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ABSTRACT

Waste contaminated with chemically hazardous and radioactive species is defined as mixed

waste. Significant technology development has been conducted for separate treatment of hazardous

and radioactive waste, but technology development addressing mixed-waste treatment has been

limited. Management of mixed waste requires treatment which must meet the standards established

by the U.S. Environmental Protection Agency for the specific hazardous constituents while also

providing adequate control of the radionuclides. Technology has not been developed, demonstrated,

or tested to produce a low-risk final waste form specifically for mixed waste.

Throughout the U.S. Department of Energy (DOE) complex, mixed waste is a problem

because definitive treatment standards have not been established and few disposal facilities are

available. Treatment capability and capacity are also limited. Site-specific solutions to rbe

management of mixed waste have been initiated; however, site-specific programs result in duplication

of technology development between various sites.

In response to the need for a comprehensive and consistent approach to technology
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development, the DOE Office of Technology Development has established the Mixed Waste

Integrated Program to ensure that treatment capability is developed. This program supports the

national DOE waste management needs identified by the Mixed Low-Level Waste Program. Baseline

treatment steps that will be required for a prototypical treatment of both present and estimated

future mixed wastes at DOE sites have been defined. The Mixed Waste Integrated Program is

evaluating the assortment of treatment technologies that correspond to each treatment step and

assessing their appropriateness for die treatment of mixed waste. In addition, the program is also

providing technical data to contribute to the resolution of mixed-waste processing issues such as the

lack of acceptance criteria for waste disposal, limits on the recycle of decontaminated maeerial, and

public acceptance of incineration.

Significant progress is being made in developing technology for mixed waste under the Mixed

Waste Integrated Program. The status of the technical initiatives in chemical/physical treatment,

destruction/stabilization technology, off-gas treatment, and final waste form production/assessment

is described in this paper.

INTRODUCTION

A comprehensive and consistent approach to the complex issue of mixed-waste management

has been established by the U.S. Department of Energy (DOE) Office of Environmental Restoration

and Waste Management. The Office of Waste Management established the Mixed Low-Level Waste

Program with the primary objective of identifying and implementing the optimum treatment, storage,

and disposal options for mixed waste (Bassi et al.,1992). The Office of Technology Development

established the Mixed Waste Integrated Program to develop mixed-waste treatment technology in

support of the Mixed Low-Level Waste Program.

A total of approximately 179,000 m3 of mixed waste which does not comply with specific



requirements established by the U.S. Environmental Protection Agency (EPA) is being stored at

DOE sites (Ross, 1993). In addition, the generation of mixed waste continues at the rate of 81,000

m3/year. DOE wastes cover the spectrum of possible waste management concerns. In fact, DOE has

classified 751 individual mixed-waste streams from 34 sites into 9 broad waste-matrix categories.

Definitive treatment standards have not been established and few disposal facilities are available (U.S.

Department s.f Energy, 1988; Duffy, 1991). The problem can be further characterized by a lack of

treatment capacity and "a lack of existing proven technology to treat and dispose of . . . mixed waste

to meet treatment standards" (U.S. DOE, 1991).

One strategy being used by the Mixed Low-Level Waste Program is to "establish a

standardized approach to mixed waste management activities throughout the DOE system that is cost

effective, and sets a technically sound standard of excellence for environmental protection in the

DOE waste management programs" (Bassi et al., 1992). A national approach to developing the

needed technologies can draw the resources of the DOE complex and private industry together, thus

significantly reducing costs. To implement the strategy, a generic baseline mixed-waste treatment

scheme has been established using currently available technologies. Functional and operating

requirements have been published to describe the purpose of each unit operation used in the

treatment scheme (T. K. Thompson, Incorporated, 1992). The logic for processing mixed waste is

comprehensive and covers the range of wastes requiring treatment within the DOE complex. By

using a comprehensive national approach to the mixed-waste problem rather than focusing on a

specific site, the major treatment needs have been identified (Fig. I).

Commercially available equipment has been identified for the majority of processing steps;

however, no techniques were currently available for some steps in the processing logic. Furthermore,

this baseline treatment scheme includes disposal of radioactive material, recycle of decontaminated

material, and incineration—activities for which system requirements irive not been established.

Technology development is required to investigate the application of existing technologies to the



treatment of mixed waste and to the development of integrated treatment modules. Further

development is required to obtain data to support the establishment of system requirements and to

meet the identified needs of the treatment scheme. Additionally, there are opportunities to improve

upon the baseline treatment process by applying innovative waste treatment operations. New

technologies under development have the potential for major process impacts by simplifying and

increasing the throughput rate of the baseline treatment process. Technologies will be developed to

enhance or improve the baseline technologies such that the implemented treatment scheme is more

cost-effective, has better performance, and has lower risk than the baseline.

A systematic approach is being employed to determine how the baseline treatment scheme

should be modified to incorporate innovative technologies. An example of the application of this

systems approach is seen by comparing Figs. 2 and 3. Figure 2 illustrates the baseline flow sheet for

thermal treatment technologies. An innovative alternative to this baseline thermal treatment system

includes a plasma-arc furnace that has the potential to treat numerous waste streams in one unit

operation (Fig. 3). The two systems are being compared for performance (i.e.,material and energy

balance, operability, maintainability, reliability); risk (i.e.,environmental, health, and safety); and life-

cycle cost. Those subsystems that are superior to commercially available subsystems will be included

in mixed-waste treatment facility design.

Needs for technology development have been broadly categorized into the following technical

areas: front-end waste handling, chemical/physical treatment, destruction/stabilization technology, off-

gas treatment, and final waste form production/assessment. Specific technology development needs

have been identified by analyzing the baseline flow sheet as described above. The goal of the Mixed

Waste Integrated Program is to develop a suite of appropriate technologies tha: will treat mixed

waste to acceptable disposal criteria and provide design and reliability data on the schedule required

to support implementation of mixed-waste treatment while also providing data to resolve key issues

that affect the ability of DOE to assign definitive treatment plant requirements such as the lack of



acceptance criteria for waste disposal, limits for recycle of decontaminated material, and public

acceptance of incineration. The status of the technical initiatives in the technical areas of

chemical/physical treatment, destruction/stabilization technology, off-gas treatment, and final waste

form production/assessment is described below (Berry et al., 1993a; Berry et al., 1993b; Berry et al.,

1993c).

CHEMICAL/PHYSICAL TREATMENT

Chemical/physical treatment technology for DOE mixed waste involves five processing lines

in 'he prototypical treatment scheme: (1) aqueous processing, (2) organics processing, (3) mercury

processing, (4) wet solids processing, and (5) decontamination (U.S. Department of Energy, 1993).

Sources of feed to the processes are both external and internal recycle. The primary goals of the

chemical/physical treatment systems are (1) the separation of solid and liquids, (2) the separation of

organics and water, (3) the removal of problematic constituents (such metals and salts), (4) the

removal of mercury, and (5) the decontamination of containers and their lids or other parts for

disposal or recycle.

Aqueous liquids are classified as aqueous solutions or slurries containing less than 40%

suspended solids and less than 1% organics. The baseline treatment for aqueous liquids includes the

separation of solids and liquid using filters and centrifuges, the removal of dissolved organics using

activated carbon, the removal of dissolved solids by precipitation processes, the evaporation of clean

water from a liquid concentrate containing salts and other solids, and the production of a wet solid

from in-process generated slurries using a wiped film evaporator (T. K. Thompson, Incorporated,

1992; Bechtel, 1992).

Current technology development efforts in aqueous processing center on the need for more

effective methods to remove salts (especially chlorides, nitrates, and sulfates) and alternatives to the

baseline treatment scheme. Salts contained in concentrate from evaporation are problematic to

downstream processing steps such as thermal processing, final waste forms, and off-gas treatment.



A nitrate destruction/removal process which produces a ceramic final form is being evaluated to

replace this step (Mattus et al., 1992). Alternatives to the other baseline processes in aqueous

processing are being considered to reduce waste generation and eliminate high-pressure processes.

One approach uses steam stripping to remove organics; another incorporates fractional cry?1 ̂ llization

to process the bulk feed. Both alternatives would conceptually produce clean water and eliminate

the need for both activated carbon and wet air oxidation.

Organic liquids are classified as solutions or slurries that contain greater than 1 % oiganic and

less than 40% suspended solids. Organic liquids include spent solvents, scintillation vials,and slurries.

The baseline treatment for organic liquids includes separation of low-content and high-content

organic streams, preparation of the low-content organic stream for wet air oxidation, and

preparation of the high-content organic stream for thermal destruction. Current technology

development needs in organics processing are focused primarily on the removal of sub-micron

particles from the high-content organic stream prior to thermal destruction. Paniculate material can

cause erosion problems in the burners and increase the paniculate loading to the off-gas treatment

system.

All DOE mixed wastes have the potential for being contaminated with mercury. In the

baseline mercury processing scheme, mercury containing mixed waste is segregated and then

processed in a bakeout oven operated at approximately 400°C. Mercury is volatized at this

temperature and vapor condensed overhead contains mercury, water, and other condensable

materials. Mercury is separated by decantation and refined by batch distillation The clean mercury

can then be recycled and the distillation still bottoms processed into a final waste form.

Mixed waste classified as wet solids includes siudges, adsorbed liquids, resins, salts, and

cemented sludges. This waste represents the largest fraction of the mixed-waste inventory. The

baseline processing scheme consists of low temperature vacuum drying for temperature sensitive

materials and high temperature (approximately 200°C), ambient pressure drying for non-sensitive



materials. Current technology development efforts in wet solids processing center on the need for

effective methods to remove salts. The salts in this stream are present in a solid matrix of widely

varying composition. One alternative being considered involves leaching of salts from the wet solids

by washing with water.

Materials that require decontamination include empty containers, lids, metal drum parts, and

heterogeneous waste that is considered debris. Bins and other recyclable containers that are used

for internal transport of material also require decontamination before reuse. The baseline approach

is to utilize aqueous-based cleaning solutions to effect the decontamination. Aqueous solutions are

collected for treatment and recycled or directed to aqueous processing as needed for disposal.

Technology is needed for the remote decontamination of materials and for a decontamination process

that will not create a large secondary waste stream. One alternative currently being evaluated is CO2

decontamination.

Nitrate to Ammonia and Ceramic (Mattus et al., 1992)

Description. .Sodium nitrate-based wastes are common to many DOE facilities. The nitrate

anion is very mobile and difficult to immobilize. The nitrate to ammonia and ceramic (NAC) process

is a new low-temperature process which uses aluminum metal reduction to convert alkaline,

nitrate-based aqueous waste to ammonia and to an aluminum oxide-and sodium aluminate-based

solid. Aluminum, which may include DOE-contaminated scrap, is shredded and fed to the reactor

along with the nitrate-based aqueous waste. The reactor pH is maintained at 11-12.5 using sodium

hydroxide, and the temperature is maintained at 50 to 60°C by adjusting aluminum feed and reactor

coolant feed rates. Ammonia off-gas from the reactor is passed over a heated catalytic bed where

it is converted to nitrogen and water for discharge to the atmosphere. The primary solid product of

the reaction is gibbsite (A12O3'3H2O), with a small percentage of sodium aluminate. The process has

an added bonus in that it also precipitates many cations, metallic and nonmetallic, from solution as



highly insoluble aluminum spinels. Silica is added to the product from the reactor, and the material

is then calcined, pressed, and sintered to form a ceramic. A schematic diagram of the process is

shown in Fig. 4.

Advantages. Bench-top feasibility studies have been completed on the aenitration of a

supernate surrogate representing a DOE mixed waste. Between 85 to 99% of the nitrate was

converted to ammonia. The NAC process achieved a volume reduction of 50 to 55 % compared with

35 to 50% volume increases that would be expected if the material were grouted. The process is

operated at low temperature and low pressure. The final product from the process is a ceramic which

may also function as its own waste form. The operating and ^ruction costs based on the

feasibility studies show it to be favorable when compared to other processes.

Disadvantages. The performance of the ceramic as a final waste form is not known. If it is

not acceptable, additional treatment and equipment will be required

Development needs. Specific issues that must be resolved include (1) reducing the amount

of aluminum required to react with the nitrate, (2) determining the design and operational parameters

for a future plant, (3) determining the maximum acceptable nitrate in the waste form, (4) determining

the characteristic and acceptability of the ceramic waste, and (5) determining the operability of the

reaction system and the characteristics of the solids produced using an actual "radioactive" supernate

under the proposed processing conditions.

Freeze Crystallization (Wong, 1992)

Description. Freeze crystallization is a concentration process based on the concept that, when

ice is crystallized from an aqueous solution, the ice crystal forms as pure water, with all the impurities

originally present remaining in the solution. The ice is then separated from the remaining liquid and

the impurities, washed, and melted to produce a water product ready for discharge. Waste volume

reduction is based on the concentration of dissolved solids in the feed but is typically greater than



90% for dilute wastes. The dissolved components of the stream are concentrated into a small volume

which can be more economically destroyed by thermal oxidation or solidified.

Advantages. Freeze crystallization is more economical when treating concentrated liquid

waste streams, because the process is not sensitive to concentration changes and operates efficiently

at low and high contaminant concentrations. The process is more energy efficient than evaporation

processes tiecause the heat of fusion of water is only 15% of the heat of vaporization. The process

is not affected by saturated salts or organic materials, which just form additional solid and liquid

phases as they are concentrated by the removal of water. Freeze crystallization is also a low-

temperature, low-pressure process that is intrinsically safe.

Disadvantages. Capital costs are typically higher than for membrane systems but are on the

same order of cost as an evaporation/crystallization system. Energy costs for freeze crystallization are

estimated to be higher than for membrane systems, but significantly lower than for comparable

evaporation/crystallization systems. Initial tests with freeze crystallization exhibited destruction

efficiencies that were less than expected.

Development needs. Development work is needed to optimize salt wash columns to improve

operational flexibility, decontamination efficiency, and inorganic salt purification.

DESTRUCTION/STABILIZATION TECHNOLOGY

DOE is investigating the use of thermal treatment technologies for waste destructior and

stabilization (Dalton et al., 1992a). Innovative technologies, loosely defined as those technologies

that are not currently being used on a large scale to treat wastes, are being demonstrated, and issues

regarding full-scale operation are being resolved. Development of the following processes is currently

in progress: metal-melting technologies, photochemical organic destruction processes, thermal

reactors, and plasma-arc incineration. Metal-melting technologies are basically adapted from the

metals industry (e.g.,induction furnaces and plasma-arc melters) and the glass industry (e.g.,fuel-fired



and joule-heated melters). Although the operating principles for these processes are not new, there

is only limited operational experience in the waste management area. In addition, new concepts in

melting processes are being researched as waste management tools (e.g., the microwave meker)

(White and Berry, 1990).

Melter technologies hold the promise of being highly effective for waste treatment because

the ash residue may not require additional treatment prior to disposal. The final waste form is

nhysically and chemically stable and will likely pass regulatory performance standards. Because of the

high temperature of melting operations, melters can be used to destroy residual organics. Process

modifications will be required to ensure the complete destruction of organic material during the

metal-melting process.

Melters are ideally suited for inorganic waste streams such as inorganic oxides and elemental

metals. Furthermore, the chemistry in the melt can be reducing or oxidizing depending on the type

of waste form desired. When processing oxides, the final waste form will be a glass or a ceramic,

primarily depending on the rate of cooling. When processing metals, the melt will form a top layer

of slag and a bottom layer of molten metal. The slag can then be separated from the molten metai,

allowing for the recycle of the molten metal. Depending on operating parameters, it is possible to

oxidize the majority of the radionuclides in the waste so the radionuclides become part of the slag,

resulting in a decontaminated molten metal.

Research and development are needed in the waste destruction area. In general, these needs

can be classified as additional operational experience, better materials of construction, improved

materials handling techniques, less waste pretreatment, better control of the chemistry in the process,

and detailed analysis of the resulting residue and off-gas to determine the constituents that are in the

process effluent streams.

Plasma-Arc Furnace



Description. A plasma-arc furnace (Goodwill, 1990; Camacho, 1988a; Camacho, 1988b;

Camacho, 1988c; Burnner, 1988; Batdorf, 1990; Peters and Ross, 1989; Gillins and, Steverson 1991;

Gillins et al., 1991; Gillins et al., 1992; Geimer et al., 1992) uses the energy from a thermal plasma

arc, generated by joule heating of a gaseous electric^ conductor between two high-voltage electrodes,

to combust organics and melt inert waste components. The plasma arc is generated within the

furnace primary chamber by a removable plasma torch. Waste is introduced into the furnace into a

molten bath of material, which could be inert waste jr other material. The high-temperature plasma

zone and the molten bath (in excess of 3000°F) combust (or pyrolyze) the organics and melt all other

inert materials into the bath. Volatile org?nics are further treated in a secondary combustion

chamber. Very small gas volumes are required for the plasma arc, resulting in low off-gas volumes.

Molten solids material can be removed continuously by overflow or poured by batch and forms a

leach-resistant, vitrified (giassy) waste form. Furnace operation is similar to a dual-chamber

controlled-air incinerator with the substitution of a plasma-arc torch for a burner in the primary

chamber. The plasma-arc furnace can reprocess secondary waste streams such as fly ash, filters, and

scrubber residues. A schematic uiagram of a typical plasma-arc furnace flow sheet is shown in Fig.

5.

The process is most applicable to dry so (ids regardless of size or homogeneity. Organic liquids

and wet solids (i.e., absorbed liquids and sludge mixed with organic waste) can be processed by using

a plasma furnace. The process is less applicable to treatment of aqueous liquids.

Advantages. Solid by-product is a vitrified "glassy "slag that should be excellent for stabilization

of toxic metals and radionuclides. Quiescent combustion in the primary chamber reduces paniculate

emissions. Plasma energy assists carbon burnout. Reduced off-gas volume decreases air pollution

control equipment costs. Secondary waste streams such as fly ash, filters, and scrubber residue can

be reprocessed through the furnace. The process requires minimal waste pretreatment.

Disadvantages. This technology requires significant electrical energy. Operation, startup, and



control of a plasma-arc furnace are more complex than with conventional incineration. High

temperatures may lead to high NO, levels and volatilized heavy metals. This is an emerging

technology tha: has not been demonstrated on an industrial scale for heterogeneous waste processing.

Development Needs. Research and development are needed to optimize slag chemistry

especially with regard to metals stabilization, variations in the input streams, reintroduction of

condensed volatile metals into the slag phase, and radionuclide partitioning. Additional development

is required to determine and improve electrode life and destruction and removal efficiency of

hazardous organics. Data are also needed to support safety assessments for heterogeneous waste

processing.

Supercritical Water Oxidation

Description. Supercritical water oxidation (Gillins et al., 1992; Gillins and Steverson, 1991;

Tester et al., 1991; Modell, 1989; HAZWRAP, 1990) is an emerging technology that has

demonstrated the aqueous-phase oxidation of dissolved or suspended organic contaminants at

temperature and pressure conditions that are supercritical for water (i.e..above 705°F and 218 atm).

Oxygen (air) and a dilute organic/water mixture are introduced into a reactor vessel where oxidation

of the organics occurs. In supercritical water, oxygen and organics are totally miscible, and oxidation

proceeds rapidly and completely. Inorganic compounds are nearly insohil'e and precipitate. The

process reduces the organics to H2O, CO2, and biodegradable acids. Reaction times of less than

1 minute are required. The process is applicable to aqueous and organic (<10wt % organic) liquid

waste. A schematic diagram of a typical supercritical water oxidation flow sheet is shown in Fig. 6.

Advantages. The supercritical water oxidation process is thermally self-sustaining and provides

a source of high-temperature process heat. A small volume of off-gas is produced that does not

contain NO,, SO,, products of incomplete combustion, or paniculate matter. The process can achieve



complete oxidation of organics and a high destruction and removal efficiency. Short residence times

result in a small reactor. The process provides efficient precipitation of inorganic material. Off-gas

scrubbing is not required.

Disad"aEtages. The technology has high cost and potential equipment limitations due to

stringent temperature and pressure requirements. The technology has limited application (i.e.. its use

is confinec to weak aqueous organic solutions). Problems with equipment fouling have been

identified, especially fouling of pumps from paniculate matter. Precipitated salts are difficult to

remove from the equipment. The process has not been demonstrated for waste-containing solids.

Development needs. Development is required in the following areas: materials of

construction for operating conditions such as high temperature/pressure and abrasion, high-pressure

pumps which are not susceptible to fouling, corrosion control and monitoring, equipment scale-up

data, solid effluent handling, and phase behavior data.

OFF-GAS TREATMENT (Dalton et al., 1992b)

DOE is evaluating air pollution control equipment for use in treatment of gaseous effluent

from mixed-waste stream processing based on criteria generally relevant to DOE facilities. These

criteria include primary pollutant removal, secondary waste stream generation, safety, versatility,

experience, simplicity, and cost. The preliminary evaluation resulted in ranking the spray dryer

absorber best for acid-gas removal, high-efficiency paniculate air filters best for paniculate removal,

activated carbon adsorption best for removal of both toxic metals and residual hydrocarbons, and

selective catalytic reduction best for nitrogen oxide abatement. However, selection of off-gas

components for a given application is highly dependent on waste streams, location, and thermal

technology.

A systematic analysis is used to select the appropriate off-gas system for a given waste stream.

For the purpose of illustration, the expected performance of two hypothetical DOE waste streams



and thermal treatment technologies is presented here.

The first waste stream is defined to contain a large variety of waste types (i.e.,solids, sludges,

and liquids) and is therefore suitable for processing in a rotary kiln, which is a versatile thermal

treatment device. The rotary-kiln process is mated with wet and semidry off-gas systems in series.

The wet off-gas system is designed with a rotary atomizer as the principal component and will

accomplish excellent removal of acid gases and good removal of particulate. Other pollutants would

either not be affected, or the removal efficiency for such pollutants is not known. The semidry off-

gas system for the rotary kiln is designed with a spray dryer absorber/baghouse combination for good

removal efficiency of acid gases and excellent removal efficiency of particulate and toxic metals.

The second waste stream is defined to contain a large percencage of contaminated soils and

inorganic constituents, making it amenable to the plasma-arc system, which will not only destroy the

organic constituents but also vitrify and stabilize the inorganic constituents. The piasma-arc process

is mated with wet and dry off-gas systems in series. The wet off-gas system incorporates a

venturi/packed-bed scrubber combination to accomplish excellent acid-gas and nitrogen oxides

removal and moderate removal of particulate and toxic metals. The dry off-gas system incorporates

selective noncatalytic reduction followed by dry sorbet injection and a baghouse. This system

accomplishes moderate acid-gas and NOX removal and excellent removal of toxic metals.

Particular areas in which further research and development are necessary include treatment

and disposal of secondary wastes, ability to remove multiple pollutants, mass-transfer rates,

optimization of multiple air pollution control devices used in an integrated off-gas train, process

control, catalyst activity and resistance to degradation, and materials of construction for air pollution

control devices.

Dry Fluidized-Bed Rue Gas Treatment Technology (Dalton et al., 1992b)

Description. In a fluidized-bed scrubber (Sauer et al., 1988;Bradshaw et al., 1989; Bradshaw,



1988), gas is passed through a bed of small, solid particles (Fig. 7). The velocity of the gas through

the solids bed is sufficient that the drag force on the particles is greater than the force of gravity on

the particles. As a result, the bed will expand, and the particles will move through the bed, carried

by the gas flow. Under these conditions, the bed will acts like a fluid, taking the shape of the

container and leveling out on the surface.

There are different types of fluidization depending on the gas velocity through the bed. For

slower velocities (i.e., slightly above the point of minimum fluidization), the particles will remain close

together, and the bed will have a boiling motion as small bubbles of gas pass through the bed. This

dense-phase fluidization. referred to . a bubbling bed, allows the particles to move around within

the bed.

At faster gas velocities, some of the bed material will become entrained by the gas flow and

will be carried out of the bed. The particles can then be separated from the gas stream by using a

conventional paniculate collector, such as a cyclone. The particles can then be returned to the

fluidized-bed vessel by gravity feed. This type of fluidized-bed is referred to as a circulating bed. In

addition to dry scrubbing internal to the fluidized-bed combustor, external fluidized-bed scrubbing can

be accomplished with either a bubbling or circulating bed.

In an external fluidized-bed scrubber, the acid-gas removal efficiency is increased by

humidifying the flue gas. Water is injected to increase the moisture content and reduce the

temperature to within approximately 30°F of saturation. The rate of sorbent addition will also have

an impact on the acid-gas removal efficiency and is controlled based upon the acid-gas concentration

in the inlet and/or outlet of the fluidized-bed reactor. As sorbent is injected and the acid gases are

converted to salts, some solids must be removed, or the bed pressure drop will become too large.

Advantages. Dry fluidized-bed scrubbing does not generate a liquid secondary waste that

requires drying or solidification. Further, the dry fluidized-bed scrubber can achieve acid-gas removal

efficiencies that are comparable to those achieved by wet scrubbing. The high loading of solids



provides ample opportunity for contact between acid gases and sorbent particles. In addition, the

motion of the bed results in high mass-transfer rates and mixing, which result in high acid-gas

conversion. The motion of the bed also results in particle attrition, which will remove salt buildup

on the sorbent particles and open fresh reaction sites. The end result is a halogenated acid removal

efficiency normally in excess of 99% and an SO2 removal efficiency of approximately 96%.

Other advantages of the technology include the ability to handle surges of acid gases because

of the large volume of sorbent in the bed and the ability to adsorb volatile particles because of the

numerous sorbet particles that can act as condensation sites. In addition NO, removal can be

accomplished by adding a catalyst.

Disadvantages. The entrainment of particles for both a circulating and a bubbling bed will

increase the paniculate loading on the solids collection device. Therefore, some form of precollection

may be necessary, increasing capital and operating costs. There is also a higher pressure drop in the

fluid bed than is encountered with dry sorbent injection and many wet scrubbers. If a separate

reactor is used for fluidization (i.e., external to the combustion device), the capital costs will be higher

than for dry sorbet injection processes that do not use a separate reactor.

In order to maintain high acid-gas removal efficiencies, the stoichiometric ratio must be

relatively high (i.e., 1.5-1.6:1). Fluidized beds must also have a limited turndown, approximately 30%

of design flow, or proper fluidization will not occur. However, some off-gas can be recirculated back

from the discharge of the induced draft fan to maintain fluidization. Excess gas velocity must also

be avoided, or excessive carryover of the bed will occur.

Development needs. Fluidized-bed scrubbers could be made more effective if research and

development were conducted to determine optimal gas velocity, gas residence time, temperature, and

stoichiometric ratio. It would be beneficial to compare calcium-, sodium-, and magnesium-based

sorbents. The effectiveness of the vessel type should be investigated. One of the important

advantages of fluidized beds is excellent heat transfer. With research and development it may be



possible to capitalize on this advantage and accomplish several tasks simultaneously such as flue-gas

cooling, acid-gas removal, metals removal, and NO,, removal.

Operational Assessment of Toxic Substances Control Act (TSCA) MixeJ Waste Incinerator

Description. (Bostick et al., 1982) Toxic Substances Control Act (TSCA) mixed waste

incinerator, located at the K-25 Site in Oak Ridge, Tennessee, is owned by DOE and is operated by

Martin Marietta Energy Systems, Inc. This unit is the only incinerator currently licensed to operate

in the DOE complex. It is designed to process both polychlorinated biphenyl and chemically

hazardous waste contaminated with low levels of radionuclides, principally depleted uranium.

As shown in the schematic representation of the incinerator (Fig. 8), a rotary kiln design is

being used to treat a broad variety of waste streams (i.e., solids, sludges, and liquids). As combustion

gases and solid ash exit the kiln, they enter a mix chamber where the gas velocity is significantly

reduced, causing much of the solids to drop out of the gas suspension and fall into a water-filled ash

sump. The secondary combustion chamber operates at elevated temperature and provides a 4-second

residence time with a minimum of 3% excess oxygen. Off-gases pass to a refractory-lined aqueous

quench chamber, where they are cooled to adiabatic saturation (about 81 °C). The venturi scrubber

receives the cooled flue gas and removes entrained paniculate with aerodynamic particle sizes greater

than about Ifim. Subsequently, a mist eliminator minimizes entrained water before the flue gasses

pass into a packed-bed scrubber to remove the bulk of soluble and reactive gas components. The

off-gas is further cleaned with the use of ionizing wet scrubbers to remove fine paniculate. An

induced-draft fan pulls the combustion gases through the air pollution control system at negative

pressure and forces the purified gasses out of the emission stack.

The fate of constituents of potential regulatory concern that are fed to the incinerator is being

investigated. Identification of the physical characteristics and approximate partitioning of selected



constituents as they appear in the various incinerator effluent streams aids in predicting the potential

for off-site exposures (as required for compliance with the U.S. National Emissions Standards for

Hazardous Air Pollutants and other federal and state regulations) and may identify opportunities to

further decrease these emissions.

The following summarizes significant findings during extensive tests conducted at the

incinerator. Typical operating conditions include a mean kiln or primary combustion chamber

temperature of 1008°C and a secondary combustion chamber temperature of 1191°C. During testing,

the organic waste contained appreciable chlorinated solvents and significant quantities of uranium

(918 jug/g),phosphorous (5100 ftg/g), chloride (22,000 jtg/g),and toxic metals (e.g.,Cr, Ni, and Pb).

Phosphorous-31 nuclear magnetic resonance spectroscopy of this organic waste suggested the

presence of arylphosphate esters. Examination of ash and blowdown paniculate indicated that

paniculate material containing uranium was associated with phosphorous, with uranyl oxonium

phosphate hydrate being identified by x-ray diffraction analysis, and that chromium in the ash was

associated with nickel and iron, suggesting stainless steel corrosion products.

A partition coefficient can be defined operationally as the fraction of total constituent fed to

the incinerator that appears in a given effluent stream. The emissions test indicated that the

partitioning of uranium was approximately 1.4% to the aqueous scrubber and approximately 2.9% to

the stack vent. Uranium in the aqueous blowdown waste was largely insoluble (i.e., 85% was

removed by simple filtration), attributed to the insolubility of the urany! phosphate combustion

product (Bostick, et al., 1991).

Subsequent tests under similar operating conditions have shown that relatively high uranium

emissions (i.e.,partitioning of uranium to the stack) may be correlated with high chlorine content of

the feed and with introduction of uranium-bearing waste to the secondary combustion chamber rather

than to the kiln (Shor et al., 1992).

Tests have been conducted to determine the effect of feeding organic waste to the kiln or the



secondary combustion chamber. Destruction efficiency of organics does not appear to be influenced

by the point of introduction of the waste. An additional finding from analysis of incinerator

performance is that low-ash liquid waste fed to the incinerator results in the majority of constituents

partitioning to the aqueous scrubber blowdown. Regulated metals in the blowdown are generally in

the form of small (typically 0.5-3 /on) insoluble particles. Treatment of the aqueous effluent by iron

coprecipitation and filtration produces a polished effluent that consistently meets regulatory

guidelines. Particles collected from the ionizing wet scrubber blowdown and from the stack have

similar composition and particle size. This implies that stack paniculate originates by entrainment

of liquid from the ionizing wet scrubber.

Advantages. The advantages of analyzing the performance of an operating incinerator and

applying the results of the analysis to the operation of incinerators throughout the DOE complex are

numerous. Actual data can be used to support operational improvements and to demonstrate the

capability of incinerators to destroy hazardous species while capturing toxic metals in an enhanced

waste form. The effect of process variables such as waste feed rate, feed location, in-leakage, and

temperature on ash and off-gas formation (e.g.,elemental concentrations, phase formation, elemental

associations, particle size distribution) can be determined. Waste streams can be combined to optimize

incinerator and waste form performance. Data can be obtained regarding methods for reducing the

production of secondary v/aste streams and to correlate processing parameters, ash composition, and

constituents present in off-gas emissions. These data can be provided to support DOE thermal

treatment facilities that are under development.

A systematic evaluation of incinerator performance has the potential to result in optimization

of incinerator performance and reduction of toxic emissions and to assist other DOE sites in

obtaining licenses for incinerator operations.

Disadvantages. There is a significant backlog of waste streams awaiting treatment at the

TSCA incinerator. Data collection to support process optimization is not required by regulations



since current operations are permitted and comply with requirements. Data collection to improve

the process could interfere with routine operations. For example, requests for investigating particular

waste stream combinations and the effect of the combinations on waste form quality and emissions

couid interfere with plans to burn waste that poses the greatest risk while in storage. The benefit

of using an operational system and obtaining data on actual radioactive waste must be weighed against

the risk of interfering with routine operations.

Development needs. It may be feasible to impiove the quality of treated aqueous effluent

with the use of nontoxic additives to blind toxic metals and prevent them from volatilizing (Ho et al.,

1992) or from forming soluble combustion products, as is implied by the effect of phosphorous on

the treatability of uranium in aqueous effluent. The finding that stack paniculate may originate by

entrainment of liquid from the ionizing wet scrubber points to the need for research concerning

opportunities to decrease emissions to the air by improvement in the mist elimination system and/or

optimization of the off-gas system. The correlation of waste stream chloride content and metals

emission/volatility should be further investigated. In addition, combining particular waste streams

(e.g.,silica-containing wastes with heavy metal-bearing waste) may significantly improve the form of

the final waste product with regard to leachability of toxic and/or radioactive metals. Such an

improved waste form may be more easily disposed of than waste forms produced under normal

operating conditions.

In general, development is needed to support optimization of thermal waste treatment

facilities and to increase the understanding of the characteristics of ash and off-gas paniculate

formation as a function of process variables and initial waste stream composition. Characterization

and analysis protocols for monitoring incineration processes are needed.

FINAL WASTE FORM PRODUCTION/ASSESSMENT

Treatment of mixed waste is intended to protect human health and the environment from



risks associated with the release of hazardous and radioactive components from the waste. DOE

Order 5820.2A requires a performance assessment for each disposal site, which shows by analysis that

the waste treatment process and other disposal controls adequately meet this objective. At present

the assessment does not credit the waste form with any capacity to restrict contaminant mobility; all

containment is attributed to physical barriers such as vaults. In order to rate the waste form r, a

physicochemical barrier to contaminant release, performance criteria must be developed. Criteria can

be based solely on regulatory requirements, solely on technical parameters, or on a combination of

the two. The combination approach has been selected, recognizing that current regulatory criteria

do not address all of the properties of a waste form that determine its ability to reduce contaminant

mobility and acknowledging that the properties measured may not, in fact, be indicative of the

performance of the waste form in the specific disposal setting. The most important technical

requirement affecting whether a waste form can be disposed of is the long-term stability of the waste

form in the disposal setting. This information is critical in developing the performance assessment,

which documents the ability of the entire waste control system to prevent unacceptable releases.

Tests to measure and predict release rates of hazardous and radioactive constituents need to be

developed and verified for long-term stability. There is a need to establish uniform testing

requirements for waste form performance for both short- and long-term stability. Compositional

flexibility, minimal volume increase, and low unit cost are all desirable properties of waste forms.

Difficulties experienced with the long-term integrity and performance of traditional waste form

technologies (e.g., cementation and grout) have led DOE to consider evaluation of technologies for

production of enhanced waste forms (e.g., glass and ceramics) with the expectation that these waste

forms will exhibit comparatively superior performance characteristics (e.g., leach resistance and

durability), which will facilitate eventual disposal.

DOE is evaluating the use of the following groups of final waste forms for mixed waste

disposal: hydraulic cement, sulfur polymer cement, glass, ceramic, and organic binders. The current



status of the development of enhanced waste forms has been determined, gaps and deficiencies in

what is known about technologies have been identified, and a course of action to alleviate these

deficiencies has been recommended (Mayberry et al., 1992).

Evaluation of vitrification processes for mixed-waste streams is in progress in an attempt to

assess alternative technologies for inclusion in the proposed prototype treatment plant for mixed

waste. Vitrification-related treatability studies inciude the following waste streams: incinerator ash

(including air pollution control equipment sludge), wastewater treatment sludge, soils, and off-

specification cemented wastes. The treatability studies will involve (I) characterization of the wastes,

using laboratory-scale or "crucible" studies to identify appropriate glass compositional formulations

and additive requirements; (2) engineering-scale process studies (e.g.,steady-state operation) of small-

scale melters to identify process concerns; and (3) pilot-scale demonstrations of the process in an

integrated fashion including feed and air pollution control system evaluation.

Vitrification of Mixed Low-Level Waste (Mayberry et al., 1992)

Description. Glass waste forms are normally obtained by mixing one or more waste streams

containing radioactive and hazardous inorganic chemical compounds with other glass-forming

materials and melting these materials during a vitrification process. The glass-forming materials may

be commercially melted glass frit, select chemicals, or, in some cases, materials which are present in

the waste streams. Generally the oxide of silicon (SiO2) is found as the major component and

provides the three-dimensional network which strongly influences the glass waste form character and

properties.

Glass may be formed by thermal or nonthermal processes such as vapor deposition, solution

hydrolysis, or gel formation. Thermally formed glasses are produced by fusing or melting crystalline

materials and/or amorphous materials at elevated temperatures to produce liquids. These liquids are

subsequently cooled to a rigid condition without crystallization. Many waste glasses may also have



one or more crystalline phases distributed in the glass. From an engineering standpoint, what

distinguishes glass from crystalline substances is the lack of a definite melting point temperature.

When glass is heated above a transition temperature, it will gradually deform and, at high enough

temperatures, form a viscous liquid. Glasses are not composed of discrete molecules, but are three-

dimensional, continuous networks (Taylor, 1985). While most waste glasses are based on the silica

network, other network-forming systems have been considered for specific waste streams.

The glass waste form discussed in the vast majority of references is borosilicate glass

(B2O3-SiO2) as employed in the high-level radioactive waste program (Bickford et al.,1988;Cantale

et al., 1991; Chapman, 1992). The waste form usually contains less than 30 wt % of waste solids;

however, the vitrification process generally reduces the volume significantly. Specific waste streams

can be added at higher levels, and, under conditions where the waste contains sufficient glass formers,

2 glass containing only waste can be produced. A wide variety of glass compositions may be suitable

as glass waste forms and may provide advantages for the vitrification of a particular waste stream.

While the waste type considered in much previous work was high-level waste, some additional

references include low-level, mixed, and transuranic waste.

The thermal vitrification process involves heating the materials by electricity or fossil fuels to

temperatures in excess of 1000°C. At these temperatures any free liquid or organic material is

evaporated, pyrolyzed, or oxidized, and the residual inorganic solids are vitrified to form a molten

glass. The ability of glass to incorporate metallic compounds in controlled quantities has a long

history; selenium and arsenic are used as decolorizers for clear glass bottles; chromium gives green

glass its color; and lead oxide at levels up to 30% is found in leaded crystal glass (Ramsey, 1990).

Hazardous constituents may also be immobilized without direct chemical interaction with the glass

network. The materials which do not interact chemically (e.g., pyrolyzed carbon or metal) may be

surrounded by a layer of vitrified material and encapsulated as the melt cools. After the vitrification

process, the waste glass melt can be cooled in place, formed into geometric shapes, poured into



containers to form monoliths, or quenched to form irregular particles. Because glass has the ability

to accept a wide variety and amount of radkr~*ive or hazardous materials and because its physical

properties are normally constant with time, glass has been selected to stabilize a variety of waste

streams. It should be noted that EPA has determined that vitrification is the "best demonstrated

available technology" for chemically hazardous constituents in high-level nuclear waste.

Advantages. The physical properties of a glass waste form are primarily dependent on the

glass composition. Since silica makes up the majority of silicate glasses, these glasses have properties

which are quite similar. For example, the Young's modulus of elasticity for most silicate glasses falls

between 8 and 12 million pounds per square inch. In addition, unlike many other waste forms, the

properties of glass are not dependent on the raw materials selected for the glass composition; only

the oxide composition is critical. As an example, the A12O3 would behave exacdy the same when

vitrified into glasses of the same final oxide composition. For these reasons, much of the knowledge

already obtained for commercial glasses and high-levei waste glass may be directly applicable to mixed

low-level waste forms.

Advantages of using glass as a final waste form include the following: no free liquids,

chemical durability, biological durability, compositional flexibility, leach resistance, compressive

strength, physical durability, and potential for vitrification in situ.

Disadvantages. Processing requirements for glass waste form production present the major

disadvantage for this technology. The off-gas system used with vitrification processes mast be capable

of controlling entrained feed material, volatile and semivolatile metals, organic material, sulfates and

sulfur oxides (SO,), nitrogen compounds (NOX), carbon monoxide (CO), hydrogen, halide, halogens,

and mercury.

Development needs. Research and development are required to overcome the disadvantages

associated with glass waste form production. The presence of organic materials creates reducing

conditions in the glass, which can change the valence state of the glass components. For example,



this may lead to the reduction in the valence of multivalent cations, and, in situations where the

reduction is severe, can lead to the formation of metallic alloys or metallic sulfides precipitating in

the glass. Certain toxic elements may also be reduced, which may make it more difficult to

incorporate them in the glass structure. Changes in the pretreatment, melting rate, and/or

vitrification technology may be required.

The introduction of metallic materials with the feed can create problems similar to those

caused by excess organics (Czuczwa et al., 1991). The metals may act as reducing agents for the glass

and, depending on the vitrification process, may create various operating problems. Quantification

of limits is dependent on choice of vitrification technology, waste stream composition, and

specifications for the waste form.

Certain chemical elements have limited solubility in specific glass structures. Typical examples

are chromium, ruthenium, and noble metals. Quantification of the limits is dependent on many

factors involved in vitrification and on the specifications of the waste form product.

CONCLUSION

The DOE Office of Technology Development has established a national approach to

technology development for mixed-waste treatment. This multifunctional approach reduces

duplication of technology development effort as compared with a site-specific app-oach. A

comprehensive approach to the solution of DOE mixed radioactive and toxic waste problems includes

an analysis of alternative waste treatment systems. The implemented treatment schemes will be more

cost-effective, have better performance, and have lower risk than baseline technologies.

Technology development for mixed-waste treatment has been categorized by evaluating the

required treatment steps. A prototypical mixed-waste treatment scheme includes unit operations in

the following technical categories: front-end waste handling, chemical/physical treatment,

destruction/stabilization technology, off-gas treatment, and final waste form production/assessment.



DOE has initiated technology development activities in each of these technical areas. This paper

describes significant progress to date and additional research needs in the areas of chemical/physical

treatment, waste destruction/stabilization technology, off-gas treatment, and final waste form

production/assessment.
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