
The amount of solid wastes depends on the amount of inorganic material in the feed.
Solid product material will include inorganic feed material, such as soil that can pass through
the reactor unaffected, and sludge resulting from initial dissolution of minerals and salts before
or during the SCWO process, followed by precipitation upon return to subcritical conditions
and/or pH adjustment. This material will require separation from the water effluent, will
contain the majority of toxic metals and radionuclides present in the feed, and will require
further treatment to dry and immobilize the residue before disposal.
7.4.5.1

Advantages
•

The system is said to be capable of operating as a totally enclosed facility, with no
uncontrolled release to the atmosphere. The low offgas volumes generated do not
contain N O , S O , PICs, and particulate matter, and therefore scrubbing is not
required. Complete oxidation of organics should eliminate the need for auxiliary
offgas processing; however, some final gas treatment may be necessary as a
precaution in the case of system upsets.
x

x

•

Emergency shutdown procedures can rapidly enclose the system to prevent
discharge of contaminants during an upset or off-spec operating condition.

•

Temperatures are much lower than those required with incineration, thereby
eliminating N O generation.
x

•

Treatment may be accomplished in seconds or minutes, as opposed to hours
required in wet air oxidation. Shorter residence times allows for smaller reactor
design.

•

High destruction efficiencies and volume reductions have been achieved with
organic wastes such as polychlorinated biphenyls and dioxins.

•

Potential removal of inorganic constituents as solids and concentrated brines;
however, these wastes containing heavy metals and/or radionuclides will require
further treatment and/or immobilization. However, this may be a disadvantage if
salt removal causes plugging.
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•

SCWO can process wastes with low concentrations of organics, in contrast to many
thermal treatment technologies.

•

Extremely good heat and mass transfer, and enhanced solubility of oxygen and air,
eliminating two-phase flow and enhancing the reaction kinetics.

•

Recovery of the heat of combustion to heat the incoming waste stream and minimize
auxiliary heating requirements.

7.4.5.2

Disadvantages

•

Potentially high cost technology.

•

Potential equipment limitations due to temperature and pressure requirements.

•

Potential for corrosion, although it can probably be handled with suitable
construction materials and pH adjustment.

•

Particulates can cause equipment fouling and erosion, and precipitated salts may be
difficult to remove. If solids deposition cause plugging problems, periodic
maintenance and cleaning of the system may expose personnel to chemical and
radiological hazards.

•

High-pressure system in a radioactive environment—the design for safe operation
adds to the complexity and diminishes operability.

•

The technology is emerging with no treatment units for DOE wastes in operation.

•

Thermodynamics and kinetics not well understood.

7.4.5.3

Required Development

•

Determine the extent of applicability of SCWO to DOE mixed wastes.

•

Further study of materials for construction that are abrasion resistant and suitable
for the high temperature and pressure conditions involved in SCWO, and improved
corrosion control and monitoring methods.
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•

Further investigation of phase and precipitation behavior under supercritical
conditions, and control of solids deposition in the reactor and downstream
equipment. Demonstration of downstream handling equipment to remove solid
products from the effluent.

•

Scaleup and demonstration of reliability and continuous, long-term operation on a
variety of DOE wastes, and adaptation to radioactive applications. This is required
in light of the corrosion and solids deposition issues already discussed.

•

Monitoring, control, and determination of the fate of radionuclides in the SCWO
process.

•

Determine reactor conditions for the wide range of DOE mixed wastes, waste
characterization requirements for treatment of the highly variable mixed waste
streams, destruction efficiencies, and final effluents to meet all regulatory
requirements.

7.4.6

•

Definition of pretreatment requirements and demonstration of pretreatment systems.

•

Evaluation of various reactor designs to minimize corrosion and salt deposition
problems.
Cost of Technology or Equipment

Cost estimates are very preliminary since only one commercial unit has recently been
built and is operating. Cost estimates were published over 5 years ago by MODAR, Inc. for a
10 ton/day system and a waste with 10 wt% organic waste content. These estimates were
$5,320,000 in capital cost, and $2.38 per gallon of organic waste (or $0.26 per gallon of
wastewater at 10% organic content) assuming a 25% capital recovery factor (Ref. 3).
SCWO treatment of wastes has been estimated in other studies to be between $300 and
$600 per ton of dry organic material, depending on the size of the unit. Other estimates ranged
from $20 to $90 per thousand gallons of contaminated water treated at a contamination level of
10,000 to 100,000 ppm. Costs, benefits, and acceptability of secondary waste stream generation
would be different for high- versus low-level waste, and these factors will also vary with
amount of metals and noncombustibles fed to the system.
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For a 5,000 gpd non-nuclear plant, capital costs range between $1.7 to $2.3 million. For a
20-year straight-line, no-interest amortization of capital cost, the capital and operating costs are
$500,000 to $600,000 per year; with reasonable assumptions, the cost per ton is $600 (Ref. 19).
Costs for processing DOE wastes would be much higher. Also, this cost does not include
balance of plant for waste pretreatment.
7.4.7
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IB

7.5.1

PLASMA PYROLYSIS

Technology Description

Westinghouse Electric Corporation has developed the Pyroplasma process, which is a
mobile pyrolysis system designed to destroy hazardous organic liquid wastes with a thermal
plasma torch. The trailer mounted system uses 850 kW of electric power across a collinear
electrode assembly, producing an electric arc that ionizes a low-pressure gas stream forming a
thermal plasma with temperatures in the 5000°C to 15000°C range. Liquid wastes are injected
into the discharge of the plasma arc, where they are dissociated into their elemental
components. The atoms flow into the reaction chamber (Figure 7-10) where, upon cooling, they
recombine to form nontoxic gases (Ref. 1).
The trailer mounted system is self contained except for power (4160 volts and 480 volts,
both 3 phase), water, inlet and discharge lines, and a flare stack. The trailer contains a power
supply, water tank, plasma torch and reaction chamber, solvent storage tank, scrubber, internal
gas supply, effluent analysis equipment, and a control system.

Scrubber Water
Plasma
Torch

Molecular
Decomposition

Typical PCB
waste stream
94-0320-TR-G-14

Run-off
to sanitary
sewer system

Figure 7-10. The Pyroplasma Destruction Process
7-74

The unit is started by electrically powering the torch, which instantaneously creates the
plasma. Operation begins with the use of a nontoxic onboard solvent (i.e., methanol) and is
continued for approximately 20 minutes until the reactor stabilizes at a predetermined
temperature (typically, about 1200°C). The destruction reaction is pyrolytic with nonstoichiometric air. The reaction chamber temperature is controlled by adjusting either torch
power, waste feed flow, or torch process gas flow and is established to control the types of
recombination products formed.
7.5.2

Input and Output Stream Characteristics
The input is limited to liquid hazardous wastes that are pumpable and capable of being

injected into the torch region. The liquids are carried into the torch region by an air stream.
The typical output from the reactor includes H 2/ HC1, CO, and powdered carbon. The
HC1 and carbon are collected in a basic scrubber solution. The combustible offgas is flared after
scrubbing. Process parameters can be adjusted to allow recovery of specific elements or
compounds from the waste stream, such as chlorine and methane, in addition to the typical
offgas products.
Products of incomplete combustion of chlorinated hydrocarbons (i.e., dioxins and furans)
were usually nondetectable. The output stream from the flared product gases from destruction
tests on PCBs included approximately 100 ppm N O , and typically 10 to 20 m g / m ^ of
particulates.
x

7.5.3

Technology Status

This technology is actively being commercialized and marketed by Westinghouse Electric
Corporation, Pittsburgh, Pennsylvania.
7.5.4

Destruction Efficiency
Tests on CCI4 blended with MEK, methanol (MeOH), and water, and fed at a rate of one

kilogram of CCI4 per minute, demonstrated DREs greater than 99.99995% (Ref. 1). Seven tests
performed using a blend of Askarel '(Aroclors 1254 and 1260 in trichlorobenzene) in
MEK/MeOH demonstrated DREs greater than 99.9999% with a feed rate approximately 20
kg/hr.
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7.5.5

Technology Comparison

This system can treat only organic liquids. There is no published results of its
performance in the field. The only test results available is from company literature. The system
would require demonstrations on DOE mixed wastes to determine its ability to treat mixtures of
organics, its performance with particulates in the waste stream and varying waste steams, and
the fate of radionuclides. Although this is a commercialized technology for specific hazardous
organic liquids, from the viewpoint of being able to treat mixed waste it is an unproven
technology.
7.5.6

Cost of Technology or Equipment

No cost data was available.
7.5.7

1.
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7.6

CHEMCHAR PROCESS

7.6.1

Technology Description
The ChemChar process was developed as a part of DOE research on technologies for coal

gasification. The reaction chamber, seen in Figure 7-11, consists of a cylinder packed with a
triple reverse burn (TRB) char, which is a low-grade activated carbon product. The process can
treat wastes in the form of solids, liquids, sludges, and soils. Liquid wastes are adsorbed onto
the char, contaminated soils are mixed with the char, and solid organic wastes are pulverized
and mixed with the char. Waste constituents are converted to a combustible gas and to a dry,
inert, carbonaceous solid. Radioactive and heavy metal constituents are retained in the char
residue or ash.
Primary destruction of the organics occurs during a reverse burn gasification process. To
start the process, the reactor is charged with the granular solid (char) containing the
combustible waste. Water, which aids gasification and provides a source of hydrogen for waste
destruction reactions (such as dehydrohalogenation) may be present on the solid or introduced
as steam into the oxygen stream. As shown in Figure 7-11, oxygen is passed through the reactor
from the top and a flame front is initiated by heating the downstream end of the plug of char in
the reactor. In a batch mode, the gasification flame front moves in a direction opposite to the
flow of the gas at a temperature over 1200°C. A portion, typically 10%, of the material in the
reactor is gasified in the flame front (Ref. 1).
Figure 7-12 shows the thermochemical reactions occurring in the region just above the
flame front, within the flame front, and in the reducing zone immediately downstream of the
flame front (Refs. 1 and 2). The primary destruction process involves pyrolysis and reduction.
Atomic hydrogen is produced from water, which abstracts bound atoms (e.g.,
dehydrohalogenation) from the organic molecules to produce acid gases. The remaining organic
radicals react with atomic hydrogen to produce low-molecular-weight organics such as
methane.
As reverse burn gasification occurs with movement of the flame front counter to the
oxygen flow, a combustible synthesis gas is produced consisting of CO2, CO, H2O, H2, CH4,
and trace volatile organics (Ref. 2). The carbonaceous matrix provides a chemically reducing
medium and a source of hydrogen for dehydrohalogenation. The carbonaceous solid residue
retains radionuclides and heavy metals and, when alkaline, acid gases. If the flame front is not
7-77

On

Gasification
flame front

Hot reducing
zone

co

Volatilization,
pyrolysis

-i

w

o

1-

Reduction

Combustible gas
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Figure 7-12. Thermochemical Reaction Zones and Typical Gasification Reactions
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extinguished by stopping the oxygen flow, when the front reaches the top of the reactor charge
or is initiated at the top of the reactor charge, forward-burn gasification occurs as the flame
front travels in the same direction as the oxygen flow. All combustible material is consumed,
leaving only the inorganic constituents of the reactor charge. Dehydrochlorination produces
HC1 in the reducing environment, which is neutralized by the alkaline char. Organic sulfur is
reduced to H2S; being acidic, this is neutralized in the bed, and organic nitrogen is converted to
a mixture of NH3 and N2 (Ref. 3). Due to the highly reducing environment of the process,
NO / dioxins and furans are not formed;
X

A key constituent of the ChemChar process is the char matrix on which the waste
materials are held and immobilized. The char is prepared by gasification of sub-bituminous coal
in a larger version of the reactor previously shown in Figure 7-11. The most suitable coal is a
nonswelling, low-sulfur, high-alkalinity material. It is prepared by subjecting it to three
consecutive reverse-burn gasification runs to produce the TRB char, which is a highly porous
material consisting of particles 0.5 to 1.0 mm in diameter. This material can adsorb as much as
its own mass of liquids and sludges, and it serves as a drying agent for some sludges, rejecting
water while retaining organic and nonvolatile components (Ref. 2). The waste-laden char is a
dry, granular, readily handled material.
Laboratory studies indicate that the char can be reused several times and that the sorptive
capacity of the char is enhanced during successive regeneration cycles (Ref. 4). Although
gasification tends to cause thermal cracking and increased spongy texture, which may lead to
weakening of the physical strength of the particles and an increase in the production of fines,
investigators concluded that these problems would be manageable for up to four reverse-burn
(or regeneration) cycles. High Btu waste (tarry sludge or organic liquid) may require only
sufficient char to allow handling, and solid waste only enough char to act as a reactive substrate
and contaminant absorber. Thus, large char-to-waste ratios are not required.
Destruction of wastes is accomplished by the system shown in Figure 7-13. A generalized
waste treatment process involves the following steps (Refs. 1 and 2):
1)

Macerated solid wastes are mixed directly with the char. Liquid wastes are adsorbed
directly onto the char. Aqueous wastes are filtered through a bed of char to remove
the hazardous material, the cleaned water may be discharged, and the char dried
and gasified. Waste sludges are mixed directly with the char and enough solvents
are added to prevent agglomeration. Recycled char from the filter and recycled
condensate from the condenser are mixed with the feedstock at this time.

7-79

Waste

Secondary
Combustion

94-0320-TR-G-17

Figure 7-13. Typical ChemChar Process Schematic

2)

Gasification of the char/waste mixture.

3)

Removal from the gas stream aqueous condensate containing impurities and
gasification byproducts.

4)

Filtration of the gas stream through a bed of TRB char to retain metals, acid gases
(from the destruction of organohalides), and residual organic materials that are not
trapped within the char bed in the reactor.

5)

Second-stage combustion of the gas product to destroy any residual impurities and
achieve the reported six 9s DRE.

6)

At this point, the char can be removed and mixed with additional waste, including
the aqueous condensate and char from the filter.

7)

If the char is spent following the last reverse burn, the charge may be subjected to a
forward burn to oxidize the char and any remaining organics. This will accomplish
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up to a 20-fold reduction in volume of the original waste depending on the waste
type and matrix, and produce a low-volume, poorly leachable slag which retains
heavy metals and radionuclides (Ref. 5). Addition of suitable additives prior to the
forward-burn step may vitrify the residue (Ref. 3).
The previous discussion centered on a batch operation. However, a continuous feed
operation is possible by controlling the feed rate of the gas and char/waste mixture. For a
continuous operation, oxygen and char mixed with the waste are fed into the top of the reactor.
The thermochemical reaction zone is a narrow, high-temperature band that tends to move
upward against the downward flow of solids and gases. Thus, with the proper control of flow
rates the reaction zone can be kept stationary allowing a continuous feed operation.
7.6.2

Input and Output Stream Characteristics

The process is said to treat wastes in the form of solids, liquids, sludges, and soils.
Although not all results have been published, wastes that have been studied on a laboratory
scale include the following (Ref. 3):
PCB contaminated soil
Dioxin contaminated soil
PCB/radionuclide contaminated soil
Organic ion-exchange resins containing radionuclides
Dry cleaning solvent recovery still bottoms
Pulp and paper unit process sludge
RCRA sludge (PCBs, oil and grease, Pb, Hg, Cr)
Municipal sewage sludge
Cattle manure
Epoxy/carbon fiber composite waste
Waste motor oil
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•

Waste plastic

•

Used tires

•

Electroplating waste

•

Hexachlorobenzene waste surrogate

•

Cesium/strontium mixed waste surrogate

•

Explosives waste surrogate (3% nitrate).

Studies have also been done on use of the ChemChar process to regenerate spent
macroporous char and commercially activated carbon. Mixed radioactive wastes treated by the
ChemChar process include protective clothing and uranium containing cutting fluid.
Pretreatments are similar to incineration, but liquid separations may not be required. The
process is especially good for hard-to-treat waste streams, such as high-ash or high-water
content and viscous sludges.
The direct product of the process is a combustible gas consisting of CO2, CO, H2O, H2,
CH4, and trace volatile organics. This gas is burned in a secondary combustion chamber and
may be used as a source of energy where appropriate. Acid gases are neutralized by the alkali
char. The remaining solids consist of regenerated char that can be mixed with additional wastes
and subjected to another reverse burn. The same char can be used up to four times before it
loses its structural properties and must be disposed of or burned in a forward burn operation to
form a slag with about 5% of the volume of the original waste (Ref. 1). In laboratory tests,
volume reduction ranged from a factor of 2 for soil and 20 for organic resin materials up to a
factor of 40 for protective clothing and related solids. Heavy metals and radionuclides are
retained in the char and subsequently immobilized in the slag resulting from a forward burn. In
no reported tests were dioxins or furans found in either the offgas or the remaining solid char.
7.6.3

Technology Status

Funded through the Department of Energy/Small Business for Innovative Research
(DOE/SBIR) Program in 1988, ChemChar technology was successfully demonstrated for
treatment of ion-exchange resins containing radionuclides at the University of Missouri.
Laboratory work has continued since 1988 at the University of Missouri on hazardous wastes,
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contaminated soils, and mixed wastes. These results have been successful and resulted in
journal publications and conference discussions.
This process has been patented and Mirage Systems in Sunnyvale, California, has an
exclusive license to develop and market the technology. This company is developing designs
for a mobile system and for continuous operation on a pilot scale, and they are attempting to
commercialize the process. However, to date only laboratory-scale experiments have been
performed. An ROA has recently been awarded to Mirage Systems to test mixed waste
surrogates in a 4-inch, continuous feed, adiabatic reactor. If these tests are successful,
development of a 2-foot diameter pilot unit is planned.
7.6.4

Destruction Efficiency

The ChemChar process is particularly suited for destroying organohalides without
producing undesirable byproducts such as dioxins and furans. Organic DREs of greater than
6 nines (99.9999%) have routinely been achieved with second-stage combustion with no
detectable dioxins and furans (less than 5 ppb detection limit).
Tests with 43 mg of hexachlorobenzene (HCB) on 10 grams of char resulted in 4.3 ug of
HCB and 32 ng of pentachlorobenzene (PCBz) in the offgas from the reverse-burn operation
without secondary combustion (Ref. 1). The char residue contained 12.5 ug of HCB and 300 ng
of PCBz, which can be recycled through the reactor and destroyed. Thus, the DRE for HCB in
these tests was 99.99%; however, in a commercial operation, the organics in the offgas would
have been condensed and recycled to the reactor for destruction. Successive regenerations of
TRB char that had been spent with HCB and regenerated by reverse-burn gasification
demonstrated enhanced sorptive capacity during three successive regenerations, and equally
high DREs for HCB after multiple regenerations of the same char (Ref. 4).
Tests were performed on soil contaminated with hydrocarbons and PCBs (Ref. 1).
Condensable material was removed from the gas stream in a condenser, and the dried gas
stream was filtered over TRB char. Any unreacted material in the condensate or filter was not
counted against the DRE because this material would be recycled through the reactor. The dried
and filtered gas was burned in a secondary combustion chamber, resulting in 99.9999% DRE.
Further experiments (Ref. 2) demonstrated 99.99% destruction of PCB's by gasification alone
(i.e., without secondary combustion), and only 0.0001% of the PCB's passed beyond the
condenser and char filter to provide a 99.9999% DRE.
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Soils were spiked with 1,000 |ig of Pb, Zn, and Cu to give a concentration of 80 ppm for
each of the metals and then mixed with TRB char. After a reverse and forward burn, no metals
were detected in the offgas, and the char retained over 98% of the Pb and over 99% of the Cu
and Zn. Retention of the metals by the residue slag when subjected to simulated leaching
conditions (0.5 N acetic acid) was 84% Pb, 85% Zn, and 93% Cu (Ref. 6). Additional tests
demonstrated 99.99% retention of technetium-99m on the char after a reverse and forward burn
with a 20-fold volume reduction of the original wet anion exchange resin (Refs. 1 and 5). Cationexchange resins containing nonradioactive forms of strontium and cesium were also gasified
and demonstrated radionuclide retention on the char of 98.5 to 100% (Ref. 5).
7.6.5

Technology Comparison

The ChemChar process can treat a wide variety of wastes and difficult to treat waste
materials, including high ash, high water content, and viscous sludges. It requires no
supplemental energy inputs, and it can retain a high percentage of heavy metals and
radionuclides in the regenerated char and slag resulting from a forward burn. Major advantages
with the ChemChar process include no offgas treatment required after the secondary
combustion process; low formation of products of incomplete combustion (PICs) and products
of incomplete gasification (PIGs); and no detectable furans or dioxins in the offgas,
condensables, or char residue. The process can also reduce the waste/char mixture to a slag
effecting a 50 to 95% volume reduction depending on the composition of the waste feed.
The synthesis gas produced by this process may be used for energy production or
chemical synthesis depending on the nature of the waste being processed. Mirage Systems is
evaluating the potential for operating under the recycling exemption under RCRA (which
means a Part B Permit would not be required to treat hazardous waste) by using the fuel rich
effluent for energy production and recycling the char.
Potential disadvantages of the ChemChar process is the high-processing temperature
(1200°C), the need for an afterburner and potential permitting issues, and the need to purchase
or generate TRB char from coal.
7.6.6

Cost of Technology or Equipment

This process can treat a certain volume of material based on the diameter of the gasifier
unit. A 2-foot diameter unit is projected to treat 40 tons/day, and a 4-foot diameter unit could
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treat 160 tons/day. Operating parameters developed from laboratory research indicate a cost
estimate between $0.20/lb and $0.30/lb. This cost range includes consumable materials,
transportation, labor, equipment amortization, and conservative values for waste (bulk) density
and char/waste mass ratios (Ref. 7). This cost estimate will be refined after completion of the
ROA.
7.6.7
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7.7

7.7.1

PACKED-BED REACTOR

Technology Description

The packed-bed reactor (PBR) is being developed by LANL to operate with the silent
discharge plasma (SDP) described in Section 6. The PBR is the first stage of a destruction
process that produces an offgas containing PICs, which are to be destroyed in the SDP. The PBR
is a thermal treatment unit, not an incinerator (Ref. 1). It consists of the main reactor enclosure
(a cylindrical metal pipe), bed packing material, and an electric furnace to provide heat to the
bed. Alumina has been used in bench-scale tests as the packing material; however, CaCO 3 may
be added to the bed to enhance the removal of acid gases.
During operation the bed is heated by the surrounding electric heater, and combustible
liquid waste is atomized above the bed, using an axisymmetric, oxidizer-gas-assisted nozzle,
and injected into the hot PBR with air to initiate a combustion process. The PBR opeiates over a
wide range of temperatures (300°C to 1300°C), with almost complete combustion occurring at
temperatures in the 800°C to 1000°C range (Ref. 2). The PBR is generally operated below the
lower flammability limit, so combustion occurs without an open flame because of the lean
waste/air mixture. The reaction environment within the reactor is high temperature, oxidizing,
and corrosive. During operation, the energy content of the organic waste reduces or eliminates
the need for external power to sustain the chemical reactions in the bed.
Currently, two PBRs are being tested at LANL: one has a diameter of 6.4 cm (2.5 in) and a
length of 102 to 114 cm (40 to 45 in); the other larger reactor has a diameter of 15 cm (6 in) and
an active length similar to the smaller reactor. Liquid injection rates in the smaller reactor range
from 0.3 to 6.0 g/min and 7.9 g/min in the larger reactor, depending on the oxidizing gas flow,
the operating temperature desired, and the energy content of the waste (Ref. 2).
7.7.2

Input and Output Stream Characteristics

The input to the PBR is limited to organic liquids. Typical liquids that have been tested
are shown in Table 7-8.
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Table 7-8. Representative Liquids Tested with the Packed-Bed Reactor (Ref. 2)
Liquid

Concentration (by volume)

TCE (trichloroethylene), C2HCI3

up to 10%

Carbon tetrachloride, CCI4

3%

TCA (trichloroethane), C2H3CI3

up to 10%

Freon TF

up to 20%

Hydrocarbon machining oils

up to 100%

Halocarbon oil

up to 100%

TrimSolTM machining oil

up to 100%

Scintillation fluids

up to 100%

When operating in the high-temperature regime with an oxygen content of air, organic
and chlorocarbon compounds are reacted primarily to CO2, H2O and HC1. Remaining
chlorocarbon levels are typically at the ppm level or less (Ref. 2). When operating in the lowtemperature regime, chemical conversion is not as good. Typically, hydrocarbons are reduced
to a few thousand ppm or less and chlorocarbons to less than 100 ppm.
The high-temperature tests of the PBR provide high levels of combustion. When treating
TCE-spiked hydrocarbon machining oil and TrimSol, chromatograms of the offgas showed
several peaks corresponding to C1-C8 hydrocarbons with a total concentration of less than 1
ppm once the system reached steady state (Ref. 2). Chlorocarbon concentrations exiting the PBR
were lower than the hydrocarbon concentrations. The PBR takes up to 1 hour to reach steady
state after the gas and oil flows are turned on; thus, the levels of unburned hydrocarbons may
be several times higher than the levels reached during steady state operation.
Tests with a PCB surrogate 1,2-dichlorobenzene (DCB) have shown the presence of DCB
in waste water condensate at levels below the 2 ppm TSCA criterion for PCB incinerators, and
dioxins and furans in the condensate and exhaust air (Ref. 3 and 4). An organophosphate
(triphenylphosphate or TPP) hydraulic fluid/PCB waste stream was tested in the PBR (Ref. 4)
and generated byproducts requiring attention. Phosphoric acid was generated and is a concern
due to its viscosity and corrosiveness. The other compound of concern was P2C»5 which occurs
as a powder that is difficult to remove by the usual filtering techniques, and can carry
significant quantities of thermally generated dioxins and furans.
/
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7.7.3

Technology Status

Bench-scale tests have been performed at LANL, and pilot-scale demonstrations have
been performed at Savannah River Site. Most of these tests have been performed with the silent
discharge plasma as a second-stage destruction technology. LANL has been working with
Mound and Rocky Flats Plant to demonstrate this technology on the wastes associated with
these facilities. This system (with the PBR and the SDP) has been accepted by the Western
Governors Association DOIT Committee as an emerging technology for application to mixed
waste under the FFCAct, and it is expected to be demonstrated soon at the RFP.
7.7.4

Destruction Efficiency

Detailed destruction efficiencies of the PBR alone have not generally been determined or
published. However, Mound and LANL have collaborated in conducting tests on
1,2-dichlorobenzene mixed at 17 wt% in kerosene and fed to the large PBR reactor at 4 cm^/min
with a 140 slm air stream (Ref. 3 and 4). The DRE when the PBR was operated at 1150°C was
>99.9996%. Waste water condensate generated during the operation was <0.4 ppm in DCB.
Total tetra- through octa-chlorinated dibenzo-dioxin and -furan (T-OCDD/F) emissions in the
PBR exhaust air (before filtration) were 91 pptw. Total T-OCDD/F in the condensate was
260 pptw.
7.7.5

Technology Comparison

The PBR is an alternate thermal destruction device that oxidizes liquid organic wastes
without an open flame. It is compact and can be developed into a trailer mounted, mobile
system. However, it does not completely destroy the organic wastes and produces PICs,
dioxins, and furans in the offgas and condensate. Thus, secondary treatment of the offgas, and
possibly the condensate, will be required.
7.7.6

Cost of Technology or Equipment

No cost data has been published.
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7.8

VITRIFICATION

In this summary, the emphasis is on the ability to treat incinerable wastes and destroy
organic material. Details regarding equipment, glass formation, and final form performance are
discussed in various survey reports (Refs. 1,2, and 3) and in the open literature.
7.8.1

Technology Description

Vitrification is the process of converting materials into a glass, glassy substance, or slag,
typically through a thermal process at temperatures in the range of 1000°C to 1600°C. Thermal
vitrification processes may destroy organic contaminants by pyrolysis or combustion, either at
the surface of the melt or in the plenum above the surface. As a stabilization process,
vitrification may immobilize inorganics by incorporating them in the product glass. Excess
organics may produce a reducing environment causing metals to form in their metallic state
and produce a metal melt at the bottom of the melter rather than being incorporated into the
glass.
Electric heating is the major category of heating processes used to vitrify waste material.
There are several types of electric heating processes, including:
•

Joule Heating

•

Microwave Heating

•

Induction Heating

•

Plasma Heating

•

Electric Arc Furnaces.

Plasma systems generate heat by converting a flowing gas into a high-temperature
plasma, and electric arc systems generate heat by an electric arc between two electrodes,
producing an ionized gas environment. The primary purpose of these systems is destruction of
organics and production of a nonleachable slag or glass. Both of these technologies are
described in more detail in Section 7.9.
The other vitrification systems (Joule, induction, and microwave heating) will be
discussed in this section. In these systems, the molten glass is heated internally to form a semi7-90

quiescent pool of molten glass. Most glasses used in these waste immobilization systems are
silicates such as borosilicate, soda-lime silicate, or aluminosilicate glasses. Many contaminated
materials contain quantities of the raw materials required to form these glasses. However,
because not all of the wastes contain the ratios of materials required for glass formation,
additives may be required. Additives may also be required to create the special characteristics
of the waste bearing glasses.
The melting and vitrification processes typically occur in a refractory-lined steel vessel.
However, Joule-heated and induction melters have been developed (Ref. 4) that use a "cold
wall," thereby eliminating all refractory materials in contact with the glass melt. In cold-wall
melters the outer metal jacket is protected from molten glass and salt phase corrosion by a thick,
solidified (cooled) layer of glass between the water-cooled jacket and the molten glass pool.
An important part of the vitrification process for many of these glass melters is the cold
cap, which is a crust formed on the top of the melt (Figure 7-14). The cold cap forms from the
feed as it is introduced from the top of the melter. It acts as the interface between the incoming
material and the molten glass (Ref. 1). Water evaporates from the top of the cap and enters the
offgas system. The cap's bottom contacts the glass and forms the interface where feed material
melts and enters the glass matrix. The cold cap also filters particulates and condenses and
retains volatilized radionuclides and heavy metals for possible re-incorporation into the melt
(Refs. 1 and 4).
An issue with the cold cap is its tendency to insulate the plenum from the hot melt,
thereby limiting the temperature in the plenum and preventing complete destruction of
vaporized organics. If the organics and combustible materials are not exposed to sufficiently
high temperatures in the plenum, they will react and decompose only on the surface of the melt,
thereby limiting vitrification to waste containing only small amounts of organics or requiring a
secondary combustion chamber. However, if the gases in the plenum can be exposed to
sufficiently high temperatures, either through an external heat source or through infrared
radiation from the glass surface, then the organic material vaporizing from the interface and the
cold cap can be efficiently destroyed.
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Figure 7-14. Joule-Heated Melter With Potential to Accommodate Solid Waste
Although treatment of organics is secondary to vitrification in these systems, organics can
be effectively destroyed thermally during the vitrification process. Organic destruction may
occur through pyrolysis in the melt or by combustion in the plenum or a secondary combustion
chamber. Destruction of organics may be increased by the following methods:
•

Creation of a cold cap that increases the time the organics are exposed to the melt
and thus the residence time for pyrolysis.

•

Control of conditions in a secondary combustion chamber, or in the plenum, may
increase organic destruction. For example, a design by Vectra Technologies uses a
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deep waste bed on top of the molten glass, and the hot upper melter plenum as a
gasifier to convert solid and liquid organics into volatile, low-molecular-weight
gases (Ref. 4). The gasifier uses pyrolysis, partial oxidation, or injected steam or CO2
for reforming, to convert the wastes into gases without the use of open flame
combustion. A thermal oxidizer is used to combust the resulting offgas from the
melter.
•

Organics that are not destroyed, but are captured in an offgas system, may be
recycled to the melt.

7.8.1.1

Joule Heating

In Joule heating, an electric current flows, between high temperature electrodes and
through the material to generate heat by internal resistance of the molten mass. These melters
may be vertical (Figure 7-14) or horizontal (Figure 7-15). These melters usually receive waste
materials and glass chemicals directly on the surface of the molten glass bath. Most melting
occurs at the waste/molten glass interface as heat is transferred from the melt. As waste is
heated, volatiles may be released and organics are either pyrolyzed (in an oxygen-poor
environment) or oxidized (in an oxygen-rich environment). Because the conductivity of molten
glass is ionic, an alternating current is used to avoid electrolysis, anodization of electrodes, and
depletion of charge carriers (Ref. 1). Convection currents, formed by localized heating at the
electrodes, tend to maintain a uniform glass mixture.
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Figure 7-15. Horizontal (Penberthy) Joule-heated Glass Meter
In the horizontal or Penberthy melter, the glass is heated by an electric current passing
through an array of electrodes running through the side walls into the molten glass (Ref. 5).
Waste material and glass formers are added at one end of the chamber through a ceiling port.
Combustibles ignite immediately, while the inorganics and particulates fall to the glass surface
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and are incorporated into the glass matrix. The melter is designed to provide a long residence
time for the gaseous effluents and expose them to a constant 1200°C infrared source. Exposure
of the combustion gases to this temperature as they pass over the glass helps ensure complete
combustion.
If the melt is strongly reducing, some metals in their elemental form may sink and form a
layer on the bottom of the glass melt. This electrically conductive layer may short the system.
Solutions include melter design, electrode placement, feed sorting, and a tap on the bottom of
the melter to remove the molten metal.
Stir-melters are vertical Joule-heated melters that use a stirrer to agitate the melt. Since
this increases the efficiency of heat distribution, stir-melters have a higher throughput rate for
their size—up to eight times the rate for unstirred melters (Ref. 4). The stir-melter being
marketed by Stir-Melter, Inc. is constructed of nickel-iron alloys which limits the operating
temperature to <1100°C. This places a restriction on the glass formulations and waste loadings.
According to the vendor, it is also unsuitable for treating a waste with organic constituents.
7.8.1.2

Microwave Heating

In microwave heating a dielectric material is placed in a high-frequency electric field
(3,000 to 30,000 MHz) that produces successive molecular distortions, thereby heating the
material. Waste moisture is removed first in a drying operation, and the dry waste materials are
vitrified inside a metal disposal container in either a batch or continuous feed mode (Ref. 6). A
microwave installation consists of a microwave generator; a waveguide to direct the
microwaves from the generator to the load material; an applicator that defines the way in which
the microwaves are applied to the load material; and the ancillary monitoring, control, and
safety equipment. This technology has the ability to process material directly in a drum.
However, it suffers from slow processing rates, non-uniform heating, and severe limitations on
waste composition.
7.8.1.3

Induction Heating

Induction heating is a method of heating electrically conducting materials with
alternating current electrical power. Alternating current flows through a copper coil to create an
alternating magnetic field that induces alternating currents in an electrically conducting body
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closely coupled to the coil. These alternating currents generate heat within the body through
Joule heating.
The magnetic field, produced by the alternating current in the coil, varies with the
amount of current and is contained within the confines of the coil. Eddy currents induced
within the electrically conductive load flow in a direction opposite to the current flow in the
coil. These induced currents produce a magnetic field opposite in direction to the field
produced by the coil current. This prevents the induced field from penetrating to the center of
the load. These eddy currents are therefore concentrated near the surface of the load and
decrease toward the center. Since the load has resistance, heat is generated according to I^R.
As the frequency is increased, the penetration depth and the power density, or heat
generated, decreases. Thus, the greatest current penetration occurs with the lowest frequency.
As the load resistivity increases the penetration depth and heat generated also increase. In a
nonconducting load, an alternating magnetic field may be established within the load; however,
currents will not be established and heat will not be generated.
An induction melter usually consists of a refractory-lined crucible with an electric
induction coil encircling the crucible for a heat source. A high-frequency power supply provides
the electrical input and a cooling water system is used to cool the induction coil and the power
supply. The frequency used depends on the size of the crucible and the material to be melted.
For metals, typical frequencies may be in the 10 kHz to 30 kHz range. An induction melter can
be used to melt metals or vitrify inorganic materials to produce a more stable final waste form.
Waste material is placed in the crucible and the power supply is turned on. The material in the
crucible begins to melt, forming a molten mass that flows down into the bottom of the crucible
and filling the void spaces between the unmelted waste. Once the waste in the crucible is
melted, additional waste material is slowly added and allowed to melt before the next batch is
added. When vitrifying inorganic material, an additive may be used to lower the melting point
of the waste material or to increase its conductivity.
Vectra (Ref. 4) and French researchers (Ref. 6) have developed and are applying a coldwall glass melter technology. The French system uses a direct induction glass-melting process
with a water-cooled segmented metal crucible (Figure 7-16). This process allows fabrication of
high-silica glass and eliminates crucible corrosion problems. The glass in contact with the
cooled wall solidifies to a depth of a few millimeters since the wall temperature does not exceed
200°C. The bottom of the crucible is also a water-cooled metal plate, so the glass is fully
contained in a solid glass "crust," (hence the term "skull melting").
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Figure 7-16. French Cold-wall, Segmented-crucible, Induction Melter

The metal crucible containing the glass is segmented to ensure relative transparency to the
electromagnetic field generated by the inductor. The power density gradient between the wall
and the center of the melt induces convective currents and stirring within the molten glass. The
high-frequency generator supplies 240 kW at 12,000V at a frequency of 335 kHz for a 0.55 meter
diameter crucible. Since cold glass is a poor conductor, a microwave preheating system is used
for startup to produce a conducting melt until the energy transmitted by induction exceeds the
thermal losses. The microwave system allows energy to be transmitted to the cold glass without
contact or conducting additives and without placement of electrical or mechanical components
inside the melter.
7.8.2

Input and Output Stream Characteristics

Applications for vitrification include wastes with high hazard potential, highly
concentrated wastes, wastes with a complex mix of contaminants, specialized industrial waste
streams, and wastes where a high quality of final waste form is required (Ref. 1). The latter type
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of waste includes high-level radioactive wastes and may include mixed wastes. Some
vitrification processes may be able to handle a wide variety of waste types, while others are
applicable to specific waste types. For example, the Vectra system (Ref. 4) is reported to process
exothermic waste feeds containing high levels of organic material, as well as inorganic slurries
and sludges (endothermic), but at reduced throughput rates. A Joule melter (Ref. 7) has
successfully treated liquid organics (acetone, ethanol and methylene chloride) with 44% to 99%
water.
Wastes to which vitrification potentially applies include (Ref. 1):
•

Radioactive wastes and sludges

•

Contaminated soils and sediments

•

Incinerator ashes

•

Industrial wastes and sludges

•

Medical wastes

•

Underground storage tank wastes

•

Shipboard wastes

•

Asbestos

•

Liquid organic wastes

•

Dry active wastes (paper, plastics, wood, cloth, debris, etc.).

Radioactive inorganic contaminants and heavy metals are not destroyed, but they are
generally incorporated within the relatively nonleachable glass matrix. Because vitrification can
destroy organics and immobilize inorganics, it appears highly applicable to mixed wastes. In
general, there does not appear to be a limitation on waste type or matrix, but this will depend
on the type of vitrifier and its design.
The melter charge can be homogenized and the quantity of metals decreased by bubbling
air through the melt. However, Joule melters operating in a reducing environment must be
designed to accept wastes containing metals to prevent shorting of the electrodes in a molten
metal layer at the bottom of the melt. Microwave melters are limited to nonmetallic wastes

7-97

because arcing resulting from induced currents in metallic components may damage the
microwave generator (unless special provisions are made). Induction melters may be applicable
to treatment of dry homogeneous or heterogeneous solids, including drummed wastes, if there
is adequate metal content to allow coupling between the magnetic field and the waste. In
nonconducting waste, a conducting melt must be initiated by other means and /or a flux added
to the waste to increase conductivity and allow coupling.
Although small amounts of moisture may be present in the waste supplied to induction
melters during startup, there has been concern that if moisture is added after the melting
begins, steam explosions may occur and even trace quantities of moisture may cause splattering
of the molten material. However, contaminated water has been treated in a Joule melter without
splattering or steam explosions (Ref. 7).
The output stream consists of the solidified glass containing most of the inorganic
species. A small amount of metal may be tapped off from the bottom of the melter, depending
on the metal content of the waste and the operating conditions in the melter. The offgas may
consist of halides and other acid gas species (e.g., HC1, phosphorous compounds, and cyanide),
H2O, and oxides of carbon (CO and CO2), S O and N O - NO can be reduced to N2 in the
presence of CO or H2, and the addition of ammonia provides selective reduction of N O to N2
(Ref. 5). Thus, NH4OH or another suitable reducing agent may be added to the waste stream to
achieve N O destruction (Refs. 5 and 7).
x

x

x

x

Other offgas constituents may include lighter organics (e.g., CH4, C 2^4/ etc.). Detailed
analyses of offgas products to determine the presence of PICs, dioxins, or furans was not found
in the literature investigated. Volatile metals, such as mercury and cesium may also be found in
the offgas stream.
7.8.3

Technology Status

The glass melting industry is well established and glass melters are readily available.
However, modifications for mixed waste are required, and demonstrations on DOE wastes are
required. Industry, university, and DOE participants in waste vitrification are summarized
below. Capabilities to perform treatability studies and process demonstrations are described in
References 1 and 3.
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Manufacturers:
•

Alliant Techsystems and Plasma Technology, Inc. (Induction coupled plasma torch),
under development

•

Babcock & Wilcox (Cyclone Furnace)

•

Duratek (Joule-heated ceramic melters)

•

Electro-Pyrolysis, Inc. (dc Electric Arc Melter), under development

•

Envitco (Joule-heated melters)

•

Fluidyne (Plasma torch)

•

Penberthy Electromelt (Joule-heated melter)

•

Retech (Centrifugal plasma torch)

•

StirMelter, Inc. (Joule-heated melters)

•

Vectra Technologies, Inc. (Ref. 4)
-

Cold-wall induction heated

-

Cold-wall Joule heated

-

Resistance heated

•

Vortec Corp. (Combustion heated)

•

Westinghouse Electric Corp. (Plasma cupola technology).

Developers (commercialization to be determined):
•

PNL and MIT with Electro-Pyrolysis, Inc. (dc Electric Arc Melter)

•

SNL/CA with Alliant Techsystems and Plasma Technology, Inc. (Induction coupled
plasma torch)

•

U.S. Bureau of Mines (Electric Arc)

•

SAIC, Idaho with Retech (Fixed Plasma Hearth - plasma torch).
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Demonstration Facilities:
•

Catholic University/Duratek
-

•

»

Clemson University
-

Joule-heated melter (pilot scale) manufactured by Envitco

-

Joule-heated melter (engineering scale) manufactured by Stir-Melter, Inc.

Oak Ridge National Laboratory
-

°

Various types of melters at laboratory and pilot scale

Rocky Flats Plant
-

°

Microwave melters (laboratory and pilot scale)

Pacific Northwest Laboratory
-

°

Joule-heated ceramic melter (laboratory - crucible melters)

Microwave melters (laboratory and full scale)

Savannah River Plant
-

Joule-heated melters (laboratory and pilot scale)

-

Induction melters (laboratory and pilot scale).

As seen by this list of manufacturers and developers, there is a significant amount of
activity in the vitrification technology area; much more activity than can be summarized in this
report. The various vitrification technologies seem to be well established. Tests and
demonstrations have been performed, and continue to be performed, on various DOE wastes.
In FY95, tests will be performed at Savarmah River Site to evaluate vitrification process limits on
wastes containing mercury and high loadings of organic material. Similar tests at PNL will
evaluate process limits for chloride, sulfate, and nitrate bearing wastes. A demonstration of a
mobile, Joule-heated, cold-capped, melter manufactured by Envitco will begin at the K-25 site at
Oak Ridge National Laboratory. This demonstration will be performed by the Savannah River
Site and will treat WETF sludge from the Y-12 site at ORNL. Duratex is designing a Joule
heated melter to be installed at Fernald in 1995.
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7.8.4

Destruction Efficiency
Tests on batches of acetone, ethanol, and a high percentage of water (44% to 99%) spiked

with methylene chloride in a Joule-heated melter demonstrated DREs exceeding 99.99% (Ref. 7).
Tests on Basin F material from the Rocky Mountain Arsenal (Ref. 8) demonstrated destruction
efficiencies for various pesticides as shown in Table 7-9. Destruction efficiency data collected
from various sources are shown in Table 7-10 (Ref. 1). Destruction of nitrates and N O have also
x

been demonstrated in a horizontal Joule-heated melter (Ref. 5 and 7).
Table 7-9.

7.8.5

Summary of Contaminant Destruction Efficiencies for Basin F Material
(Ref. 8)

Compound

Concentration in Feed (ug/g)

Aldrin
Isodrin
Dieldrin
Endrin
Dithlane
Sulfoxide
Sulfone
DIMP
DMMP

3100
110
1300
180
<1.88
300
670
<1.97
2.26

Destruction Values (%)
99.99998
99.9993
99.9998
99.992
99.87
99.997
99.998
99.92
99.93

Technology Comparison

In general, vitrification has several major advantages over other methods of waste
treatment (Ref. 1). These include the following:
•

The long-term durability of the glass product that typically performs exceptionally
well in leach-tests.

•

The flexibility of the waste glass in incorporating a wide variety of contaminants and
associated feed material in its structure without a significant decrease in quality of
the glass.

•

The process can accommodate both organic and inorganic contaminants of varying
amounts, and it can destroy organics by pyrolysis and/or combustion during
vitrification. Because organic destruction is a nonflame process, the offgas is small
relative to incineration.

•

The process can reduce the volume of waste material.
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Table 7-10. Demonstrated Organic Destruction Efficiencies for Vitrification Systems
(Ref. 1)
Compound

Temperature (°C) for 99%
Destruction in 2 Seconds

Measured DE (%)

Hydrocyanic Acid

482-866

NA

Chlorobenzene

482-866

99.99986

Formic Acid

318-368

NA

Phosgene

427-479

NA

Methylene Chloride

427-479

Phenol

374-421

Acetone

374-471

>99.9995

Isodrin

374-471

>99.9998

Ethanol

374-471

>99.9995

Mustard Gas

318-368

NA

Nitrogen Mustard

318-368

NA

Carbon Tetrachloride

318-368

99.99988

Aldrin

318-368

99.99994

Dieldrin

318-368

>99.9995

Sulfoxide

218-316

>99.99

Endrin

38-160

>99.998

Dithlane

182-213

>99.96

Sulfone

NA

>99.995

Xylenes

NA

DIMP

NA

>99.8

DMMP

NA

>99.8

ACN

NA

99.99996

AN

NA

99.9994

>99.9995
99.99992

99.99817

Vitrification also has its limitations as follows:
•

Feed moisture content, although not a technical limitation, will require time and
energy to drive off the moisture, thereby increasing costs. Depending on the process
and method of feeding the waste, free water may react vigorously with the melt as it
vaporizes. However, high moisture-content waste streams have been treated without
violent reactions occurring.

•

Feed material compositions-may impact the ability to produce a durable product.
The effect of feed components on glass formation and durability are discussed in
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References 1 and 9. Methods to overcome these issues may involve characterization
to identify waste stream components, pretreatment to remove problem species, or
additives to mitigate the effect of these species.
•

Some feed streams may not be physically compatible with a specific vitrification
process or equipment. For example, heterogeneous debris, steel drums, etc. may
require size reduction before they can be treated.

•

Typical of most thermal processes is the tendency to volatilize some organic and
inorganic contaminants, so offgas control is required.

•

The presence of metals in the feed may cause shorting of electrodes in Joule-heated
melters and arcing in microwave melters causing damage to the microwave
generator. Reducing agents may cause metals to be reduced to their elemental form
and collect at the bottom of the melt, rather than being incorporated within the glass.
This problem with Joule-heated melters may be solved by draining the molten metal
from the bottom of the melter or by proper melter design.

•

Refractory life depends on the operating temperature, corrosive nature of the melt,
and the thermal cycles. Thus, there may be problems with maintenance and disposal
of refractory lining when treating radioactive wastes and a secondary waste will be
produced. However, this problem may be eliminated with a skull or cold-wall type
melter.

In addition to the general advantages and limitations mentioned above, each melter has
individual pros and cons as discussed in Reference 10.
Relative to arc or plasma systems, temperatures of induction and Joule-heated melters
can be better controlled, thereby minimizing volatilization of low boiling metals such as
cadmium and zinc.
Relative to other forms of heating, induction heating is rapid, clean, and suited to
automated control, and the electrical components are not subject to wear. New types of
crucibles and processes (such as segmented and cold-wall crucibles) and processes involving
gasification in the plenum have extended the ability of induction melting to treat various waste
forms, including the ability to destroy a variety of organic wastes (Ref. 4). However, a slag
bridge can form when melting metals that can result in an insulating effect leading to excessive
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melt temperatures and damage to the refractory. This can prevent release of gases, resulting in a
pressure buildup and possible eruption of the molten material (Ref. 10).
Microwave melters provide "in-drum" processing, eliminating the need for a separate
reaction chamber and a pourable melt. The energy is applied directly to the waste so that the
surroundings remain relatively cool. Equipment is inexpensive and easy to maintain, short
heating times are required, and heating can be interrupted instantaneously. This technology is
applicable to only dry or near-dry inorganic wastes that are relatively homogeneous fines.
Uneven melting may occur, especially near the bottom and sides, and melt through of the
container may occur at hot spots (Ref. 10).
7.8.6

Cost of Technology or Equipment

Cost estimates have been made (Ref. 1) for applying a Joule-heated ceramic melter to the
Weldon Spring site, which consists of a 9-acre former limestone quarry, a 52-acre disposal area
for rafinate waste, and a 169-acre mothballed uranium-feed materials plant. The quarry contains
about 95,000 cubic yards of rubble and soil contaminated with TNT, dinitrotoluene, uranium,
thorium, and their decay products. Large pieces of equipment such as tanks, a forklift, and 3,000
drums are also buried.
The estimated capital equipment cost was $5.5 million and included equipment for size
reduction and blending, vitrification, glass product handling, and offgas treatment. The melter
represents over 82% of these equipment costs. Costs to support the capital equipment are
$10.25 million and include site preparation, facilities, utilities, instrumentation and control, and
installation. The estimate for operating cost, assuming treatment would be completed in 4 years,
totaled $60.3 million and includes labor (7%), chemical additives (36%), and utilities (57%).
7.8.7
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7.9

PLASMA TORCH AND ELECTRIC ARC TECHNOLOGIES

The plasma torch and electric arc are similar technologies that involve a high-voltage
discharge in a gas to form a plasma. The major difference is that the plasma discharge in the
torch is formed in a flowing gas that stabilizes the arc, while the electric arc is formed in a
nonflowing gas medium and provides the primary energy for heating and melting the waste
material. These technologies are being developed by several companies alone and in
conjunction with DOE and the national laboratories; several companies have commercialized
and are applying this technology to various hazardous waste streams. As yet, this technology
has not been applied directly to radioactive waste; however, "hot" demonstrations are on the
horizon. The following sections describe these technologies and the variations under
development and in use.
7.9.1

Technology Description

Plasma torch or electric arc heating is an electrical heating process that relies on an
electrical discharge to convert a gas into a high-temperature plasma in thermal equilibrium.
Unlike the cold plasmas discussed in Section 6, where low-power a.c. discharges produce
relatively low concentrations of energetic electrons, the high-power electric discharges
discussed in this section produce a partially ionized gas with high-electron concentrations. This
allows electrons and ions to achieve thermal equilibrium. Radiation is emitted when electrons
and ions recombine and when molecules or atoms relax from highly activated states to lower
energy levels. Although centerline temperatures may reach 12,000°C or more, depending on the
current and power delivered to the arc, surface temperatures of the arc and surrounding gas
temperatures may be lower, varying between 1500°C and 5300°C. Heat transfer to the target
waste material is primarily by radiation from the arc, although convection from the
surrounding gas also plays a part. In cases where the melt forms one of the electrodes, Joule
heating of the melt also occurs.

7.9.1.1

Plasma Torch

A plasma torch system uses energy from a thermal plasma arc, generated by Joule or
inductive heating of a gaseous electrical conductor, to destroy organics and melt inert waste
components. The plasma arc is generated within the furnace primary chamber by a moveable
electrode. Several configurations of plasma torches are available (Figure 7-17). The most
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common type is the arc plasma torch (APT) with electrodes made of copper or refractory
metals. A plasma torch without electrodes, called an induction plasma torch (IPT), is also
available. The APT can be dc or ac (approximately 60 Hz to several kHz) operated, and the IPT
is operated at kilohertz frequencies. Plasma heating is accomplished by initiating and
maintaining an electrical conducting path through a gas (the plasma arc column) and using the
resistance of the arc to convert electricity into heat.
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Figure 7-17.
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(c)

(b)

Plasma Arc Torches: (a) Transferred Arc; (b) Non-transferred Arc;
(c) Induction

Arc plasma torches incorporate two basic electrode types: the transferred and nontransferred. Both the transferred and nontransferred arc require positive and negative
attachment points between the plasma arc and a solid electrode, whereas the IPT does not
require electrodes except to initiate a conduction path. The nontransferred type of torch uses
internal metallic rear and front electrodes as arc attachment points. The transferred type of torch
uses the rear electrode for the internal attachment point and the workpiece or pool of melted
slag as the external attachment point to complete the electrical circuit.
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The most common APT design is the vortex-stabilized torch shown in Figures 7-17a and
b. The plasma gas is injected tangentially through the vortex generator between the rear
electrode and the collimator or front electrode, depending on the APT type. Part of the injected
gas rotates and moves rearward to the rear electrode and determines the arc attachment at the
location where the rotating gas changes direction and moves forward toward the collimator or
front electrode. The remaining injected gas rotates and moves forward, mixes with the gas from
the rear electrode, and exits through the front of the torch. The rotating gas or vortex forms a
low-pressure central core on the common axis of the electrodes within which the plasma arc is
stabilized.
The electrodes of the arc plasma torch are the only consumable part of the torch. They are
water cooled to retard the rate of metal loss through vaporization at the attachment points and
subsequent electrode failure. However, water-cooling of torch components results in energy
loss due to absorption of heat from the plasma arc and the furnace environment. These losses
range from 8% for the transferred torch to a high of 30% for the nontransferred torch (Ref. 1).
The useful life of the electrode is determined by the materials used to fabricate it and by the arc
current density at the attachment point. Copper is the preferred electrode material because of its
high thermal conductivity and diffusivity. The copper may be alloyed with zirconium or
chromium to improve its strength and oxidation resistance at high temperatures. High-current
densities significantly shorten the life of the electrode due to erosion by the high-current arc.
Additional nontransferred arc configurations are shown in Figure 7-18. Insulated rings
may be placed between multiple anodes to produce the segmented anode shown in Figure 718a. This allows the arc to strike from the central cathode through to one or more water-cooled
metal anode rings. This allows the arc voltage to be increased, which permits higher operating
power and increased electrode life because of reduced amperage and, thus, erosion (Ref. 2). The
water-stabilized arc shown in Figure 17-18b consists of water swirled in a tube section between
the cathode and anode to protect the wall from arc heating. Such devices are usually of higher
power and have been investigated for chemical reactions where the electrode cooling liquid
may be part of the reacting stream. One application, which is further discussed later, is the
application of a water-stabilized arc to produce hydrogen and oxygen to react with organic
waste material.
An induction plasma may be generated and maintained without electrodes or attachment
points by a high-frequency alternating current, as shown in Figure 7-17c. However, a
nontransferred arc must be struck within the electrode to form a current-carrying path for the
induction plasma to be initiated. The inductive coupling between the flowing gas and the
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induction coil heats a portion of the gas to plasma temperatures. Efficient gas mixing of the
plasma column and the surrounding gas generates a volume of high-temperature gas that is
used as a heat source free of electrode contamination. For certain applications, the IPT is capable
of slightly higher plasma temperatures because of the absence of arc attachment points.
However, the power levels are limited to 300 kW by the need for high-frequency power to
provide adequate electromagnetic coupling between the induction coil and gas volume (Ref. 1).
The containment vessel must be transparent to the magnetic field and nonmetallic so that high
currents and heat are generated in the gas volume and not in the containment vessel.

Figure 7-18. (a) Segmented Anode Plasma; (b) Liquid-stabilized Plasma
Tandem configurations of the IPT, as shown in Figure 7-19, can be used to enlarge and
lengthen the plasma. In Figure 7-19a, the dc plasma forms the center core of the plasma and acts
as an ignition source, and the IPT adds heat downstream to maintain temperature level,
increase diameter of thr plasma, and alter temperature profiles. It is also possible to have
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successive IPTs beyond the first, as shown in Figure 7-19b, to maintain temperature of a
reaction zone or to produce longer hot zones and increase residence time for internal reactions
(Re'f! 2).
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Figure 7-19. Tandem Plasma Torches
Efficient mixing of the plasma column and surrounding gas that is external to the torch
generates a volume of high-temperature gas that is used as a heat source. The range of gas
velocities is typically about 650 to 2000 ft/sec at the front of the torch, causing rapid mixing and
heating of the ambient gas. The plasma arc column is generated at about 12,000°C (21,500°F)
and heats the surrounding gas to an average bulk temperature of about 4000°C (7200°F).
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Heating with the APT and IPT is by high-temperature gas convection, radiation from the
plasma arc, and reradiation from the furnace walls. Heat is also generated in the workpiece by
the transferred arc torch by Joule heating. About 60 to 65% of the thermal energy that reaches
the workpiece or feed material is absorbed; the remainder is lost to the walls of the furnace or as
enthalpy of the effluent gas.
The power output of the APT is varied by changing the arc current, arc voltage, or both.
The arc voltage can be altered by changing the arc length or the flow rate of the plasma gas. The
power output of the IPT is changed by varying the frequency and changing the electromagnetic
coupling between the coil and the plasma gas. Power change is easy to do, and the response of
the APT and IPT is immediate making plasma heating adaptable to automation.
The primary advantages of the transferred arc torch versus the nontransferred arc is it
reduces the thermal and erosive stressing of the torch components, thereby allowing use of
higher powers. It is also more closely coupled thermally to the workpiece. As the column length
is increased, the total voltage gradient increases. Since the output of the plasma column
increases with this voltage drop, the performance of the plasma column can be enhance by
raising the current or by increasing the length of the column and therefore the voltage drop.
Although the amount of energy added can be varied by adjusting the arc current, energy is
limited by electrode erosion at high currents and by arc stability at low currents.
Nontransferred torches with swirl flow provide an efficient mechanism to heat gases to
temperatures of 2000°C and higher. Usually 70 to 90% of the electrical energy will be in the gas
emerging from the torch (Ref. 3). However, when the energy must be delivered to a liquid or
solid mass of material, transfer of energy from the hot gases to the material is most efficient
when the geometry is that of a shaft furnace, so the gases can be released at a low temperature.
In most melting situations, a shaft geometry is not practical, and a transferred arc is then more
efficient.
The transferred arc uses a conductive hearth for maintaining the voltage difference for arc
generation. Waste is introduced into the furnace into a molten bath of material, which could be
inert waste or other material. The high-temperature plasma zone and the molten bath (in excess
of 1650°C) pyrolyze (or combust) the organics and melt all other inert materials into the bath.
Volatile organics are further treated in a secondary combustion chamber. Very small gas
volumes are required for the plasma arc, resulting in low offgas volumes. Molten solid material
can be removed continuously by overflow or poured by batch and forms a leach-resistant,
vitrified (glassy) waste form.
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In the following sections, several plasma arc systems that are being developed are
described.
Fixed Plasma Hearth
The fixed plasma hearth process has been tested and demonstrated by SAIC at the
Retech, Inc. facility in Ukiah, California. The overall system configuration used for these
laboratory demonstrations is shown in Figure 7-20. The primary furnace chamber of the current
proof-of-principle test system has a 1.2 MW, 1,500 amp, plasma torch that uses a dc-transferred
arc as shown in Figure 7-17a where the waste container, or molten slag, is the cathode. The
electrode is water cooled and fabricated from a copper alloy. The torch is primarily operated
using nitrogen, but can also be operated with He, Ar, O 2/ air, or mixtures of these gases.
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Figure 7-20. Plasma Hearth Process
The primary reaction chamber is a refractory lined, water-cooled, vacuum-tight steel
vessel with an internal volume of approximately 100 ft^ (Ref. 4), which is large enough to
accommodate a 30-gallon drum (or a compacted 55-gallon drum). The system operates in a
batch mode with a maximum throughput of 300 kg/hr, and it can operate for 2 to 4 hours
depending on feed composition. The primary furnace has a thermal capacity of 3,000,000
Btu/hr at temperatures up to 1800°C.
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Drums are fed into the chamber using a preloaded ram feeder mounted on the side of the
primary chamber. The waste drums are slowly fed into the chamber and "dripmelted" into the
molten pool in the bottom of the refractory lined crucible. The organic fraction will volatilize,
pyrolyze, and partially combust. The remaining inert materials (bulk metals, silica, alumina,
etc.) form a molten pool in the crucible. For demonstration purposes, this system was designed
to shut down and cool upon completion of melting. After cooling, the solidified melt is removed
and sampled for analysis.
The volatilized organics and combustion or pyrolysis products are drawn from the
primary chamber to the secondary combustion chamber, which is a cyclonic afterburner
designed for a 2 second residence time at 982°C. This secondary chamber uses a natural gas
burner that will deliver up to 1,000,000 Btu/hr. Excess combustion air is supplied to the
secondary chamber to insure complete combustion. Gases exiting the secondary chamber are
quenched by an air atomized water spray to 230°C. The warm dry gases are filtered in a hightemperature baghouse (51 m^ of filter area).
Fluxing material may be mixed with the feed to improve the slag characteristics (such as
lowering the viscosity to allow the slag to be easily poured from the chamber). The primary
chamber is equipped with a water spray system to remove process heat and slow the
combustion reaction in the event the combustion process is proceeding too rapidly. The use of
steam in the primary reaction zone is also effective in accelerating the burnout of fixed carbon
and converting fixed carbon into CO and H2Plasma Centrifugal Furnace
A schematic of the Plasma Centrifugal Furnace (PCF) developed by Retech, Inc. is shown
in Figure 7-21. The main processing chamber consists of a water-cooled vessel with an internal
rotating tub with a hole in the center of the bottom. A plasma torch is mounted into the vessel
and operates in the transferred arc mode, with one end impinging on the molten waste material
as it rotates beneath the torch. The torch heats the waste material by radiative and convective
heat transfer from the plasma plume and to a lesser extent by joule heating. The torch can be
adjusted both vertically and radially to optimize the process. The tub rotates to hold the molten
material against the side.
The rotating drum has a copper throat to which the plasma torch initially arcs to start the
process. A solidified layer of slag or skull that remains from previous runs begins to melt and
become a conducting medium. Once the surface of the skull becomes sticky, waste can be fed at
a controlled rate. Waste material is fed into the tub until the vessel capacity is reached, at which
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time the tub rotation is slowed, and the molten material, or slag, flows out of the hole and into a
mold. Offgas from the primary processing chamber is drawn through the hole in the bottom of
the centrifuge and into a natural-gas fired secondary combustion chamber (SCC) for complete
combustion of combustible gases and volatilized organics. The SCC is maintained at a
temperature greater than 982°F and provides a residence time of approximately 2 seconds
(Ref. 5). The PCF also includes an enclosed feeder, slag removal system, waste gas chiller, waste
gas scrubber, control system, and continuous emissions monitoring system.

Figure 7-21. Simplified Diagram of the ReTech Plasma Centrifugal Furnace System
The PCF is operated at slight negative pressure and can be operated under reducing or
oxidizing conditions, depending on the torch gas fed to the system. The intent in normal
operations is to add enough oxygen and sufficient heat to completely convert any organic
material present to CO2, H2O, and HC1 (if chlorine is present); and to fuse inorganics into a
durable, low-leachable, glassy matrix. Bulk slag temperatures in the PCF are estimated to be
1300°C to 1500°C; however, small regions directly beneath the torch are momentarily heated to
much higher temperatures.
Material is fed into the PCF via a semicontinuous air-lock screw feeder or a drum feeder,
and liquids are pumped into the reaction chamber. The screw feeder is used to meter in
materials ranging in size from 6 inches to fine soils or sands. When it is desirable to destroy
drummed wastes, as well as the drum, a horizontal feed system is used in which the drum is
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pierced under a nitrogen blanket and the major portion of any liquid in the drum is pumped
directly to the liquid injection lance (Ref. 6). The drums are then transferred through a doublelock system into an opening chamber where a plasma cutting torch cuts the drum from the
bottom. The operator cuts the drum so as to deposit a moderate amount of waste at a time into
the furnace. Prior to charging any solids, holes are pierced at several levels of the drum to
remove any remaining liquid. The drum is then cut into approximately 1-foot sections which
are melted as part of the feed and become part of the slag.
There are several sizes of PCFs available, ranging from laboratory scale with a 1.5-foot
diameter tub (designated the PACT-1.5) to the field-scale system with an 8-foot diameter tub
(the PACT-8). The PACT-6 was used in tests at the DOE Component Development and
Integration Facility (CDIF) in Butte, Montana. In this system, the feed is heated by a 500 kW
torch with a current of up to 1,000 amperes and an operating voltage usually between 500 and
700 volts. The maximum PCF batch size is limited by the capacity of the mold and by the weight
of the molten material that can be held by the centrifugal force in the rotating tub (1,000 lbs.
each) (Ref. 7). In these preliminary tests, feed rates up to 300 Ibs/hr could be sustained
depending on the fraction of combustibles in the feed.
Induction Plasma Torch
An induction-coupled plasma torch, called the Plasma Energy Recycle and Conversion
(PERC) process, is being developed and tested for conversion of energetics and other waste to
usable byproducts, such as syngas, by Alliant Techsystems and Plasma Technology, Inc. (Ref.
8). Applications include destruction of hazardous waste, demilitarization of explosives, and
conversion and volume reduction of mixed waste. The process can take place in selected
environments, such as reducing, steam reforming, or oxygen-rich, depending on the torch gas
used and the waste matrix. This ability to control the reaction environment permits control of
the byproducts formed by the process. In the current development phase, argon has been used
as the torch gas, although other gases have been demonstrated as alternatives.
Tests through August 1994 have been performed using a 15 kW bench-scale system.
Several explosives and other organic materials have been tested as solutions or slurries in water
under steam-reforming conditions. The temperature of the PERC system during these tests
ranged between 700°C and 850°C, and the system was operated at an internal pressure of 0.072
psi below atmospheric pressure.
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Steam Plasma Torch
The steam plasma torch is currently under development by INEL and no data is available
to evaluate its performance or applicability to mixed waste. The torch is currently being tested
for liquid and gaseous waste streams in a nontransferred arc mode (Ref. 9). However, with
further development it will be modified to function in a transferred arc mode to treat solid
wastes.
The system uses two arcs in tandem, operating in excess of 2800°C and at a pressure of 1
arm, to dissociate steam in the arc region to produce a highly reactive medium of hydrogen and
oxygen. The presence of dissociated hydrogen and oxygen as a plasma gas can result in
enhanced chemical reactions and destruction of waste materials. Pyrolysis reactions with the
organic waste produce CO and H2 which may be treated in a secondary combustion chamber.
Neutralizing agents, such as N a 2 C 0 3 or KOH, may be injected with the water to precipitate
any chlorine or sulfates that might be present in the waste stream. Energy requirements have
been estimated at 5,000 Btu/lb of feed material (Ref. 10).
Because this technology is in the early stages of development and a patent is pending,
little information is available.
Another variation is being developed by Plasmafusion Minnesota, Inc. A water vortex is
used to stabilize the arc, with a portion of the water being evaporated, dissociated into
hydrogen and oxygen, and partially ionized to form the plasma (Ref. 11). Because water in any
form can absorb large amounts of energy, the arc is cooled efficiently, leading to a constricted
arc with an associated high peak temperature. The consequences, relative to a gas plasma torch,
include a high-arc voltage, higher power dissipation for a given current, and a plasma flow with
a higher energy density. This means that more material may be treated for a given torch size.
The availability of dissociated hydrogen and oxygen can provide improved energy transfer
and/or enhanced chemical reactions, including destruction of organics.
Plasma Cupola
The plasma cupola technology was developed by Westinghouse Electric Corporation
under Electric Power Research Institute (EPRI) sponsorship during 1983-1990 (Ref. 12). The
initial purpose was the recovery of resources from waste streams—primarily recovery of metal
constituents in steel scrap and the destruction of other material making up the waste stream.
The application of this technology was extended to treatment of hazardous wastes during 19881989 through pilot plant tests.
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The cupola is a vertical cylindrical shaft furnace (Figure 7-22) that has been
conventionally used in the foundry industry. The process feed material, along with coke and
limestone, is charged into the top of the shaft. Combustion air is introduced at the bottom of the
shaft and the charge material is conventionally heated by the combustion of the coke and the
counterflow of the product gases. The furnace is operated under reducing conditions to
promote reduction of metallic oxides in the scrap charge. The gas velocities in a conventional
cupola operation are significant and may entrain the smaller sized scrap material. Limestone is
used as a fluxing agent to slag the coke and ash and other noncombustibles. The offgases are
passed through an afterburner and mixed with air to combust the CO and other volatiles from
the feed material.

*•

To Wet Scrubber

MARC II Plume Torch
Ptetme Air

Figure 7-22. Pilot Plant Schematic of the Westinghouse Plasma Fired Cupola
In the plasma-fired cupola, a nontransferred arc plasma torch (Figure 7-23) is fitted at the
bottom of the shaft. The torch is water cooled with copper electrodes and several different
torches are available with ratings from 75 kW to 10 MW. During operation, air is injected
through the torch (approximately 100 cfm for the 2.0 MW pilot system torch) that acts as a
combustion air preheater, thereby reducing the amount of coke and combustion air required in
the cupola. Additional blast air can be supplied if required. The resulting gas velocities through
the shaft are low enough to minimize entrainment of smaller sized charge materials such as
borings and machine turnings. In addition, thermal control of the process is now independent
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of chemical control. Blast temperatures can range from ambient to 3000°F or higher, limited
only by materials of construction and design of the torch-cupola junction. Thermal efficiencies
vary depending on the gas flow rate and arc current, but these parameters can be controlled to
achieve a 90% thermal efficiency. This represents the percentage of arc power that exits the
torch and enters the process.
During torch operation, the process gas is injected into the torch through a spacing
(approximately 1 mm) between electrodes. Sparkover between electrodes initiates the discharge
and the arc is immediately blown to the interior of the electrode by the incoming process gas.
The arc current interacts with the magnetic field established by the solenoid field coils located
around both the upstream and downstream electrodes to rotate the arc at approximately 1,000
revolutions per second. The combination of high arc rotational speeds .and high gas flow rates
provides good heat transfer between the arc and incoming process gas and extends electrode
life.

Figure 7-23. Cross Section of Nontransferred Arc Plasma Torch

7.9.1.2

Electric Arc

Electric arc melters (illustrated in Figures 7-24 and 7-25) are high-temperature melters
that were first developed in the metal processing industry. Arc melters function by maintaining
an arc between carbon (graphite) electrode(s) and the processed material. In the vicinity of the
arc, a plasma is produced similar to plasma melters; however, arc melters differ from plasma
melters in that no torch gas is used.
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Figure 7-24. Electro-Pyrolysis Mark I Graphite Electrode dc Arc Furnace
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Figure 7-25. Simplified Process Model of the ac Electric Arc Furnace
The electric arc provides the primary energy for the heating and melting of the target
material. This occurs in a sealed chamber, thus reducing the amount of gases produced during
pyrolysis and allowing the gas to be removed from the system in a nonoxidizing atmosphere.
Because the chamber is sealed, gases are forced to exit upward through the hollow electrode
and pass through the electric arc and highly ionized zone at the tip of the electrode. Thus, the
plasma functions as a scrubber for offgases generated by the arc.
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In the electric arc process, the carbon electrodes are consumed. As the tip is consumed,
the electrode is lowered to maintain the desired arc length. In order to reduce electrode
consumption, the gas space above the melt is maintained under reducing conditions. Therefore,
arc melters are operated as pyrolyzers to drive off organic materials. The high temperatures of
the molten bath quickly destroy the organic components while melting the inert material into a
glassy slag. Material feed for a closed furnace can be provided through feed handling chutes,
hollow electrodes, or a series of air-lock doors.
Arc melters can be operated with either ac or dc power. With dc power, the carbon
electrode may be the cathode or anode, and the melt crucible or tank is of opposite polarity. The
power level maintained in the furnace is controlled by the length of the arc; the longer the arc,
the higher the power consumption. Using dc power and reducing conditions within the melt,
the furnace can be used to separate a metal phase from the glass phase by electrolysis. If the
metal is to be incorporated into the glass matrix, ac power is used and the melt is maintained at
oxidation conditions.
Heat is transferred to the melt by convection from the plasma gas, radiation from the arc,
reradiation from the surrounding refractory walls, and Joule-heating from the current flow
through the melt. Because of the direct radiation from the arc, higher melt temperatures can be
sustained with an arc furnace relative to a Joule-heated melter. Successful operation of an arc
furnace requires maintenance of a stable arc, which may be achieved by center electrode design
features.
During operation as a melter, an unopened drum may be fed into a molten bath (possibly
molten metal such as iron). The drum melts and the waste material is subjected to intense
radiation from the arc and heat from the molten bath. As a result, organic material vaporizes
and decomposes and inorganic material is melted, producing a slag. The decomposition
products are further decomposed by the plasma arc. The products are sent to an offgas system,
where any volatile or particulate inorganics are captured and remaining organics are destroyed.
Graphite Electrode dc Arc
PNL, MIT, and Electro-Pyrolysis Inc. (EPI) have teamed to develop and demonstrate the
graphite electrode dc arc furnace for the treatment of buried waste (Ref. 13). This program has
been funded through BWID and several tests have been performed at the MIT Plasma Fusion
Center using EPI's Mark I and Mark II furnaces. The Mark I is an engineering-scale, batchoperated melter with a capacity of 1.1 ft^, and the Mark II is a pilot-scale melter that can be
continuously fed at a rated capacity of 500 to 700 lbs/hr.
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The Mark I furnace consists of a graphite crucible with an inside diameter of 13-1/2
inches, tapering to 12-1/2 inches at the bottom (Ref. 14). The inner height of the crucible is 21
inches. A movable 2-inch diameter graphite anode is located in the center of the crucible. The
entire assembly is contained in an insulated steel box. The feeder and anode seal are water
cooled. The melt is maintained at reducing conditions (i.e., no air is provided to the melt) to
reduce graphite consumption. The Mark I operates at 600 to 700 amps and with power levels as
high as 300 kW. Power is controlled by varying the length of the arc struck between the
electrode and the melt. The melter consumes about 1 lb/hr (or approximately 5 inches/hr) of
the graphite in the electrode; as the electrode is consumed, it is gravity fed to the melter to
maintain the arc length.
The Mark II melter is designed and operated similar to the Mark I but with a power level
of 1 MW. The electrode arrangement is coaxial with a solid 6-inch-diameter center electrode and
a concentric 10-inch-i.d. by 14-inch-o.d. outer electrode. This allows the system to operate in a
nontransferred arc or transferred arc mode to the crucible. This capability will allow the furnace
to be easily started in the nontransferred arc mode to initially melt the material in the hearth.
When the molten material becomes sufficiently electrically conductive, the operation of the
electrode can be changed to the transferred arc mode for continuous operation, which is more
efficient in providing heat energy to the material to be melted.
The Mark II furnace is a refractory-lined carbon steel vessel approximately 29 feet high
and 8 feet in diameter with four soft patch panels around the circumference to provide access
for waste feed, glass discharge, and diagnostics (Ref. 15 and 16). The furnace is equipped with
the required offgas treatment system and controls, and it is operated under pyrolytic conditions
by continuously purging the reaction chamber with N2 gas. The feed is processed in a graphite
hearth that acts as the anode of the dc circuit. The inner dimensions of the hearth are 36 inches
inner diameter and 18 inches in height. The plenum above the hearth is refractory-lined and the
electrode entering through the top of the furnace is positioned in the center of the hearth.
The Mark II has batch feeding, continuous feeding, and continuous product discharge
capabilities. It can operate at up to 2,000 amps and process a nominal 0.5 to 1.5 tons/hr of
buried waste type feeds and soils. The feed system of the Mark II is capable of feeding objects as
large as a 35-gallon drum. A full-scale system would be capable of feeding objects larger than a
55-gallon drum, and arc furnaces used in the steel industry have throughputs in excess of 105
tons/day (Ref. 15).
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Either melter can be operated with or without a cold top, and both units can be operated
with an arc or a submerged electrode. The units can be operated in an oxidizing atmosphere to
oxidize organics at the expense of increased graphite consumption. The nominal operating
temperatures are 1600°C (2900°F) with a maximum of 1760°C (3200°F). The melters are
maintained at slightly below atmospheric pressure. Neither system is currently equipped with a
secondary chamber for burning pyrolysis offgases; however, each system has an air pollution
control system. Current tests involve measuring the offgas constituents from the pilot-scale
Mark II. It is expected that a secondary combustion chamber, similar to the plasma hearth
process, will be required in a full-scale operational system to achieve 99.99% DRE.
Arc Melter Vitrification
The Arc Melter Vitrification program has been supported by the BWID and is an
extension of an in-progress U.S. Bureau of Mines (USBM) and American Society of Mechanical
Engineers (ASME) demonstration concerned with fly ash vitrification (Ref. 15). This test system
is a 1.5 MVA, 3-phase, 1.5 ton/hr (nominal) electric arc melter with cooled sidewalls for skull
operation, a continuous feed system, offgas treatment system, and slag and metals tapping
capability. The purpose of the test project is to evaluate the applicability of a small commercialscale arc melter to treat TRU-contaminated wastes and soils. Lectromelt Corporation designed
this melter to be air tight to prevent the escape of fugitive emissions.
The USBM/ASME melter was modified and tested on surrogate waste mixtures that
simulated "as incinerated" buried waste. This test furnace, described in Reference 17 and shown
in Figure 7-25, uses three, adjustable, 4-inch-diameter solid graphite electrodes, with automatic
power and electrode vertical positioning control. Power is supplied by a 800 kVA 3-phase
supply. The average power input during the tests ranged from 350 kW to 550 kW.
The electrodes are positioned at the apex of an equilateral triangle 11.25 inches from
electrode center-to-center. The electrodes and four water-cooled feed tubes extend through
ports in the furnace roof. The feed tubes, furnace roof, sidewalls, and copper slag tapping
fixture are water-cooled. Slag can be continuously tapped from the furnace, and metal is tapped
when desired through a tap hole in the bottom center of the furnace. The volumetric capacity of
the furnace below the slag tap hole is approximately 5 ft^.
Feed capabilities in the system are limited to a screw feed. A full-scale system would be
capable of feeding objects larger than a 55-gallon drum.
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7.9.2

Input and Output Stream Characteristics

In general, these systems are very robust and can accept a variety of input wastes and
waste matrices, including combustible and noncombustible wastes. Typically, the wastes can be
treated in their original container in an "as received" condition with minimum characterization
or pretreatment. The output streams consist of a nonleachable slag—in some cases, metal that
has separated from the slag, and an offgas stream that will require an offgas system for
treatment. Since the plasma torch system uses a flowing gas for stabilization of the arc, and
because it can operate in a variety of atmospheres, recirculating the gaseous effluent back
through the torch may decrease the effluent flowrate (depending on the amount of organics fed)
and decrease the capacity required of the offgas system (Ref. 3). However, this concept has not
yet been tested and validated.
7.9.2.1

Plasma Torch

Fixed Hearth
The wastes can be nonhomogeneous mixtures of metals, inert solids, and combustibles.
Wastes can be fed in whole drums, and larger scale systems may be able to accept larger
containers. Supercompacted wastes in 35-gallon drums have been treated successfully. Wastes
can include solids such as bricks, solid graphite, concrete, ash, or bulk metals. Sludge wastes
and partially (or completely) solidified or cemented sludges may be processed. Combustible
solids and wastes with any heating value (0 to 20,000 Btu/lb) can also be treated. The most
applicable wastes include heterogeneous solids, soils, sludges, and combustibles (Ref. 18). The
least applicable wastes include lead, high levels of mercury contamination, aqueous wastes, and
explosives.
This technology has minimal application to wastes containing water. Small amounts of
moisture may lead to steam explosions, unless provisions are made for adequate venting of the
drums containing wet solids or liquids. The plasma arc may also have minimal application to
organic liquids unless, again, the drums are adequately vented or the liquids are metered and
sprayed into the plasma zone; however, this technique could cool the plasma and would require
testing and demonstration of its viability and determination of the offgas constituents.
Applicability to contained liquids and associated hazards needs to be determined.
The secondary combustion chamber provides the required 99.99% destruction and
removal efficiency (DRE) for organics in the plasma hearth destruction process. The high
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temperature of the plasma process will require special attention to materials of construction
exposed to the plasma environment. The high-process temperatures may also lead to
volatilization of hazardous metals present in the waste, thereby requiring advanced offgas
treatment systems for their control.
High levels of N O

x

may be generated by the high-temperature process requiring

provisions for N O emission control in the offgas system. Tests have indicated N O levels to
x

x

vary from less than 100 ppm to as high as 3,500 ppm. In various tests, 2% of the feed material
mass was collected as particulate in the baghouse (Ref. 18) which has greater than a 99%
retention. The stack particulate emissions ranged from 0.001 to 0.008 gr/dscf, measured after
the baghouse. Average CO levels were below 100 ppm.
Tests performed on several-simulated waste streams (supercompacted simulated RFP
wastes, inorganic sludge, heterogeneous debris, and organic sludge) demonstrated production
of a slag phase that, upon solidification, produces a glass-like final waste form that passes TCLP
tests for various metals including As, Ba, Cd, Cr, Pb, Hg, Se, and Ag (Ref. 19 and 20). Volume
reduction factors and processing rates for three types of drummed wastes are shown in
Table 7-11.
Table 7-11. Processing Rates and Volume Reduction Factors for the Plasma Hearth
Process (Ref. 20)
Waste Type in
Drums

Minutes/Drum

Pounds/Hour

Volume Reduction
Ratio

Inorganic Sludge

58

229

8:1

Heterogeneous
Debris

67

138

11:1

Organic Sludge

67

208

9:1

Centrifugal Hearth
This system has been designed to treat soils and sludges contaminated with heavy metals
and/or organic hazardous components. It can treat heterogeneous unconsolidated feeds,
including organic materials, sludges, metals, rock, concrete, soils, military pyrotechnic
munitions, and other types of wastes. Tests on obsolete Army munitions were successful;
however, an offgas system specifically designed to handle the higher particulate loading from
certain pyrotechnics would be required (Ref. 5). The system is being tested on surrogates at the
CDIF in Butte, Montana, to determine its applicability to low-level radioactive wastes and
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mixed wastes. A drum feeder has been developed and is being tested for feeding complete
drums into the processing chamber.
The output from the plasma chamber is a vitreous, nonleachable slag, and the offgas
contains a number of pollutants which must be retained or treated by the offgas system. In
addition to particulates, volatile radionuclides, and heavy metals, the offgas from the melter
typically includes combustion products, or product of pyrolysis, depending on the torch gas
used. These may consist of CO, CO2, H2O, N O , SOx, HC1, and volatilized organics and PICs,
including trace chlorinated hydrocarbons (Ref. 6). However, during the EPA SITE tests at the
CDIF, no dioxins or furans were found in the offgas from the afterburner (Ref. 21).
x

The EPA SITE tests at the CDIF on contaminated soil demonstrated production of a
nonleachable solid product and waste volume reduction of at least two-thirds (Ref. 21). Tests at
the CDIF involving INEL soil containing a variety of materials (metals and combustibles) and
spiked with eerie oxide (a plutonium surrogate) were performed. These tests demonstrated
99.94% retention of the cerium in the final vitreous form and less than 0.05% volatilized into the
offgas, even in the presence of chlorine (Ref. 5). The slags produced from the various waste
formulations easily passed the TCLP tests for the metals tested which included Ag, As, Ba, Cd,
Cr, Pb, and Se (Ref. 21).
Induction Plasma Torch
The Alliant Techsystems/PTI induction plasma torch has only been operated on solutions
or slurries of double-based gun propellant (nitrocellulose-nitroglycerine), ethylene diamine,
malathion and methanol in waste (Ref. 8). These tests have evaluated the system operation
under steam-reforming conditions to produce syngas. The output gas stream consisted of CO,
CO2, H2, and N2 and low levels of N O in amounts dependent on the material being tested.
Ammonia was detected at greater than 50 ppm during the destruction of ethylene diamine.
Details of other organic materials in the offgas, such as PICs, or details regarding the
applicability of this technology to other waste streams or matrices, have not been determined.
This is an emerging, immature technology that requires additional testing, demonstration, and
further evaluation for applications to other waste streams.
x

Steam Plasma Torch
Test data on applicability to various waste streams, or the result of tests on waste
destruction, are not currently available. This is also an emerging, immature technology that
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requires additional testing, demonstration, and further evaluation for applications to a variety
of waste streams.
Cupola Plasma Torch
The cupola plasma torch system has been tested at the Westinghouse pilot-scale facility
on a variety of feeds, including landfill material consisting of concrete, rock debris and soil,
glass, electrical hardware, metals, wood, and tires (Ref. 12). This material was screened to
1/8 inch to 10 inches (except for the clay) and batched in 55 gallon drums with the required
amounts of coke and limestone. The results of these tests demonstrated the systems ability to
vitrify this range of landfill material, and produce a slag that passed the TCLP requirements for
heavy metals such as Pb, Cd, Cr and Ni. Other feed materials tested included electrical
hardware such as transformers and capacitors, mill scale, and electric arc furnace dust produced
as a result of melting ferrous metals in electric arc furnaces.
7.9.2.2

Electric Arc

The dc Electric Arc is applicable to the same wastes as the Plasma Torch; however,
because of the mode of operation and waste insertion, it may be more susceptible to upsets
when processing wastes containing moisture. Tests with the Mark I (Ref. 13) included melting
of soils with metals, sludges, combustibles, and simulated drums. The technology proved
effective in treating these materials, including mixtures containing high vapor-pressure metals.
Tests containing large amounts of combustible material resulted in nearly complete pyrolysis of
the carbonaceous material and formation of a densified glass product from the remaining ash
and soil. Mixtures of soil and metal resulted in the metal phase separating cleanly from the glass
phase. The capability of the graphite electrode to operate in the submerged mode improved the
partitioning of metals and reduced the emissions of cesium and cerium by over a factor of two.
The ac electric arc is applicable to the same wastes as the dc arc and plasma torch. Tests
have only been performed on "as incinerated" wastes with minimum amounts of organic
material. Test results, described in Reference 17, indicated 84% of the feed material mass was
melted or dissolved into the molten slag phase yielding a durable glass/ceramic solid.
Approximately 2.9% of the feed mass partitioned as a separate metal phase (over 90% Fe), and
about 13% produced typical combustion gases (H2O, CO2, CO, SO2, HC1, and NO >
x

Approximately 98% of the added Ce (TRU surrogate) reported to the slag phase, and less
than 2% reported to the offgas due to particulate entrainment of the fine Ce02 powder in the
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feed. Metals (Fe, Al, Cu, Pb, Na, Cr, and Zn) were added to the feed in one test to determine
partitioning. Essentially all the nonvolatile metals partitioned to the slag or metal phase
including 80% Pb and 44% Zn. The remainder went to the offgas due to volatilization. The more
volatile species reported to the offgas. The resulting glass/ceramic (slag) product easily passed
the TCLP for all eight TCLP metals.
7.9.3

Technology Status

Plasma torch and dc electric arc technology has been used for many years in industry for
a variety of applications. These include metal refining and recycling, ore processing, chemical
production, metal and ceramic powder production, and metal cutting and welding.
7.9.3.1

Plasma Torch

Fixed Plasma Hearth
During 1992, Science Applications International Corporation (SAIC) designed,
constructed, and tested a nonradioactive PHP demonstration unit. Retech, Inc., a plasma torch
vendor and vendor of the plasma centrifugal furnace, constructed and installed the PHP
demonstration unit at their facility in Ukiah, California. Four series of tests were conducted for
various simulated wastes, including:
•

Supercompacted RFP wastes (Ref. 22)

•

Processing of whole 30-gallon drums

•

Buried waste applications such as a soil-only matrix, a high-metal-content matrix, a
high-combustible-content matrix, a high-water-content metal oxide sludge, a highBtu-content organic sludge (oil and grease mixed into a stabilizing agent), and a
mixture of all these together (Ref. 20)

•

Selected mixed waste surrogates, including inorganic sludge, heterogeneous debris,
and organic sludge (Ref. 19).

Processing rates ranged from 210 lb/hr for highly combustible feeds to 560 lb/hr of
noncombustible feed. No process upsets were recorded and no unplanned shutdowns were
required due to instabilities resulting from the feed material.
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An accelerated development phase, supported by the MWIP and the MWFA, will be
conducted from FY95 through FY98. This will consist of pilot-scale system development and
testing on non-radioactive surrogates, and bench- and field-scale development conducted on
radioactive mixed wastes (Ref. 19). The final field-scale demonstration is scheduled to take place
in FY98. Surrogate studies will be conducted on a pilot-scale nonradioactive unit to evaluate
long-term operation and reliability of the primary process hardware and offgas treatment
system at a large scale. Areas that will be refined and tested include the functioning of the
primary chamber, including material feeding, hearth design for removal of molten material
from the chamber, offgas treatment, and fate and partitioning of radioactive surrogates.
A bench-scale system will be used to evaluate the treatment of actual mixed waste,
determine the behavior and fate of radioisotopes, and compare the results with surrogate
material tests to confirm that surrogates realistically model their radioactive counterparts. This
system is scheduled to begin testing in FY96. The field-scale unit will be a complete waste
treatment system, including front-end handling through production of a disposable final waste
form. This system will be designed to treat one to two 55-gallon drums per hour using a 1.2 MW
torch. Both radioactive systems are to be installed at the TREAT facility at Argonne National
Laboratory - West (ANL-W) at INEL.
Centrifugal Plasma Hearth
The PCF was originally conceived by Retech, Inc., an industrial and plasma equipment
manufacturer located in Ukiah, California. The DOE is assessing the technology as a potential
for treating remediation wastes at several of its sites, including INEL. In 1989, DOE initiated a
program to test and evaluate the performance of the PCF process. The testing was accomplished
under an interagency agreement between DOE and the EPA, and testing was performed as part
of EPA's Superfund Innovative Technology Evaluation (SITE) program. DOE chose a site
located in Butte, Montana, the Component Demonstration and Integration Facility (CDIF) as the
test location. The CDIF was at that time under the cognizance of DOE/Idaho, and is operated
by MSE, Inc. of Butte. The CDIF has recently been established as the Western Environmental
Technology Office (WETO) and is operated by MSE for the DOE Office of Technology
Development.
A prototype PCF (PACT-6) was installed at the CDIF, and a series of tests were
conducted in the summer of 1991. These involved testing of a soil matrix intended to be
representative of the characteristics of certain superfund sites. Tests were funded by the BWID
to evaluate the technology for application to mixed wastes and contaminated soils characteristic
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of Pit 9 sludges at INEL. Remediation of Pit 9 at the INEL has been proposed as an interim
remedial action under the FFCAct and Consent Order for INEL (Ref. 24). Duration tests have
been completed that successfully demonstrated that a variety of feed materials simulating Pit 9
feed can be effectively treated.
The first industrial system (PACT-8) for low-level beta/gamma waste treatment was
installed in Switzerland in 1990, and an experimental plant has been ordered by a French
customer (Ref. 6). This technology is continuing to be commercialized by Retech, Inc., which is
delivering three more systems to three European customers (Ref. 3).
Steam Plasma Torch
The steam plasma torch is being developed in-house at INEL, and a patent application is
being prepared (Ref. 10). A water-stabilized plasma torch is being developed by Plasmafusion
Minnesota, Inc. to bond hard coatings to metals and to destroy hazardous wastes (Ref. 11). This
technology is immature and in the early stages of development.
Induction Plasma Torch
The PERC process is being developed and commercialized by a collaboration between
Alliant Techsystems, a munitions manufacturer for the DOD and involved in demilitarization,
and Plasma Technology, Inc. (PTI) of Santa Fe, New Mexico (Ref. 8). Alliant Techsystems and
PTI are collaborating to demonstrate this technology for a wide range of DOD and DOE wastes.
As a first step, they established a test facility at the Center for the Plasma Processing of
Materials at Drexel University in Philadelphia, where a 15 kW system was built and tested on
several materials through August 1994. Alliant Techsystems has ordered a production-scale
system to be installed at their proving grounds in Elk River, Minnesota. This system should be
operational by January 1995. In addition, the 15 kW system will be moved to their proving
grounds and upgraded to expand the range of materials that can be tested.
Alliant Techsystems has also entered into a CRADA with SNL/CA to simulate the
reactions with a model that will aid in the design of a full-scale PERC system. Sandia and
Alliant Techsystems are also working to design, fabricate, and install a PERC system at
SNL/CA to treat tritium-contaminated waste stored there (Ref. 8).
Cupola Plasma Torch
As of 1991, a production-scale plasma cupola had been operating at the General Motors
Corporation's foundry in Defiance, Ohio (Ref. 12). A 2.5 ton/hr pilot-scale system was
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commissioned at the Westinghouse Plasma Center in Madison, Pennsylvania, in 1984. This
system is a water-cooled, refractory-lined vessel with a shell diameter of 43 inches and an
inside-refractory vessel diameter of 30 inches. The liquid metal and slag are tapped
continuously, and a natural gas afterburner is used for complete conversion of all combustibles.
This system, as well as the plasma torch, has been commercialized and is being marketed
by Westinghouse Electric Corporation to industry for various applications including hazardous
waste destruction and resource recovery, ore processing, and chemical processing.
7.9.3.2

Graphite Electrode Arc Furnaces

AC-powered graphite electrode arc furnaces have been used for reprocessing scrap metal
for the steel industry since the early 1900s. EPI has drawn on this experience, and advances in
solid state power-conversion technology, to develop a dc-arc furnace for treating waste
materials. The engineering-scale Mark I furnace was tested in 1992 to gain preliminary
treatability information. The Mark II furnace was designed and fabricated in 1993 and has
undergone testing in 1994. This technology has been developed by EPI, Inc. and MIT, and a
contractual agreement is being negotiated with a large company for licensing of the furnace and
diagnostic technology (Ref. 15).
The BWID conducted tests on a modified USBM/ASME ac electric arc furnace in mid1993. These tests were to develop performance data using "as incinerated" surrogate wastes. A
test report has recently been published (Ref. 17) summarizing the results of these tests.
7.9.4

Destruction Efficiency

During fixed-plasma hearth tests on organic sludges, DREs were consistently greater than
99.99%. For naphthalene, the DRE averaged greater than 99.997%, and the DRE for 1,2dichlorobenzene was greater than 99.9999% (Ref. 19).
Tests with the plasma centrifugal furnace at'the CDIF in Butte were run with waste
consisting of heavy metal-bearing soil from the Silver Bow Creek Superfund site spiked with
28,000 ppm of zinc oxide and 1,000 ppm of hexachlorobenzene and mixed in a 90/10 ratio with
No. 2 diesel oil. The zinc oxide was added as a tracer metal to determine leachability of the slag.
The contaminated soil was fed to the furnace at a rate of approximately 120 lb/hr. The results
are as follows (Refs. 6,21, and 25):
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°

Hexachlorobenzene had an average concentration in the feed of 972 ppmv. None of
the compound was found in the product slag, in the scrubb r system, or in the stack
analysis. Based on detection limits, the DRE for this compound ranged between
99.9929% and 99.9934%.

•

Since diesel oil was added as a combustible component of the feed, several other
organic compounds were present. The feed contained 2-methylnaphthalene at 458
ppmv; its DRE was estimated between 99.9872 and 99.9996%. Xylenes, present in the
feed at 134 ppmv, had DREs between 99.9929 and 99.9934%.

•

The solidified treated soil was nonleachable for both organic and inorganic
compounds that were leachable in the waste feed.

•

An average of 0.374 grains/dscf of particulates were emitted in the stack gas
throughout the three tests.

•

A high percentage of the metals from the feed soil were captured and retained in the
vitreous slag.

•

N O emissions during the tests averaged 4800 ppm (uncorrected to 7% oxygen).
Because the furnace's exhaust gas had an average flowrate of 6800 scfh, the mass of
N O emitted averaged 2.53 lb/hr.
x

x

Preliminary tests with the steam plasma torch have demonstrated a DRE for highly
volatile wastes, such as alcohols, of 99.9% to close to 100%, depending on conditions that are yet
to be optimized (Ref. 10).
Tests were performed with the PERC induction coupled plasma system on a bench-scale
15 kW plasma torch (Ref. 8). The objective of these tests was to determine the capability of the
system to produce syngas from the feed material, so destruction efficiencies generally were not
determined. Rather, the results were analyzed with respect to the ratios of H2 to CO, CO to
CO 2, and CO to the sum of hydrocarbons in the offgas. In the first test on double-based gun
propellant, a significant air leak occurred that caused high levels (300 ppm) of N O in the
offgas. The leaks were sealed and subsequent tests demonstrated . XK emissions of 10 ppm or
less. Tests were performed on ethylene diamine, malathion, and methanol. The DRE for
malathion was reported as greater than 99.999%, DREs for the other tests were not reported.
Alliant Techsystems has concluded that the steam-reforming process using the PERC system
x

7-132

was successful in converting energetic material into syngas and providing a high destruction
efficiency of chemical agent surrogates.
Destruction efficiencies were not determined for the graphite dc electric arc tests with the
Mark I furnace or with the ac arc melter.
7.9.5

Technology Comparison

Plasma torch and electric arc technology may enjoy greater public acceptability than
conventional incineration because the process is electrically driven and has the potential to be
more easily controlled. It does not require excess air for combustion and, therefore, the offgas
stream will be lower in volume, and quiescent combustion (or pyrolysis) minimizes particulate
emissions and reduces air pollution control requirements. It is an application of high
technology, which may be more acceptable to the public than incineration. Nevertheless, EPA
currently considers plasma systems to be incinerators, and it is expected that permit
requirements will be the same as those for incinerators. The solid waste stream (slag) may be
acceptable for disposal without further treatment. The process requires minimal waste
characterization and pretreatment and has been in use on an industrial scale for metal
production.
Arc- and plasma-heated melters are more robust than other types of melters and/or
thermal destruction systems relative to handling large variations in the incoming waste
composition and producing the high temperatures required to process inert waste
compositions. The heterogeneous mix of metals, noncombustibles, combustibles, and soils can
be handled in the "as received" mode; however, processing of large quantities of combustibles
or aqueous wastes may be better handled by other technologies. There may be problems with
explosions due to rapid expansions in a high-temperature environment when treating liquids,
particularly contained liquids. However, there are indications that organic and aqueous sludges
have been treated by the Plasma Hearth Process and the Graphite dc Arc without problems. In
addition, the plasma centrifugal furnace treated obsolete military pyrotechnics and fuzes
successfully.
Both processes produce an offgas that may contain trace organics and volatile metal
compounds which will require treatment. However, the use of electrical energy rather than a
fossil fuel for combustion and melting significantly reduces the volumes of offgas and
particulates and associated pollution control equipment requirements. Both processes take place
at high temperatures and usually in an oxygen-starved atmosphere, causing pyrolysis of the
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hydrocarbons and production of partially oxidized gaseous products (CO, H2, tars, etc.).
Therefore, a secondary combustion chamber is required to achieve the required 99.99% DRE.
The high temperatures also tend to produce high N O concentrations; however, the low flow
rates of the stack gas may allow emission rates to fall within regulated limits (Ref. 6). Both
processes produce a melt in which most nonorganics are contained; however, the high
operating temperatures tend to volatilize heavy metals such as cadmium, lead, and chromium,
which may be transported into the offgas system. The solidified melt is a vitrified material that
is generally very stable, typically passes the EPA TCLP tests, and may be disposed in a lowlevel waste landfill.
x

The nontransferred arc allows operation over a wide range of power settings and has
relatively simple controls. Although startup, operation and control of a transferred arc is
somewhat complex, the transferred arc is able to treat the largest variety of waste because it can
be more closely coupled thermally to the waste load. The arc power and thermal input to the
load can also be easily controlled by increasing the arc current or the voltage drop. The Graphite
dc Arc also uses a transferred arc, but without the torch gas. The graphite electrode does not
require water cooling and may be able to handle higher levels of current than the metal
electrode torch, thereby transferring larger amounts of heat to the waste material through
increased radiation and Joule heating. However, the torch uses a flowing torch gas that may
somewhat offset this advantage of the graphite electrode arc through increased convective heat
transfer.
Plasma torches are not in contact with the melt materials, thereby decoupling the
electrode thermal input from the melt composition and reducing the opportunity for electrode
corrosion. The electrode of the graphite dc-arc melter may be operated in the noncontact mode
or it may be submerged within the molten mass to decrease the emissions from the furnace,
including emission of volatile metals. The metal electrode requires water cooling decreasing the
energy available to the material being processed, and introducing the possibility of injection of
high-pressure water into the furnace in the event of an electrode failure. Graphite electrodes do
not require water cooling and they permit higher levels of dc arc current, providing the
capability to transfer large amounts of heat to the material to be processed. However, the
graphite electrode has a high rate of electrode consumption, and use of an oxidizing
atmosphere to combust organics increases this consumption.
The plasma-hearth electrode is reported to have a life of approximately 200 hours before
it requires replacement at a cost of approximately $200. The electrode life for the 1 MW Mark II
melter is estimated to be in the thousands of hours (Ref. 26). Electrode consumption over the
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course of the USBM/ASME ac melter tests was 11.9 lb/ton of waste processed, or 12 lb/MWH
(Ref. 17).
The use of a dc arc, struck between the electrode and the molten material, is much quieter
than an ac arc. or plasma torch. This means less gas agitation and less particulate carryover. One
centralized dc arc permits better control of the arc by keeping it from migrating to the furnace
lining in a localized area near the melt line, and providing longer refractory life.
The plasma-hearth process uses a secondary combustion chamber to achieve 99.99% DRE
of organic material, whereas the Graphite Electrode dc Arc does not use a secondary
combustion chamber in the existing test system. Data is not available regarding destruction
efficiencies and offgas constituents for the Graphite Electrode dc Arc tests; however this data is
being obtained for the Mark II pilot scale system. It is expected that a secondary combustion
chamber will be required for the Graphite Electrode dc Arc system when it is put into full scale
operation with organic wastes.
The PACT-6 plasma centrifugal furnace used for test and demonstration at the CDIF
exhibited several operational problems that are claimed to have been solved through redesign,
and are no longer a problem with the field-scale PACT-8 (Ref. 23). These included electrode
failures, plugging of the offgas system, and slag plugging of the secondary combustion chamber
due to slag buildup on the walls from previous runs.
7.9.6

Cost of Technology or Equipment

A life-cycle cost estimate was performed for the plasma hearth process by Steven Booth
LANL and Peter Barnes-Smith of IT Corporation (Ref. 27). This estimate is for a 700 lb/hr drum
feed system and includes the feeder, plasma chamber, secondary combustion chamber, offgas
treatment, and process controls. Total equipment, including design and installation is estimated
at $7 million, facility cost at $17 million, and annual O&M costs at $11 million.
Based on the EPA SITE tests at the CDIF for the plasma centrifugal furnace, (Ref. 6), the
EPA report concluded that a commercial-scale PACT-8, when processing at a rate of 2,200
lbs/hr and with an availability of 50%, would have an operating cost of about $978/ton. If
availability was increased to 70%, these costs would drop to about $757/ton.
The Westinghouse plasma cupola technology costs for processing electric-arc furnace
dust were estimated at a total of $3 to $5 million in capital costs, and annual operating costs
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were $1.6 million for a 1 ton/hr operation and $2.13 million for a 2.5 ton/hr operation (Ref. 12).
Net credits for product recovery were $2.4 million and $5.9 million, respectively. Electricity
usage was 600 kWhr/ton for treating landfill wastes, 205 kWhr/ton of copper, and 167
kWhr/ton of steel-based electrical hardware feed material.
7.9.7
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SECTION 8
SOIL WASHING

Soil washing is the extraction of contaminants from excavated soil by mixing the soil with
water, solvents, surfactants, or chelating agents (Ref. 1). Soil washing is a combination of
physical and chemical treatments performed on soil in an aqueous solution. It is often used as a
size segregation technique with washing of fines from coarse soil. The process removes
contaminants that reside in specific grain-size domains, separates the waste stream into "cuts,"
and focuses on treatment appropriate to the contaminant/grain-size relationship. Usually,
heavily contaminated soils are treated several times in a multistage counter-current system. The
contaminated water or solution is then treated for removal of contaminants.
Early development and implementation of soil washing technology was based primarily
on the use of water as the extracting solvent (Ref. 2). This process is most applicable to the
remediation of soils containing highly water-soluble constituents, or soils containing very low
concentrations of silt and/or clay particles (usually <15% smaller than 50 urn). The EPA
Superfund Innovative Technology Evaluation (SITE) Program now includes soil washing
processes using extraction media ranging from alkaline mixtures of ionic and nonionic
surfactants and bioremediating agents which act as biosurfactants (Ref. 3) to acid extractions for
removing heavy metals from contaminated soils and solids (Ref. 4). These processes represent a
significant extension of existing soil washing techniques presently being used on a wide scale in
Germany and the Netherlands.
Early soil washing applications have been for top soils rather than for buried and
otherwise stored waste, although some buried waste and contaminants would be amenable to
this approach. For example, if the contaminant is soluble and the contaminated surfaces are
accessible (removed from bags and containers), it may be possible to decontaminate the bulk of
such buried waste by washing/leaching/extraction. Additionally, soil washing may provide
added benefit for debris treatment by enabling the application of the debris rule (Section 8.1.7).
EPA (Ref. 5) has the following insights on soil washing:
•

"Soil washing is basically a volume-reduction technology that uses wash water to
separate contaminated soil into two fractions: a large fraction of relatively clean,
coarse soil, and a smaller fraction of fine soil/sludge containing the concentrated
contaminants."
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•

"Hydrophobic contaminants can be difficult to separate from soil particles into the
aqueous washing fluid."

•

"Complex mixtures of contaminants in the soil, such as a mixture of metals,
nonvolatile organics, semivolatile organics, etc., make it difficult to formulate a
single, suitable, washing fluid that will remove all the different types of
contaminants from the soil."

•

"A high percentage of clay and silt (e.g., >30-50%) in the soil usually indicates that
soil washing will be unfavorable due to the amount of time and money required to
treat this volume of contaminated soil."

•

"Chelating agents, surfactants, solvents, and other additives are often difficult and
expensive to recover from the spent washing fluid and then recycle in the soil
washing process."

•

Identification of the contaminants is important. Volatile organics may require
removal in a pretreatment step with treatment of air emissions. Solubilities of
contaminants is important in deciding whether wash solution additives are needed.
Metal speciation is important in metal solubility.

•

Particle size distribution of the soil and chemical analysis of the contaminants are
important characterization data for soil washing.

8.1

TECHNOLOGY DESCRIPTION

Soil washing technology is commercially available through numerous vendors. A search
of EPA's Vendor Information Systems for Innovative Treatment Technologies (VISITT) database
version 3 (Ref. 6), identified nineteen soil washing vendors with processes in various stages of
development from laboratory bench-scale to full commercial scale. The stage of development as
reported by the vendors is as follows: 3 bench-scale, 2 pilot-scale, and 14 full-scale.
Additionally, numerous soil washing demonstrations (including solvent extraction and debris
washing) have been conducted as part of the EPA SITE Program (Ref. 7).
Soil washing is primarily an ex situ process that incorporates size classification and
vigorous scrubbing of soil particles with an aqueous-based solvent to remove heavy metals or
organic contaminants. Soil washing can be, and has been, used as a single-stage or multi-stage,
standalone technology where applicable, or coupled with other on-site remediation
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technologies to achieve the final contaminant levels. In some cases, water soluble surfactants,
chelating agents, acids, or bases may be used to facilitate contaminant removal. Soil washing is
based on the observations that: 1) contaminants tend to concentrate in the fine and organic
fractions of the soil (e.g., silt, clay, humic matter) due to physical and/or chemical adsorption,
and 2) contaminants associated with the coarse soil fraction (e.g., sand, gravel) are often present
as a thin surface coating that can be removed by vigorous scrubbing and attrition of the soil
particle surfaces (Ref. 6). Many soil contaminants, both organic and inorganic, tend to
chemically or physically attach to the silt and clay fractions of the soil as shown in Figure 8-1
(Ref. 8). The silt and clay, in turn, tend to attach to coarse sand and gravel particles. The
various processes used in soil washing break the silt and clay away from the coarser fractions
and scrub the coarser fractions, resulting in cleaner sand.
Typical Mass
Distribution

Typical Contamination
Distribution

Figure 8-1. Typical Soil Distributions (Source: Brierley and Hultman 1994)
Thus, the objectives of the technology are to reduce the volume of soil that requires
further treatment or disposal by concentrating the contaminants in a smaller volume of
material, to transfer the contaminants to a more easily treated aqueous phase, and to produce a
washed soil product that meets clean-up criteria.
A "basic" soil washing treatment plant shown in Figure 8-2 includes four major
subsystems: 1) screening (soil sizing), 2) washing, 3) soil and water separation, and 4)
wastewater and sludge treatment and management (Ref. 6,9 and 10). Screening is employed to
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Figure 8-2. "Basic" Soil Washing Treatment Process

remove the oversized soil fraction. The initial process is done by vibrating screens and then by
attrition scrubbers after water is added. More water is added and the resulting slurry is
separated into coarse-grained sands and fine-grained materials, typically by use of
hydrocyclones. Underflow from the hydrocylcones contain the coarse-grained sands requiring
treatment, typically by air froth flotation. Surfactants may be added to the sand to aid in
reducing the surface tension binding the contaminant to the particles. This allows the
contaminants to "float," be removed by air froth flotation, and forwarded onto sludge
management. Overflow from the hydrocyclones contains the fine-grained material containing
the contaminant. This fraction can then be either processed by an alternative technology, or
dewatered and disposed of off-site.

The small volume of contaminated residuals are

subsequently treated by appropriate destructive or immobilizing processes such as thermal
desorption, chemical extraction, biodegradation, solidification, or vitrification.

Sludge

management typically requires additional treatment such as polymer addition, thickening, and
dewatering. Cleaned soil may be either redeposited on-site or otherwise beneficially used as
backfill or industrial sand. Low-level mixed waste may be cleaned to the point where it is no
longer considered mixed waste and thus may be disposed of at appropriate facilities (e.g., the
Nevada Test Site). Process water is cleaned of contaminants and recycled for further use in the
system.
Other variations of soil washing technology include debris washing, solvent extraction,
solvent washing and in situ soil flushing. General descriptions of debris washing and solvent
extraction are presented in Sections 8.1.7 and 8.1.8, respectively (following soil washing
descriptions). Solvent degreasing was used successfully at the Oak Ridge K-25 Site, but its use
was stopped to avoid exposing the workers and the environment to the hazardous solvents. In
situ soil flushing has been demonstrated and consists of water, or an aqueous solution, injected
into, or sprayed onto, the area of contamination, and the contaminated elutriate collected and
pumped to the surface for removal, recirculation, or on-site treatment and reinjection (Ref. 1).
During elutriation, the flushing solution mobilizes the sorbed contaminants by dissolution or
emulsification. Handling and treatment of the elutriate are required, and delivery and recovery
systems are needed. Medium-solubility organics and soluble salts are the most likely
contaminants to be treated.
Each soil washing vendor uses a slightly varied process train and/or reagents for
removal of contaminants. For example, addition of catalytic ozone oxidation to the wash water
destroys organic compounds (Ref. 7). Brief descriptions of selected processes (i.e., vendors), the
removal efficiency, and costs are presented in this section and were based on available
information obtained largely from the VISITT database (Ref. 6) and SITE Profile version 6
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(Ref. 7). Thus, the processes discussed in this section should not be considered a comprehensive
listing. Furthermore, bench-scale studies identify the basic mechanisms by which radionuclide,
heavy metal, or organic contaminants can be removed from soil. Bench-scale studies do not
provide engineering process information about the best methods to make liquid/solid
separations or to handle a variety of soil components (rocks, clays, plant roots, etc.). Before
full-scale soil washing plants are designed, pilot-scale studies need to be conducted addressing
a variety of process engineering variables so that the full-scale facility can be designed to
operate safely, effectively, and under the most economical conditions.
8.1.1

Alternative Remedial Technologies (ART), Inc.

The ART's process begins with contaminated soils fed into a hopper and passed through
a series of screens to eliminate oversize material (Figure 8-3). Soils passing less than two inches
are formed into a wet slurry and fed into a hydrocyclone, where the cut between fine-grain and
coarse-grain material is made. Centrifugal force in the cyclone (which is open to the
atmosphere) causes the coarse-grain sand to be spun out of the bottom, and the fine-grain
material and water to be ejected from the top of the unit. The hydrocyclones can be fieldadjusted to meet the objective of the smallest possible sludge cake requiring off-site disposal
(Ref. 11).
The coarse-grain materials from the hydrocyclone underflow are treated by froth flotation
to concentrate the contaminants in the froth. If treatment of the sands is required, application of
surfactants and air floatation (mechanical aerators and diffused air) is employed (Ref. 11). The
sands are dewatered and returned to the site as clean backfill. Surfactant dose, slurry flow rate,
air flow rate and the height of the overflow weir are all controlled within the flotation unit.
The fines from the hydrocyclone overflow are dosed with a polymer and forwarded to
sedimentation tanks (a series of baffles and chambers) where separation of the liquids and
solids takes place. The thickened solids are then pumped out the bottom to a pressurized belt
filter press where the solids are converted to a 45 to 55% dry-solids filter cake. This cake
contains the target contaminants and must be managed by regulated disposal at a permitted
facility.
This system is very effective on sandy soils composed of less than 40% clay or silt (Ref.
11). As the proportion of fine-grain material increases, the waste stream becomes more difficult
to treat by soil washing due to the typically higher humic content associated with the fine-grain
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Figure 8-3. ART, Inc. Soil Washing Process

material which tends to contain more strongly adsorbed organics. Target constituents for
removal include metals, polynuclear aromatics (PNA), pesticides, and low-level radionuclides.
On the average, for every 100 tons of feed, 85 tons of clean sand was recovered for reuse;
approximately 10 tons toxic waste was generated; and the remainder consisted of rocks and
pebbles.
8.1.2

Bergmann USA

In Bergmann's process (Figure 8-4) contaminated soil is first screened to remove coarse
rock and debris. Water and chemical additives (e.g., surfactants, acids, bases, and chelants) are
then added to produce a slurry (Refs. 6 and 7). The slurry feed flows to an attrition scrubbing
machine. Various equipment items (such as rotary trommel screens, dense media separators,
cyclone separators) are used to create mechanical and fluid shear stresses, removing
contaminated silts and clay from granular soil particles. Separation processes then create
output streams consisting of granular soil particles, silts and clays, and wash water. Upflow
classification and separation is used to separate contaminated low specific gravity materials.
Bergmann USA conducted a pilot demonstration for sediment washing on the Saginaw
River for an Army Corps of Engineers and EPA project. Results indicated a 91% polychlorinated biphenyl (PCB) removal with 0.2 ppm remaining in the clean coarse fraction,
14 ppm in the <74 micron (<200 mesh) fraction, and 24 ppm in the humic fraction (Ref. 12).
Capacity was 10 ton/hr and processed approximately 500 tons of sediments. Bergmann also
has a pilot plant for the Toronto Harbor Commission for treatment of polycyclic aromatic
hydrocarbons, polynuclear aromatic hydrocarbons, and weathered petroleum. Numerous addon modules are employed for site-specific needs including: tramp metal separator, oil and
grease separator, dense media separator for vegetative and marine organics, cyclone separator
to deslime smaller fines and deliver underflow of 70 to 75% solids, dewatering module, clarifier,
dissolved air froth flotation module, sludge densifier, and continuous belt filter for dewatering.
8.1.3

BioGenesis™ Enterprises

BioGensesis' process (Figure 8-5) is a continuous flow unit with capacities up to 100 cubic
yards per hour using parallel processing and multiple equipment setups. The sediment is
prescreened to separate debris with oversize materials diverted to a washer for treatment. The
remaining material flows to a shredder then on to pretreatment tanks. The shredded material is
blended, heated, and mixed with water and biosurfactant chemicals to form a slurry.
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Figure 8-5. BioGenesis™ Enterprises Soil Washing Process

The slurry then goes to a shaker screen separator that cuts the flow into two streams: material >
0.5 mm and material < 0.5 mm. The larger particle stream is diverted to a soil washer and the
smaller particle stream continues to the sediment washer's feed hopper. Next, this slurry is
injected to the sediment collision chamber where it collides with water and cleaning chemicals
at 10,000 to 15,000 psi pressure (for primary loosening of the bonds between the pollutant and
particle) (Ref. 13). From the collision chamber, the slurry flows to the collision scrubber which
further weakens the bonds between contaminant and particle. Normally, three collision
chamber and collision scrubber sets are connected in series. Following the last scrubber, the
slurry passes through a buffer tank where any large particles are separated by gravity. The
slurry then flows through hydrocyclone tanks to separate solids down to 5 to 120 microns in
size. The free liquid is routed to a centrifuge for final solid-liquid separation.
This process was tested for washing small size particles on harbor sediments at Thunder
Bay, Ontario (Ref. 13). Over 80% of the sediment had particles smaller than 38 microns. Major
contaminants were PAHs (primary target), PCBs, phenols, and metals. Results indicated PAH
removal of 16% after one cycle, 84% after two cycles, and 90% after three cycles.
BioGenesis™ has also conducted a demonstration for the EPA SITE program on large
particle soils contaminated with heavy crude oil. This system was a batch process with a
throughput capacity of up to 40 yards per hour and consisted of a trailer-mounted gondola for
air mixing, water and chemical addition, oil skimming, and liquid drainage (Ref. 13). Ancillary
equipment includes gravity-oil and water separators, coalescing filters, and a bioreactor (Ref. 7
and 14). Water, BioGenesis™ cleaning chemicals (a light alkaline mixture of natural and
organic materials containing no hazardous or petrochemical ingredients), and soils are loaded
into the gondola. Aeration nozzles in the bottom of the gondola feed compressed air to create
the effect of a fluidized bed. The gondola is equipped with an emission control system to trap
volatile organic compounds. After mixing, a short settling period allows the particles to sink
and the oil contaminant to rise to the water surface where it is skimmed for reclamation or
disposal. After the wash water is drained, the clean soil is evacuated.
With an effective grain size of about 50 microns and the target contaminants of petroleum
hydrocarbons, an extraction effectiveness for washing alone was 85 to 90% with subsequent
biodegradation increasing effectiveness to 95 to 98%. After initial washing, greater extraction
(91%) was achieved on the larger fraction than on the smaller particle sizes. The results were
interpreted to indicate that the process will have higher effectiveness on less complex
pollutants, such as diesel fuel, as well as PCBs, dioxins, and pesticides (Ref. 13).
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8.1.4

BioTrol, Inc.

BioTrol (Figure 8-6) has a water-based, volume reduction process used to treat excavated
soil (Ref. 7 and 14). Debris is removed from the soil, and the soil is mixed with water and
subjected to various unit operations including mixing trommels, pug mills, vibrating screens,
froth flotation cells, attrition scrubbing machines, hydrocylcones, screw classifiers, and various
dewatering operations.
The core of the process is a multistage, counter-current, intensive scrubbing circuit with
interstage classification. The scrubbing action disintegrates soil aggregates, freeing
contaminated fine particles from the coarser material. In addition, surficial contamination is
removed from the coarse fraction by the abrasive scouring action of the particles themselves.
Contaminants may also be solubilized, as dictated by solubility characteristics or partition
coefficients. Residual products that are contaminated can be treated by other methods. Process
water is normally recycled after biological or physical treatment.
The BioTrol demonstration at the MacGillis and Gibbs Superfund site in Minnesota had a
treatment capacity of 500 pounds per hour. Feed for the demonstration ranged from 130 ppm
to 680 ppm pentachlorophenol (PCP) and 247 to 404 total polyaromatic hydrocarbons (Ref. 7).
The washed soil retained about 10% of the feed soil contamination. The soil washer removed
up to 89% of PCP and 88% of the total PAHs. Cost of a commercial-scale soil washing system,
assuming use of all three technologies (BioTrol soil washing, biological treatment of the process
wash water, and biological treatment of the contaminated fine particles) was estimated to range
from $40 to $168 per ton. In one process application where woody material comprised 10% of
the waste stream, the treatment of the woody material accounted for 76% of the total cost.
8.1.5

Brice Environmental Services Corporation

Brice's process is a portable process contained on an 8-ft by 40-ft trailer transported with
a pickup truck. The system uses conventional mineral-processing equipment for
deagglomeration, density separation, and material sizing, and is centered around a patented
process for effective fine-particle separation. By use of high attrition and wash water, soil
contaminants are partitioned to fine-soil fractions. Oversized coarse-soil fractions are washed
in clean water before exiting the plant for redeposition on site. Process water is containerized,
recirculated, and treated to remove suspended and dissolved contaminants. Fine contaminated
soil fractions are containerized automatically during plant operation.
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8.1.6

Non-Flame Flowsheet Waste Stream Washing Process

The Non-Flame Flowsheet is a conceptualized process developed for the Mixed Waste
Treatment Project to identify methods for achieving fully compliant treatment, at low
temperatures arbitrarily defined as below 350°C, for destruction of regulated organics without
the use of an incinerator or similar thermal process (Ref. 15). To achieve regulated organic
destruction under these constraints requires that the organics be separated from the waste
matrix for feed to aqueous-based treatment units. The flowsheet is highly dependent on three
waste-washing processes that are adapted from existing or developmental technologies which
have not been operated on radioactive wastes. Two functions are key to the process. First,
washing processes are provided for removal of hazardous organics from three different
matrices: sludge, soil, and debris. Washing is expected to remove all soluble nonhazardous
organic and water-soluble inorganic materials as well as the hazardous organics. Destruction of
nonhazardous bulk organics (primarily debris) is not attempted. Second, an organic destruction
unit is used to destroy heavy organic oils and emulsions including chlorosolvents. The
following are brief discussions of the washing processes for each of the three waste matrices.
Sludge washing is accomplished in a two-stage counter-current process which includes
solvent recycle and the addition of chemicals to aid in the extraction of adsorbed materials. The
process is very dependent on the patented Carver Greenfield Process which employs drying
and extraction processes to separate waste streams into soils, oils, and aqueous phases (Ref. 15).
The stages for the sludge washing process include size reduction, first-stage slurry washing,
evaporation, centrifugation, solvent cleanup, second-stage slurry washing, and solids drying.
Soil washing is similar to sludge washing, but natural organic soil constituents (humates)
are expected to make complete removal of organic contaminants difficult. The soil washing
process includes the following stages: screening, particle size separation, oil/water separation,
mixing and scrubbing, and solids removal. Soils with a high organic content will include an
additional mixing and scrubbing stage following the initial screening.
Debris washing requires extensive feed preparation to ensure exposure of all external and
internal surfaces to cleaning solutions in order to obtain decontamination. For debris that
cannot be completely cleaned, washing is expected to significantly decrease the contaminant
level. The debris washing stages are cutting and sizing, first-stage high-pressure spray
washing, agitation washing, second-stage high-pressure spray washing, supercritical CO2
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cleaning, agitation washing, rinsing, solution cleaning, cleaning the CO2, rinse water cleaning
and recycle, and secondary treatment.
8.1.7

Debris Washing

Sludge and debris washing technologies are similar to soil washing, but typically require
additional stages for screening, mixing, and scrubbing as well as variations within the stages
(e.g., sorting, high-pressure washing, solvent treatment) (see also Section 8.1.6). Debris is
defined by EPA as a solid material exceeding a 60 mm particle size that is intended for disposal
and that is: (1) a manufactured object; or (2) plant or animal matter; or (3) natural geologic
material (Ref. 16). Further, any mixture where the debris portion comprises the largest amount of
material present by volume as determined by visual inspection is classified as debris. The
Hazardous and Solid Waste Amendments (HSWA) to RCRA allow hazardous wastes to be land
disposed only if they are treated or can be land disposed in units satisfying the so-called nomigration standards in RCRA Section 3004. Land disposal includes any placement of hazardous
waste in a landfill or other facility specified in RCRA 3004(k). Alternative treatments are
permitted for debris in lieu of waste-specific treatments.
Application of these regulations to qualifying mixed waste can result in the following
(Ref. 16):
•

Simplifying processing and associated characterization requirements;

•

Shortening the research, development, demonstration, testing, and evaluation time
frame;

•

Reducing the cost of processing and disposal; and

•

Reducing the potential health risks to operations personnel and the public by
reducing waste treatment and handling processes.

Alternative treatment technologies in addition to washing technologies that are
applicable to treatment of mixed wastes include biodegradation, physical extraction (e.g.,
abrasive blasting, scarification, grinding, planning, spalling, high-pressure steam and water),
thermal extraction (e.g., high-temperature metals recovery, thermal desorption), chemical
destruction (e.g., oxidation and reduction), thermal destruction (e.g., incineration, plasma arc),
macroencapsulation, and microencapsulation (Ref. 16). Debris washing technologies include
water washing, solvent washing, chemical foams and gels, acid wash, caustic wash, liquid
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phase solvent extraction, and vapor-phase solvent extraction.

EPA's Risk Reduction

Engineering Laboratory and IT Corporation have developed an on-site metallic and masonry
debris decontamination process (Refs. 7,17, and 18).
This full-scale system consists of dual 4,000-gallon spray wash chambers that are
connected to a detergent tank. Debris is placed into one of the two 1,200 pound capacity
baskets, which in turn is placed into one of the spray wash chambers using a 5-ton crane
integral to the system. Process water is heated to 160°F using a diesel-fired, 2M BTU per hour
water heater and is continuously reconditioned using particulate filters, an oil/water separator,
and other devices such as charcoal columns or ion-exchange columns. About 8,000 to 10,000
gallons of water is required for the decontamination process. The system is controlled by an
operator stationed in a trailer-mounted control room. The entire system is mounted on two 48ft flatbed semi-trailers and can be readily transported to the site. This system can be applied to
various types of debris (scrap metal, masonry, stones) contaminated with pesticides, PCBs, or
metals. The net costs for on-site debris decontamination ranged from $50 to $75 per ton, and the
system is estimated to be able to handle from 50 to 120 tons of typical debris per day.
8.1.8

Solvent Extraction

Solvent extraction is potentially effective in treating contaminants by separating solids
(sludges or soils) into three fractions: oil, water, and solids. As the fractions separate,
contaminants are partitioned into specific phases. Typically, solvent extraction employs three
treatment steps: soil washing with the solvent, soil drying, and solvent regeneration (Ref. 14).
First, contaminated solids, slurrys, or wastewaters are fed into an extractor. The
extraction fluid (solvent) is circulated through the contaminated matrix to wash the soil.
Liquified gas solvent may be used to extract organics, oil, and grease from contaminated
sludges and soils. Controlled temperature and pressure optimize the washing procedure.
Typically, more than 99% of the organics are separated from the feed. Following phase
separation of the solvent and organics, treated water is removed from the extractor while the
mixture of solvent and organics passes to the separator through a valve, where pressure is
partially reduced. In the separator, the solvent is vaporized and recycled as fresh solvent. The
organics are drawn off from the separator, and either reused or disposed. Hot inert gas or
solvent-free gas is heated and injected into the soil to complete drying of the soil. Extractor
design is different for contaminated wastewaters and solids. For wastewater, a tray tower
contactor is used; whereas for solids, a series of extractor/decanters operating counter-currently
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is employed. Extraction efficiencies of 90 to 98% have been achieved on sediments containing
PCBs while laboratory experiments have yielded 99.9% removal efficiencies for volatile and
semivolatile organics. Estimated costs for PCB cleanup range from approximately $150 to $450
per ton of waste.
Several different solvent extraction technologies are available. For example, the
Resources Conservation Company's Basic Extractive Sludge Treatment (B.E.S.T®) technology
utilizes triethylamine as the extraction agent (Ref. 7). Triethylamine has an inverse miscibility
in which it is hydrophobic above 20°C and hydrophilic below 20°C This property allows the
process to extract both aqueous and nonaqueous compounds by changing the temperature of
the solvent, and solids can be dewatered while simultaneously extracting organic contaminants.
The Low-Energy Solvent Extraction Process (LEEP™) uses common organic solvents to extract
and concentrate organic contaminants (Ref. 7). Contaminants are removed from the soils by
hydrophilic leaching solvents then concentrated by use of a hydrophobic stripping solvent.
Bradtec has developed and tested a dilute, aqueous based, extraction process that combined
dissolution with dilute selective solvents, contaminant recovery, and solvent regeneration for
treatment of radionuclide and metal contaminated soils (Ref. 19). Finally, the Center for
Hazardous Materials Research uses an acid-extraction treatment system in the soil washing
process that uses hydrochloric acid to extract contaminants from soils (Ref. 7).
82

INPUT AND OUTPUT STREAM CHARACTERISTICS

Ex situ soil washing is applicable to sediments and sludges contaminated with hazardous
organic compounds, radionuclides, and heavy metals (Table 8-1). Specifically, the process can
be applicable for treatment of soils contaminated with wood-preserving chemicals, (e.g.,
pentachlorophenol, creosote), organic solvents, electroplating residues (e.g., cyanides, heavy
metals), paint sludges, pesticides and petroleum/oil residues (Ref. 5). Particle-size distribution
is the key parameter for determining the feasibility of soil washing. Typically, for soil washing
to be economical, the contaminated material size distribution should not consist of more than
40% passing through 45 microns, or 325 mesh (Ref. 6). Materials finer than this begin to reduce
the amount of recovered clean soil for redeposition. In addition, the contaminated soil should
contain less than 20% by volume of solid organic material such as leaves, roots, and twigs. For
nonmobile treatment units, potential sites should have a rninimum or 5,000 tons of material in
order to justify the fixed costs of mobilization and demobilization. In situ soil washing
(flushing) is most applicable to highly permeable soils. All input streams must be sorted,
separated, and prepared prior to soil washing (Ref. 20).
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Table 8-1. Applicability of Contaminants and Matrices for Soil Washing (Ret. 5)
Contaminant Group

Matrix
Sandy/Gravelly Soils

Organics
halogenated volatiles
halogenated semivolatiles
nonhalogenated volatiles
nonhalogenated semivolatiles
PCBs
Pesticides (halogenated)
Dioxins/furans
organic cyanides
organic corrosives
Inorganics
volatile metals
nonvolatile metals
asbestos
radioactive materials
inorganic cyanides
inorganic corrosives
Reactive
oxidizers
reducers

Siity/Clayey Soils

high
medium
high
medium
medium
medium
medium
medium
medium

medium
medium
medium
medium
medium
medium
medium
medium
• medium

high
high
low
medium
medium
medium

medium
medium
low
medium
medium
medium

medium
medium

medium
medium

High - good to excellent applicability, high probability that technology will be successful.
Medium - moderate to marginal applicability, exercise care in choosing technology
Low- not applicable, expert opinion that technology will not work.

There are four waste streams generated during soil washing: 1) contaminated fines and
humates from the soil washing unit, 2) wastewater, 3) sludge from the soil washers, and 4) air
emissions (Ref. 9). Soil washing is typically considered a waste minimization/volume
reduction process that reduces the original amount of material needing to be remediated by an
ultimate destruction or immobilization technology.
Thus, solid-output soil washing streams can be further separated into two broad
categories: 1) coarse-grained cleaned material for on-site backfilling and redeposition, and 2)
fine-grained material requiring further treatment for regulated disposal. Discharge water may
need treatment to meet discharge standards; however, this water should be recovered and
reused to the maximum extent possible in the washing process. The wastewater treatment
process residual solids, such as spent carbon and sludges, must be treated before disposal. Any
air emissions must be collected and treated to meet regulatory standards.
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8.3

TECHNOLOGY STATUS
Soil washing is an available technology that has been used as a remedial action for

contaminated soils. A summary of soil washing vendors is provided in Table 8-2. Several soil
washing demonstrations have been conducted by the EPA at Superfund sites. For buried waste
that is conceptually the same as soil, but more heterogeneous, soil washing is in the
predemonstration stage. Doubtless, modifications will have to be made to handle buried waste
and the concomitant secondary waste streams. This concept may be proven effective for a given
scenario, but not necessarily in general. Once the concept has been accepted as effective, then
details such as emptying bags and containers need to be developed. The most difficult part to
develop may be proving that the treated waste is clean. The whole point of this treatment is to
cleanse the bulk of the waste of contamination and to take advantage of the debris rule. A
technique must be developed to ensure that the treated waste is truly free of contamination.
Without such assurance, the treated waste will be disposed as if it were still contaminated, even
if it is not. Finally, the wash water/leachate/extract is a secondary waste. Cleaning and
recycling of this secondary waste stream must also be developed for the concept to have merit.
Several full-scale soil washing plants with capacities of 6.5 to 30 tons/hour are in
operation in the Netherlands and Germany (Ref. 21). Soils (165 tons) from the United States
have been shipped to the full -scale facility at Moerdjik, The Netherlands, for testing (Ref. 22).
This plant has an annual treatment capacity of 80,000 tons. However, emphasis in Europe is on
removal of SVOCs, PAHs, PCBs, and pesticides; none of the plants are presently removing
radionuclides or heavy metals from soils. Also, most of the soils and sediments being
remediated are sandy-textured (>85% being >50 um diameter).
Further development is required for the specific contamination found at each individual
site considering this alternative technology. Field screening and material handling is required
in conjunction with the sediment removal and further treatment will be required following
removal. Additionally, for individual cases a systems trade-off can be conducted to determine
if soil washing has merit.
8.4

REMOVAL EFFICIENCY
As shown in Figure 8-7, and based on the various individual site characteristics, removal

efficiencies are reported anywhere from 85 to 99% for organics, 80 to 99% for semivolatile
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Table 8-2. Soil Washing Vendor Information (Ref. 7 and 8)
Vendor

Address

Technology
Description

Contact/Phone

Development
Status

Michael Mann
(813) 264-3506

soil washing

full-scale

L P. Williams
(804)948-4610

soil washing

full-scale

Robert Bender
(412)361-1426

soil washing
(electrical
desorption is used
to recover metals)

pilot-scale

soil and sediment
washing

full-scale

soil washing

full-scale

soil washing (uses
chelating agent and
ion exchange
columns)
soil washing

bench-scale

soil washing

full-scale

94 Inverness Terrace East,
Suite 100
Englewood, CO 80112
Center for Hazardous 320 William Pitt Way
Materials Research
Pittsburgh, PA 15238

Alistair Montgomery soil washing
(303) 790-1747

full-scale

Stephen Paff
(412)826-5320

pilot-scale

CF Systems
Corporation

Chris Shallice
(617) 937-0800
Jonathan Mielenz
(707) 576-6223

Alternative Remedial
Technologies, Inc.
B&W Nuclear
Environmental
Services, Inc.
BenCHEM

Bergmann USA
BioGenesis
Enterprises
Bio-Recovery
Systems, Inc.

14497 North Dale Mabry
Hwy.
Tampa, FL 33618
2220 Langhorne Rd.
Lynchburg, VA 24501
803 S. Negley Ave., Suite
1
Pittsburgh, PA 15232

Richard Traver
1550 Airport Rd.
(615)452-5500
Gallatin, TN 37066
Charles Wilde
10626 BeechnutQ.
Fairfax Station, VA 22039 (703) 250-3442
Godfrey Crane
2001 Copper Ave.
Las Cruces, NM 88005
(505) 523-0405

BioTrol, Inc.

10300 Valley View Rd.
Eden Prairie, MN 55344

Dennis Chilcote
(612) 942-8032

Brice Environmental
Services Corporation
(BESCORP)
Canonie
Environmental
Services Corp.

P.O. Box 73520
Fairbanks, AK 99707

Craig Jones
(907)452-2512

COGNIS, Inc.

Davy Research and
Development,
Limited
"

Divesco, Inc.
Earth
Decontaminators,
Inc.
Enviro-Sciences,
Inc., and ART
International, Inc.

3D Gill St.
Wobum.MA 01801
2330 Circadian Way
Santa Rosa, CA 95407
P.O. Box 37 Bowesfield
Lane
Stockton-on-Tees
Cleveland TS18 3HA
United Kingdom
5000 Hwy. 80 East
Jackson, MS 39208
2803 Barranca Pkwy.
Irvine, CA 92714
100 Ford Rd.
Denville, NJ 07834

acid extraction
treatment system
(AETS)
solvent extraction

pilot-scale

full-scale

chemical treatment
TerraMet™
leaching system
Graham Wightman chemical treatment
011-44-642-607108 (employs resin-inpulporcarbon-inP P technologies)

bench- to pilotscale testing

W. L. Strickland
(601)932-1934
Steve Sawdon
(714) 262-2290

soil washing

full-scale

soil washing (nonacidic leaching)

full-scale

Werner Steiner
ART International,
Inc.
(201)627-7601

Low-Energy Solvent
Extraction
(LEEP )

pilot-scale testing

pilot-scale testing

ul
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Table 8-2. Soil Washing Vendor Information (Ref. 7 and 8)
Vendor

Address

Contact/Phone

Excalibur
Enterprises, Inc.

Calle Pedro Clisante, #12
Sosua, Dominican
Republic

Lucas Boeve
(809) 571-3451

GEOCHEM Division
of Terra Vac

12596 W. Bayaud Ave.,
Suite 205
Lakewood, CO 80228
980 Kelly Johnson Dr.
Las Vegas, NV 89119
5665 Victoria Lane
Livermore, CA 94550

Jim Rouse
(303) 988-8902

3000 Richmond Ave.
Houston, TX 77098
1990 N.California Blvd.,
Suite 400
Walnut Creek, CA 94596
1715 S. Bascom Ave.
Campbell, CA 95008

John Weber
(713) 520-9494
Dwight Gemar
(510)256-6100

11499 Chester Rd.
Cincinnati, OH 45246

Michael Taylor or
Majid Dosani
(513) 782-4700

3630 Comus Lane
Ellicott City, MD21043

Lanny Weimer
(301)596-6066

Scientific Ecology
Group (SEG), Inc.

1501 ArdmoreBlvd.
Pittsburgh, PA 15221

Tuboscope Vetco
Environmental
Services
Warren Spring
Laboratory

2835 Holmes Rd.
Houston, TX 77051

Patrick Keegan or
David Grant
(412) 247-6255
Myron Kuhlman
(713) 799-5289

Lockheed
Corporation
Non-Flame
Flowsheet Waste
Stream Washing
Process
NuKEM
Development
OHM Corporation
On-Site
Technologies, Inc.
Risk Reduction
Engineering
Laboratory and IT
Corporation
Resources
Conservation
Company

Westinghouse
Remediation
Services, Inc.
West Pac
Environmental, Inc.

soil washing (heapleaching
technology)
soil washing

Ron May
(702) 897-3626
Don Musgrave

Benjamin Roberts
(408)371-4810

s

Gunnels Wood Rd.
Peter Allan Wood
Stevenage, Herts SG12BX 44-438-741-122
England
675 Park North Blvd.
William Norton
Building F, Suite 100
(404) 299-4736
Clarkston, GA 30021
54 S. Dawson St.
Richard Owings
Seattle, WA 98101
(206)762-1190
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Technology
Description
soil washing and
catalytic ozone
oxidation

Development
Status
accepted into SITE
Demonstration
Program,
demonstration on
hold
bench-scale
full-scale

soil/sludge/debris
conceptual
flowsheet
developed for the
Mixed Waste
Treatment Program
soil washing

full-scale

soil washing

full-scale

soil washing
(CALOCROMA
process utilizing
chemical hydration)
debris washing

full-scale

Basic Extractive
Sludge Treatment
(B.E.S.T.®) solvent
extraction
soil washing

full-scale

soil washing

full-scale

soil washing

bench-scale

soil washing

full-scale

soil washing

full-scale

not applicable

pilot- to full-scale

full-scale

!

I
Organics

Semivolatile
Organics

Oil and
Grease

PCBs

Cyanides

Heavy
metals

Constituent

Figure 8-7. Soil Washing Removal Efficiencies
organics, 50 to 99% for oil and grease (and other petroleum hydrocarbons), 84 to 88% for PCBs,
93 to 99% for cyanides and 50 to 90% for heavy metals (Ref. 5 and 6). As a very general
statement, applicable contaminants can usually be removed from coarse soil fractions (greater
than 200 mesh) with relatively high removal efficiencies (95 to 99.9%) at low to moderate cost,
while fine soils, silts, and clays (<200 mesh) achieve only moderate contaminant removal
efficiencies (50 to 90%) at a moderate to high cost (Ref. 6). Volatile organic contaminants often
are easily removed from soil with a 90 to 99% efficiency. Semivolatile organics may be removed
to a lesser extent (40 to 90%) with use of a surfactant; while metals and pesticides, which are
more insoluble in water, often require acids or chelating agents for removal (Ref. 5).
Bench-scale studies have been conducted to evaluate the effectiveness of various
extraction media on the removal of Pu and Am (Ref. 23, 24, 25, and 26). Extraction media
included 1) pH 12.5 NaOH solution, 2) a 2% HNO3, 0.2% HF, 2% pine oil, and 5% Calgon
solution, and 3) 2N HC1. Soils from five different DOE sites were extracted (at a 1:1
soil-to-solution ratio in a rotary extractor for 6 min. at 70 rpm). The extractions appeared to
reduce concentrations of Pu and Am in the fractions >105 |J.m and concentrated the
radionuclides in the <105 (i.m size fractions. Based on wide variations in the results, the authors
concluded that the selection of extraction media will have to be tailored for each soil.
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D.C. Grant (Ref. 27) used physical segregation and chemical extraction techniques to remove
uranium, mercury, and PCBs from land soils and storm sediment from the Oak Ridge Y-12
Plant. The results indicated that the uranium was difficult to extract from the small size
fractions <250 urn. The best extraction procedure for uranium appeared to be attrition
scrubbing using sodium carbonate solutions containing hypochlorite. Research funded under
the Uranium in Soils Integrated Demonstration at Fernald, Ohio, indicated that soils containing
400 to 500 mg/kg of uranium (soils sampled from within the Fernald production area and
around a low-level waste incinerator) can be lowered to concentrations <50 mg/kg using
extraction media which are selective for uranium leaching. The best results have been obtained
using an extraction medium that includes a strong reducing agent and strong complexing
agents for uranium (Ref. 28 and 29). The reducing agent lowers the redox potential of the
system to the point that uranium (VI) and ferric compounds are reduced to lower valence states,
resulting in enhanced dissolution of the solid-phase mineral. The presence of complexing
agents for uranium in the extraction media (Tiron and citrate) selectively removes uranium and
maintains a soluble complex for uranium removal. Carbonate leaching in combination with
attrition scrubbing also appears to be a possible method for removing uranium to levels
<50 mg/kg for the soil sampled within the production area (Ref. 30). Uranium in soils
surrounding the incinerator area appear to be more characteristic of a low-fired uranium oxide,
and were more difficult to remove than the uranium in soil sampled from within the production
area.

8.5

COST OF TECHNOLOGY OR EQUIPMENT

A wide range of soil washing costs have been reported in the literature. For example,
EPA (Ref. 9) estimated the cost range for soil washing to be between $60 and $230 per ton.
M. Trnovsky (Ref. 31) estimated the present worth from the estimated capital, operating and
management costs for several remedial action alternatives at the Petroleum Products
Corporation Superfund Site in Pembroke Park, Broward County, Florida. The estimated unit
cost of soil washing was found to be $50 to $65/ton of soil and the unit cost for
solidification/stabilization (S/S) to be $100 to $120/yd . Soil washing was being used as a
pretreatment to S/S and resulted in significant cost savings by decreasing the volume of soil
that needed to be stabilized. The suitability of using S/S for organic contamination was not
addressed in this article. The cost estimate for S/S was based on an industry quotation for
processing similar wastes. S/S has been used for remediation of Superfund sites containing
organic contamination, despite the controversy surrounding its suitability for Resource
Conservation and Recovery Act wastes contaminated with organics. Despite the suitability of
3
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S/S, the article makes a valid point that soil washing can be used as a pretreatment to reduce
the costs of final treatment, but it is not generally a final treatment by itself.
The following comments on soil washing costs were taken from Reference 5:
•

The treatment and disposal of contaminated residuals can be a major expense.

•

"As a rough estimate, field tests could be expected to range from as low as $100,000
up to $500,000 (1989 dollars) or more."

•

Costs for a German (Harbauer GmbH) full-scale soil washing facility follow: capital
cost—$6,000,000 (1986 dollars) for a 15 to 20 ton/hour facility; O&M costs—$150/ton
soil including water treatment; sludge disposal costs—about $50/ton soil.

•

Processing costs for other European soil washing operations less complex than
Harbauer: $73 to $110/ ton soil.

8.6

TECHNOLOGY COMPARISON

Advantages and disadvantages of soil washing are summarized below, as are issues to be
resolved for further development of this technology.
8.6.1

Advantages

The primary advantage of soil washing is volume reduction of wastes requiring ultimate
disposition. Soil washing can be cost-effective as a pre-processing step in reducing the quantity
of material to be processed by another destruction and/or immobilization technology. It may
also be used to transform the feed into a more homogeneous condition to augment subsequent
treatment system operations. Additionally, soil washing provides a closed system that remains
unaffected by external conditions and hazardous wastes can be excavated and treated on-site
(Ref. 32).
8.6.2

Disadvantages

Contaminants in soils containing a high fraction of silt and clay sized particles are,
typically, strongly adsorbed and difficult to remove by soil washing. Hydrophobic
contaminants generally require surfactants or organic solvents for removal from the soil while
8-24

complex contaminant mixtures in soils, as well as frequent changes in the contaminant
compositions, make it difficult to design a single washing fluid that will consistently and
reliably remove all of the contaminants (Ref. 5).
8.6.3

Required Development

A major need in development of soil washing technology is a clear understanding of
what levels are acceptable for cleanup. The nature of the extraction media depends on
characteristics of the organic compound, radionuclide and/or heavy metal in the soil and the
physicochemical characteristics of the soil; thus, each contaminant and soil combination needs
to be investigated to properly assess the capability for decontamination. Simple soil washing,
using water as the extraction medium, will not suffice in cleanup of the heavy-textured soils
containing a variety of radionuclides, heavy metals, and organic contaminants.
A policy needs to be established regarding disposition of the cleaned waste (such as
implementation of the debris rule where treated waste is no longer handled and disposed as
contaminated), and a positive characterization technique needs to be developed to assess the
cleanliness of the treated waste (i.e., quality assurance/quality control for the treatment).
Additionally, the need exists to prove that buried waste can really be cleaned by such an
approach in the laboratory. The technique has proven effective in soil washing, but the
chemical and physical characteristics of buried waste may be too different from contaminated
soil for this approach to also work on buried waste. Of course, the technique should be quite
acceptable, as already developed, for treating contaminated backfill and soil surrounding
buried waste. After proving that the concept is useful, then details such as removing waste
from bags and containers need to be developed before field testing. To claim any benefits from
this treatment, a positive test for the cleaned waste must be developed. In addition, a treatment
cycle must be developed for the secondary waste stream to recycle the wash
water/leachant/extractant and concentrate and to dispose the removed contaminants.
8.7

REFERENCES

1.

U.S. EPA, "Underground Storage Tank Corrective Action Techniques,"
EPA/625/6-87-015, prepared by R. Cochran PEI Associates, Inc., Cincinnati, OH, 1987.

2.

Pollaert, T. J., "Soil Washing With Water Under High Energy Input: Commercial
Experience With the Lurgi Deconterra® Process," Abstract Proceedings. Fourth Forum on
8-25

Innovative Hazardous Waste Treatment Technologies: Domestic and International.
EPA/540/R-92/081, EPA Office of Solid Waste and Emergency Response, Washington,
D.C., pg. 18,1992.
3.

Amiran, M., and C. Wilde, "Remediation of Contaminated Soil Using BioGenesis™ Soil
Washing," Abstract Proceedings. Fourth Forum on Innovative Hazardous Waste
Treatment Technologies: Domestic and International. EPA/540/R-92/081, EPA Office of
Solid Waste and Emergency Response, Washington, D.C., pg. 13,1992.

4.

Paff, S. W., "The Acid Extraction Treatment System," Abstract Proceedings, Fourth Forum
on Innovative Hazardous Waste Treatment Technologies: Domestic and International.
EPA/540/R-92/081, EPA Office of Solid Waste and Emergency Response, Washington,
D.C., pg. 60,1992.

5.

U.S. EPA, "Guide for Conducting Treatability Studies under CERCLA: Soil Washing Quick Reference Fact Sheet," PB92-170588, EPA/540/2-91/020B, prepared by Jim Rawe,
Science Applications International Corporation, Cincinnati, OH, 1991.

6.

U.S. EPA, VISll 1 Vendor Information System for Innovative Treatment Technologies
Version 3. EPA 542-R-94-003, Solid Waste and Emergency Response, Washington D.C.,
1994.

7.

U.S. EPA, Superfund Innovative Technology Evaluation Program Technology Profiles
Sixth Edition, EPA/540/R-93/526, Office of Research and Development, Washington
D.C., 1993.

8.

Brierley, K.W. and C.W.S. Hultman, "British Nuclear Fuels' Calcitox™ Soil Treatment
Process," Waste Management '94 Conference, Tucson, AZ, February 27-March 3,1994.

9.

U.S. EPA, Ex-situ Remediation Technologies as Practiced in USA. EPA/600/A-93/255,
Risk Reduction Engineering Laboratory, Cincinnati, OH, 1993.

10.

Mann, M. J., "European Soil Washing for U. S. Applications," Proceedings from Waste
Management'92, Tucson, AZ, pp. 1283-1287, March 1-5,1992.

11.

Besch, J., "Soils Take a Bath at Superfund Site: First Full Scale U.S. Washing Operation a
Hit in New Jersey," Soils, pp. 22-25, November 1993.

8-26

12.

Anon, "Modular Approach Washes Out Variety of Contaminants: Versatile Plants Tackle
PCBs, Heavy Metals, Lead, Hydrocarbons," Soils, pp. 6-7, November 1993.

13.

Wilde, C , "Washing System Goes After Small Particle Size Soils: PAH Contaminated
Harbor Sediment is Treated in Continuous Flow Unit," Soils, pp. 26-30, November 1993.

14

Federal Remediation Technologies Roundtable, Synopses of Federal Demonstrations of
Innovative Site Remediation Technologies. EPA/540/8-91/009, Prepared by the Member
Agencies of the Federal Remediation Technologies Roundtable, 1991.

15.

Musgrave, B. C , Non Flame Flowsheet Waste Stream Washing Process: Process
Description. Draft, prepared by BCMusgrave Incorporated, Livermore, CA, 1994.

16.

Gehrke, R.J., et al., "Treatment Technology for Mixed Waste Containers and Debris,"
DOE/MWIP-20, U.S. Department of Energy, Office of Technology Development,
Washington, D.C., March 1994.

17.

Taylor, M. L., M. A. Dosani, J. A Wentz, A. N. Patkar, and N. P. Barkley, "Development of
a Full-scale Process for Treatment of Contaminated Debris at Hazardous Waste Sites,"
International Symposium on Environmental Contamination in Central and Eastern
Europe. Budapest, Hungary, October 15,1992.

18.

Dosani, M. A., M. L. Taylor, J. A. Wentz, and A. N. Patkar, "Results of Field
Demonstrations of a Newly Developed Pilot-scale Debris Washing System,"
Environmental Progress. Vol. 11, pp. 272-277,1992.

19.

Bradbury, D., G. R. Elder, M. J. Dunn, and R. L. Hemmings, "Mixed Waste Soil Washing
Using Environmentally Benign Chemical Solvents," Proceedings from Waste
Management'92. Tucson, AZ, pp. 1255-1259, March 1-5,1992.

20.

U.S. DOE, An Overview of the Department of Energy's Soil Washing Workshop.
DOE/NV-348, CONF-9008217, Las Vegas, NV, August 28-29,1990.

21.

Gerber, M. A., H. D. Freeman, E. G. Baker, and W. F. Riemath, Soil Washing: A
Preliminary Assessment of its Application to Hanford. PNL-7787, Pacific Northwest
Laboratory, Richland, WA, 1991.

22.

Mann, M. J., and F. J. Opet, "Field Demonstration of Soil Washing at the King of Prussia
Superfund Site," Abstract Proceedings. Fourth Forum on Innovative Hazardous Waste
8-27

Treatment Technologies: Domestic and International. EPA/540/R-92/081, EPA Office of
Solid Waste and Emergency Response, Washington, D.C., pg. 17,1992.
23.

Stevens, J. R., and D. W. Rutherford, Separation of Transuranic Radionuclides From Soil
by Vibratory Grinding. RFP-3296, DOE/TIC-4500, Rockwell International, Rocky Flats
Plant, Golden, CO, 1982.

24.

Stevens, J. R., R. L. Kochen, and D. W. Rutherford, Comparative Scrub Solution Tests for
Decontamination of Transuranic Radionuclides From Soils. RFP-3161. DOE/TIC-4500,
Rockwell International, Rocky Flats Plant, Golden, CO, 1982.

25.

Navratil, J. D., and R. L. Kochen, Decontamination of Soil Containing Plutonium and
Americium. RFP-3139, DOE/TIC-4500, Rockwell International, Rocky Flats Plant, Golden,
CO, 1982.

26.

Horton, J. H., and E. L. Albenesius, "Volume Reduction of Plutonium Contaminated Soil,"
Nuclear Technology. Vol. 30, pp. 86-88,1976.

27.

Grant, D. C , E. J. Lahoda, and A. J. Dietrich, "Treatment of Y-12 Plant Mixed Waste
Contaminated Soils Utilizing the Westinghouse Soil Washing Process," Proceedings of the
ER '91 Conference. Pasco, WA., pp. 139 -142, September 8-11,1991.

28.

Brainard, J. R., H. D. lams, E. R. Birnbaum, M. del Rio Garica, B. A. Strietelmeier, and R.
R. Ryan, "Selective Extraction/Leaching: Chelation Approaches to Uranium
Decontamination in Soils," Proceedings of the Information Exchange Meeting on Waste
Retrieval. Treatment, and Processing. CONF-930149, Houston, TX, pp. 316-320, March 1517,1993.

29.

Francis, C. W., A. J. Mattus, L. L. Farr, M. P. Elless, and S. Y. Lee, "Selective Leaching of
Uranium From Uranium Contaminated Soils," Proceedings of the Information Exchange
Meeting on Waste Retrieval. Treatment, and Processing, CONF-930149, Houston, TX,
pp. 333-338, March 15-17,1993.

30.

Francis, C. W., A. J. Mattus, L. L. Farr, M. P. Elless, and S. Y. Lee, Selective Leaching of
Uranium from Uranium-contaminated Soils: Progress Report 1. ORNL/TM-12177, Oak
Ridge National Laboratory, Oak Ridge, TN, 1993.

31.

Trnovsky, M., K. Frantzen, and R. J. Rudy, "Contamination Assessment and Remedial
Alternatives for Former Waste Oil Processing Facility Contaminating the Biscayne
8-28

Aquifer," Proceedings of the 5th Annual Hazardous Materials Control Research Institute
Conference, Las Vegas, NV, pp. 284-290, April 19-21,1988.
32.

U.S. EPA, A Citizen's Guide To Soil Washing. EPA/542/F-92/003, Office of Solid Waste
and Emergency Response, Washington D. C , 1992.

8-29

DOE/MWIP-26
INTERNAL DISTRIBUTION
1.
2-5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

P. Backus
J. Berry

G. Boris

W. Bostick
J. Chiang
T. Conley
A. Croff
C. Daugherty
L. Dole
J. Dunn
R. Fellows
L. V. Gibson, Jr.
R. Glass
E. Harrington
W. Hermes
D. P. Hoffman
D. Hutchins
G. Kamp
J. Kennedy

23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40-42.

D. Kucsmas
H. T. Lee
D. Lennon
A. P. Malinauskas
C. Mattus
E. McDaniel
D. Milewski
M. Morris
D. Moser
A. Richmond
M. Savage
J. Sherwin
F. Van Ryn
P. Wayland
Central Research Library
Document Reference Center
ORNL Patent Section
ORNL Laboratory Records

EXTERNAL DISTRIBUTION
43. Dr. M. Adamson, Lawrence Livermore National Laboratory, P.O. Box 808, L-591,
Livermore, CA 94550
44. G. C. Allen, Jr., Sandia National Laboratories, P.O. Box 5800, Dept. 6607, MS-0756,
Albuquerque, NM 87185-0756
45. T. Anderson, EM-53, 1117 Cloverleaf Gtn, U.S. Department of Energy, 19901
Germantown, MD 20874-1290
46. K. A. Asbell, Lockheed Idaho Technologies Inc., P.O. Box 1625, Idaho Falls, ID
83415-24420
47. C. Baldwin, EG&G Rocky Flats, P.O. Box 464, Highway 93 & Cactus, Golden, CO
80402-0464
48. M. Ballestri, BDM Federal, 20251 Century Blvd., 4th Floor, Germantown, MD
20874
49. Dr. J. Barghusen, META Inc., 814 Diamond Ave., Gaithersburg, MD 20878
50. R. Bastian, Focus Environmental, 9040 Executive Park Dr., Suite A-202, Knoxville,
TN 37923
51. S. Bates, EG&G Idaho, P.O. Box 1625, MS-3710, Idaho Falls, ED 83415-3710
52. W. Bergman, Lawrene Livermore National Laboratory, 7000 East Ave., L-386,
Livermore, CA 94550
53. D. Bickford, Westinghouse Savannah River Co., P.O. Box 616, Bldg. 773-A, Aiken,
SC 29808

54. W. J. Bjorklund, Battelle Pacific Northwest Laboratory, P.O. Box 999, MS P7-79,
Richland, Washington 99352
55. D. Blauvelt, BDM Federal, 1900 Founders Drive, Kettering Ohio 45420
56. W. Bliss, Reynolds Electrical & Engineering Co., P.O. Box 98521, Las Vegas, N V
89193-8521
57. J. Bloom, Waste Policy Institute, 555 Quince Orchard Road, Suite 600 Gaithersburg,
MD 20878
58. C. Bonzon, U.S. Department of Energy - Idaho Operations, 850 Energy Drive, Idaho
Falls, ID 83401-1220
59. L. Borduin, Los Alamos National Laboratory; P. O. Box 1663, M.S. K557, Los
Alamos, NM 87545-K557
60. T. Bramlette, Sandia National Laboratories, P.O. Box 969, Department 8106,
Livermore, CA 94550
61. M. Brooks, Waste Policy Institute, 555 Quince Orchard Rd., Suite 600, Gaithersburg,
MD 20879
62. D. Brooman, Belfort Engineering Services, 20201 Century Blvd., Bellemead Bldg.,
4th Floor, Germantown, MD 20874
63. C. Brown, U.S. Department of Energy, P.O. Box 927, T124A, C-26, Golden, CO
80402-0928
64. C. Brown, EG&G, Rockey Flats, Bldg. 881, P.O. Box 464, Golden CO 80402
65. D. L. Brown, Allied Signal Inc., P.O. Box 419159, D975, OB29, Kansas City, MO
64141-6159
66. J. P. Brown, U.S. Department of Energy, P.O. Box A, Bldg. 703-A, B-202, Aiken, SC
29802
67. G. Bryan, Pacific Northwest Laboratory, Battelle Blvd., Richland, WA 99352
68. S. Buelow, Los Alamos National Laboratory, MS J567, Los Alamos, NM 87545
69. H. Burns, Westinghouse Hanford Co., P.O. Box 616, Bldg. 704-61S, Aiken, SC
29808
70. D. Camp, Livermore National Laboratory, 7000 East Ave, L-286, Livermore, CA
94550
71. P. Castle, LITCO, Room 429, 12850 Middlebrook Rd., Trevion I, Germantown, M D
20874
72. R. Cena, Livermore National Laboratory, 7000 East Ave., L-365, Livermore, CA
94550
73. D. Chaiko, Argonne National Laboratory, 9700 S. Cass Ave., Argonne, EL 60439
74. E. Christy, MS E06, P.O. Box 880, Morgantown, WV 26507
75. C. Cooley, EM-54, 1117 Cloverlead Gtn, U.S.Department of Energy, Trevion II,
19901 Germantown Rd., Germantown, MD 20874
76. S. Couture, Lawrence Livermore National Laboratory, P.O. Box 808, L-437,
Livermore, CA 94551
77. J. Cudahy, Focus Environmental, 9040 Executive Park Dr., Suite A-202, Knoxville,
TN 37923
78. J. Cunnane, Argonne National Laboratory, 9700 S. Cass Ave., Bldg. 205, Argonne, IL
60439

79. J. D'Ambrosia, EM-44, Enviro Tech Associate, Inc., 7221 Grinnell Drive, Rockville,
MD 20855
80. J. Dancz, SAIC, 555 Quince Orchard Rd., Suite 500, Gaithersburg, MD 20878-4137
81. W. Davis, University of Tennessee, College of Engineering (Civil & Env. Eng.),
Knoxville, TN 37996-2010
82. C. Dempsey, Risk Reduction Engineering Laboratory, US EPA, Cincinnati, OH
45224
83. P. Dhooge, Delphi Research Inc., 701 Haines Ave., NW, Albuquerque, NM 87102
84. K. Dickerson, Oak Ridge National Laboratory, Rocky Flats Plant, P.O. Box 4013,
Golden CO 80401
85. S. Domotor, EM-332, U.S. Department of Energy, Trevion II, 19901 Germantown
Rd., Germantown, MD 20874-1290
86. H. Dugger, Kaiser Engineers Hanford Co., P.O. Box 888, MSIN E6-41, Richland,
WA 99352
87. D. Eaton, LITCO, 1955 Fremont Ave., Idaho Falls, ID 83415-3552
88. M. C. Edelson, AMES Laboratory, Ames, Iowa State University, Ames, IA 50011
89. S. Egan, CCEM, 999 18th, Suite 2750, Denver, CO 80202
90. A. Eicher, Focus Environmental, 9040 Executive Park Dr., Suite A-202, Knoxville,
TN 37923
91. D. Emilia, Chem-Nuclear Geotech, P.O. Box 14000, Grand Junction, CO 81502-2567
92. F. Fadullon, SAIC, 555 Quince Orchard Rd., Suite 500, Gaithersburg, MD 20878
93. F. Feizollahi, Morrison-Knudsen Corp., 180 Howard St., San Francisco, CA 94105
94. E. Franz, Brookhaven National Laboratory, 34 North Railroad St., Bldg. 830, Upton,
NY 11973
95. A. Gatchette, US EPA, Risk Reduction Engineering Laboratory, 26 W. Martin Luther
King Blvd., Cincinnati, OH 45268
96. R. Gay, Rockwell International, 6633 Canoga Ave., MS-T006, Canoga Park, CA
91303
97. R. Gehrke, EG&G Idaho Inc., 2151 N. Blvd., MS-2114, Idaho Falls, ID 83415
98. R. Geimer, SAIC, 545 Shoup Ave., Suite 200, Idaho Falls, ID 83402-3577
99. R. Gillins, SAIC, 545 Shoup Ave., Suite 200, Idaho Falls, ID 83402-3577
100. W. T. Gregory, Foster Wheeler Environmental Corp., 143 Union Blvd., Suite 1010,
Lakewood, CO 80228-1824
101. D. Gombert, LITCO, 1955 Fremont Ave., Idaho Falls, ID 83415-3428
102. B. Gupta, National Renewable Energy Laboratory, 1617 Cole Blvd., Golden, CO
80401
103. B. Haas, Ames Laboratory, 110 Spedding Hall, Iowa State University, Ames ID
50011
104. Dr. P. Hart, EM-542, 1117 Cloverleaf Gtn., U.S. Department of Energy, 19901
Germantown Rd., Germantown, MD 20874-1290
105. Dr. J. Helt, Argonne National Laboratory, 9700 S. Cass Ave., Bldg. 205, Argonne, EL
60439
106. D. Helton, Westinghouse Savannah River Co., 12850 Middlebrook Rd., Trevion I,
Rm. 453, Germantown, MD 20874
107. H. G. Hempill, Morrison Knudsen Corp., 1180 Howard St., San Fransisco, CA 94105

108. J. Hnat, Vortec Corp., 3770 Ridge Pike, Collegeville, PA 19426
109. T. Ho, Lamar University, P.O. Box 10053, Beaumont, TX 77710
110. J. Hunter, Westinghouse Hanford Co., P.O. Box 1970MS L5-31, Bldg. 3766, Rm. 14,
Richland, WA 99352
111. A. Johnson, EM-542, 1117 Cloverleaf Gtn, U.S. Department of Energy, 19901
Germantown, MD 20874-1290
112. P. Kalb, Brookhaven National Laboratory, 34 N. Railroad St., Bldg. 830, Upton, NY
11973
113. P. Kiang, BDM, 203000 Century Blvd., Geramantown, MD 20854
114. G. Knight, Waste Policy Institute, 555 Quince Orchard Rd., Suite 600, Gaithersburg,
MD 20878
115. R. Koenig, Merlin Co./Boulder Inc., 395 Ridgeview Lane, Boulder, CO 80302
116. O. Krikorian, Lawrence Livermore National Laboratory, P.O. Box 808, L-369,
Livermore, CA 94550
117. P. Krumrine, Waste Policy Institute, 555 Quince Orchard Rd., Suite 600,
Gaithersburg, MD 20878
118. M. M. Larson, SAIC, 545 Shoup Ave, Idaho Falls, ID 83402-3575
119. Dr. C. C. Lee, U.S. EPA, 26 Martin Luther King Dr., MS-481, Cincinnati, OH 45268
120. J. Lightly, University of Utah, Salt Lake City, Utah 84112
121. R. Maraj, BDM Federal, 555 Quince Orchard Rd., Suite 400, Gaithersburg MD
20878
122. C. Massimino, ESEPA, Region 10 (Hwy-106), 1200 Sixth Ave., Seattle WA 98101
123. J. Mayberry, SAIC, 545 Shoup Ave., Suite 200, Idaho Falls, ID 83402-3577
124. L. McClure, Westinghouse Idaho Nuclear Co., P.O. Box 4000, Idaho Falls, ID
83415-3402
127. J. McFee, IT Corporation, 5301 Central Ave., Suite 700, NE, Albuquerque, NM
87108
128. K. McWilliam, U.S. Department of Energy - Nevada Operations, P.O. Box 98518,
Las Vegas, NV 89193-8518
129. Dr. X. Meng, Center for Environmental Engineering, Stevens Institute of Technology,
Hoboken, NJ 07030
130. K. Merrill, EG&G Idaho Inc., P.O. Box 1625, MS-3710, Idaho Falls, ID 83415- 3710
131. T. Miller, University of Tennessee, 73 Perkins Hall, College of Engineering,
Knoxville, TN 37996-2010
132. C. Millick, BDM Federal, 555 Quince Orchard Rd., Suite 400 , Gaithersburg, MD
20878
133. N. Miullo, 999 18th St., Suite 500-8DT, Denver, CO 80202
134. J. O. Moore, U.S. Department of Energy, P.O. Box 2001, Oak Ridge, TN 378308620
135. R. Moats, BDM Federal, 555 Quince Orchard Rd., Suite 400, Gaithersburg, MD
20878
136. D. Musgrave, B.C. Musgrave, Inc., Victoria Lane, Livermore CA 94550
137. C. Nagel, Molten Metal Technology, 51 Sawyer Rd., Waltham, MA 02154
140. R. Nakaoka, Los Alamos National Laboratory, P.O. Box 1663, MS-6517, Los
Alamos, NM 87545

141. D. Navarro, Citizen Advisory Board/Stakeholder Input, 7850 Yates St., Westminster,
CO 80030
142. Dr. J. Navratil, Rust Federal Services, 1597 Cole Blvd., Bldg. 15, Suite 350, Golden,
CO 80401-3414
143. L. Nenninger, SAIC, 555 Quince Orchard Rd., Suite 500, Gaithersburg, MD 20878
144. J. Newburn, Thermatrix Inc., 308 N. Peters Rd., Suite 225, Knoxville, TN 37922
145. G. Ordaz, EM-531, 1117 Cloverleaf Gtn, U.S. Department of Energy, 19901
Germantown Rd., Germantown, MD 20874-1290
146. T. Overcamp, Clemson University, 342 Clemson Ct., Environmental Systems Eng.,
Anderson, SC 29625
147. B. Palmer, Los Alamos National Laboratory, CST-18, MS-J587, Los Alamos, NM
87544
148. R. Pearson, EG&G Rocky Flats, 1282 S. Routt Way, Lakewood, CO 80232
149. J. Pendergrass, TK Thompson, Inc., 2049A 46th St., Los Alamos, NM 87544
150. R. Peters, Battelle Pacific Northwest Laboratory, P.O. Box 999, MS P7-41, Richland,
WA 99352
151. J. Peterson, EG&G Rocky Flats, P.O. Box 464, Bldg. T130B, Golden, CO 804020464
152. Dr. P. Pettit, FERMCO, P.O. Box 398704, MS-81, Cincinnati, OH 45239-8704
153. H. Pham, Air Products and Chemicals Inc., 7201 Hamilton Blvd., Allentown, PA
18195-1501
154. W. J. Prymak, U.S. Department of Energy, P.O. Box 928, Golden, CO 80402-0928
155. B. Quapp, LITCO, P.O. Box 1625, MS 2025, Idaho Falls,ID 83415-2025
156. D. Rasch, DOE-ID, MS-1146, 850 Energy Drive, Idaho Falls, ID 83401-1146
157. R. Richards, Associated Technical Consultants, 2375 Dorr St., Suite I, Toledo, OH
43607-3406
158. A. Rodgers, Lockheed Idaho Technologies Inc., P.O. Box 1625, Idaho Falls, ID
83415-8101
159. N. Rogers, Lockheed Idaho Technology Co., P.O. Box 1625, Idaho Falls, ID 834152424
160. W. Ross, Battelle Pacific Northwest Laboratory, P.O. Box 999, MS K7-90, Richland,
WA 99352
161. S. Rudolph, U.S. Department of Energy - Rocky Flats Office, Hwy.93, P.O. Box 928,
DOE T124A, Golden, CO 80402-0928
162. S. Sasser, U.S. EPA, 5303 W., 401 Main Street SW, Washington, DC 20460
163. M. Schuetz, WPI, 555 Quince Orchard Rd., Suite 600, Gaithersburg, MD 20878
164. R. Schumacker, Westinghouse Savannah River Co., SRTC, P.O. Box 616, Bldg. 77342A, Aiken, SC 29808
165. R. Scott, U.S. Department of Energy - Oakland, 1301 Clay St., Oakland, CA 94612
166. R. Seeker, EER Corp., 18 Mason Dr., Irvine, CA 92718
167. G. Sevigny, Battelle Pacific Northwest Laboratory, P.O. Box 999, MSIN P7-43,
Richland, WA 99352
168. R. Sheneman, Princeton Plasma Physics Laboratory, P.O. Box 451, Csite, MOD VI,
Princeton, NJ 08543
169. M. Shupe, WETO, P.O. Box 3462, Butte, MT 59702

170. P. Siebach, Department of Energy EM-352 , Trevion II, Washington, DC 20585
171. B. Silver, EM-532, 1117 Cloverlead Gtn, U.S. Department of Energy, 19901
Germantown Rd., Germantown MD 20874-1290
172. E. F. Snow, Plasma Energy Applied Technology Inc., 4914 Moores Mill Rd.,
Huntsville, AL 35811
173. G. Sprenger, EG&G Rocky Flats, P.O. Box 464, Bldg. 750, Golden, Colorado 804020464
174. M. Springer, Plasma Energy Applied Technology Inc., 4914 Moores Mill Rd.,
Huntsville, AL 35811
175. J. Steele, Savannah River Site, P.O. Box 616, Bldg. 773-A, A208, Aiken, SC 29802
176. R. W. Steger, IDEQ, 1410 N. Hilton, 3rd Floor, Boise, ID 83706-1290
177. S. Stein, Battelle Seattle Research Center, 4000 NE 41st St., Seattle, WA 98105-5428
178. M. Stevenson, SAIC, 545 Shoup Ave., Idaho Falls, ED 83402-3575
179. H. Strauch, BDM International Inc., 555 Quince Orchard Rd., Suite 400,
Gaithersburg, MD 20878
180. P. Strider, EM-441, U.S. Department of Energy, Room 505 QO, Washington, DC
20585
181. G. Swartz, W6A, 600 17th St, #1705 South, Denver, CO 80202-5442
182. A. Tardiff, EM-532, 1117 Cloverleaf Gtn, U. S. Department of Energy, 19901
Germantown Rd., Germantown MD 20874-1290
183. T.K. Thompson, TK Thompson, Inc. 2049A 46th St., Los Alamos, NM 87544
184. R. Thurnau, U.S. EPA, 26 W. Martin Luther King Dr., Cincinnati, OH 45268
185-187. R. VanKonynenburg, Lawrence Livermore National Laboratory, P.O. Box 808, L369, Livermore, CA 94551
188. J. Vavruska, Equinox Ltd., 872 Don Cubero Ave., Santa Fe, NM 87501
189. L. Waterland, Accurex Environmental Corp., P.O. Box 7044, Mountain View, CA
94039
190. S. Webster, U.S. Department of Energy - Chicago Office, 9800 S. Cass Ave.,
Argonne, IL 60439
191. D. Williams, EM-532, 1117 Cloverleaf Gtn, U.S. Department of Energy, 19901
Germantown Rd., Germantown, MD 20874-1290
192. J. Wittle, Electropyrolysis Inc., 996 Old Eagle School Rd., Wayne, PA 19087
193. W. Wolfe, SAIC, 545 Shoup Ave., Idaho Falls, ID 83402-3575
194. A. Wollerman, SAIC, 545 Shoup Ave., Idaho Falls, ID 83402-3575
195. R. Womack, Retech Inc., P.O. Box 997, Ukiah, CA 95482-0997
196-197. Office of Scientific and Technical Information, P.O. Box 62, Oak Ridge, TN 37831
198. Office of Assistant Manager, Energy Research and Development, DOE-ORO, P.O.
Box 2008, Oak Ridge, TN 37831-6269

