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Chapter 1

* INTRODUCTION

This monograph, covering the design, applications, and implementation
~ of Stabilization/Solidification, is one of a series of seven on innovative site
and waste remediation technologies. This series of seven monographs by the
. American Academy of Environmental Engineers® was preceded by eight "

volumes published in 1994 and 1995 covering the description, evaluation,

. and limitations of the processes. The entire project is the culmination of a -
multiorganization effort involving more than 100 experts. It prov1des the
experienced, practicing professional guldance on the innovative processes
considered ready for full-scale application. Other monographs in this design

and apphcatlon series and the companion series address bioremediation;
chemical treatment; liquid extraction: soil washing, soil flushing, and sol-
vent/chemical extraction; thermal desorption; thermal destruction; and vapor -
extraction and air sparging. - )

1.1 Stabilization/Solidification
Stabilization and Solidification are generic names applied to a wide range
.of discrete technologies. These technologies, i.e., Stabilization and Solidifi- .
cation, are closely related in that both use chemical, physical, and/or thermal
‘ processes to reduce potential adverse impacts on the environment from the
disposal of radioactive, hazardous, and mlxed waste But, they are d1stmct
" technologies. . :

Stabtlzzatzon refers to techniques that reduce the hazard potential of_a
waste by cbnveljting the contaminants into less soluble, mobile, or toxic
forms. The physical nature and handling characteristics of the waste are not
necessarily changed by stabilization. : '
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Solidification refers to techniques that encapsulate the waste, forming a
solid material. The product of solidification, often known as the waste form,
may be a monolithic block, a clay-like material, a granular particulate, or’.
some other physical form commonly considered “solid.” Solidification as
applied to fine waste particles is termed microencapsulation and that which
applies to a large block or container of wastes is termed macroencapsulatton
Solidification can be accomphshed bya chemical reaction between the waste
and solidifying reagents or by mechanical processes. Contaminant migra-
tion is often restricted by decreasmg the surface area exposed to leachmg

- and/or by coating the wastes wn:h low-permeablhty materials.

,  Each of the proven mnovatwe technologles which are mcluded w1th1n the
general categories of stabilization and solidification are discussed in this
monograph. : '

They can be grouped i into three broad categones (1) aqueous stablhzatlon/
sohdlﬁcanon (2) polymer ¢ stab1hza110n/sohd1ﬁcat10n, and (3) v1tnﬁcat10n

1.2 Development of the Monograph

1.2.1 Background

Acting upon its commitment to develop innovative treatment technoldgies
for the remediation-of hazardous waste sites and contaminated soils and '
groundwater, the U.S. Environmental Protection Agency (US EPA) estab-
lished the Technology Innovatlon Office (TIO) in the Office of Solid Waste
and Emergency Response in March, 1990. The mission assigned TIO. was to
foster greater use of innovative technologles

In October of that same year, TIO, in conjunction with the Natlonal
Advisory Council on Environmental Policy and Technology (NACEPT),
convened a workshop for representatlves of consulting engineering
firms, professional societies, research organizations, and state agenmes
involved in remediation. The 1workshop focused on defining the barrlers
that were impeding the apphcatlon of innovative technologies in s1te

~ remediation projects. One of the major impediments identified was the

1.2
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lack of reliable data on the performance de51gn parameters, and costs of
.innovative processes.

*The need for reliable information led TIO to approach the American

' Academy of Environmental Engineers®. The Academy is a long-standing,

multidisciplinary environmental engineering professional society with

wide-ranging affiliations with the remediation and waste treatment profes-

sional communities. By June, 1991, an agreement in principle (later formal-

" ized as a Cooperative Agreement) was reached providing for the Academy to
manage a project to develop monographs describing the state of available

" innovative remediation technologies. Financial support was provided by the
US EPA, U.S. Department of Defense (DoD), U.S. Department of Energy

~ (DOE), and the Academy. The goal of both TIO and the Academy was to

develop monographs providing reliable data that would be broadly recog~
nized-and accepted by the professional community, thereby eliminating or at
least Immrmzmg this 1mped1ment to the use of innovative technologies.

The Academy’s strategy for ach1ev1ng the goal was foundedona
multiorganization effort, WASTECH?® (pronounced Waste Tech), which
joined in partnership the Air and Waste Management Association, the Ameri-
can Institute of Chemical Engineers, the American Society of Civil Engi-
neers, the American Society of Mechanical Engineers, the Hazardous Waste
' Action Coalition, the Society for Industrial Microbiology, the Soil Science
Soc1ety of America, and the Water Environment Federation, together with |
the Academy, US EPA, DoD, and DOE. A Steering Committee composed of
highly respected representatives of these organizations having expertise in
. ‘remediation technology formulated the specific project objectives and pro-
cess for developing the monographs (see page iv fora hstmg of Steering
Commlttee members).

By the end of 1991, the Steering Committee had orgamzed the Project.
Preparation of the initial monographs began in earnest in January, 1992, and -
the original eight monographs were published during the period of Novem-
ber, 1993, through April, 1995. In Spring of 1995, based upon the receptiv-
ity of the industry and others of the original monographs, it was determined
that a companion set, emphazing the design and applications of the technolo-
gies, should be prepared as well. Task Groups were identified during the
latter months of 1995 and work commenced on this second series.’




inTroqucron ' , .

1.2.2 Process

For each of the series, the Steenng Committee dec1ded upon the technolo-

gies, or technological areas, to lbe covered by each monograph, the mono-

graphs’ general scope, and the process for their development and appointed a
task group composed of five or more experts to write a manuscript for each
monograph. The task groups were appointed with a view to balancing the
interests of the groups pnnc1pally concerned with the application of i innova-
tive site and waste remediation technologres — mdustry, consulting engl-
neers, research, academe, and govemment

_ The Steering Committee called upon the task groups to examine and analyze
all pertinent information ava11ab1e within the Project’s financial and time con- .
straints. This included, but was not limited to, the comprehensive data on
remediation technologles compiled by US EPA, the store of information pos-.
sessed by the task groups’ members, that of other experts willing to voluntanly
" contribute their knowledge, and information supplied by process vendors.

To develop broad, consensus-based monographs, the Steenng Commlttee
prescribed a twofold peer review of the first drafts. One review was conducted
by the Steering Committee itself, employing panels consisting of two members

~ of the Committee supplemented by at least four other experts (See Reviewers,
page iii, for the panel that reviewed this mon ograph) Simultaneous with the,
Steering Committee’s revxew, each of the professional and technical organiza-
tions represented in the Project reviewed those monographs addréssing tech-

" nologies in which it has substanual mterest amd competence.

- Comments resulting from both reviews were considered by the Task
Group, appropriate adjustments were made, and a second draft published.
The second draft was acéepted by the Steering Committee and participaﬁng :
- organizations. The statements of the orgamzatlons that formally revxewed
this monograph are presented under Revzewmg Organizations on page V.

\
|

1.3 Purpose
|

The purpose of this monograph is to further the use of innovative stahlh-'
zation/solidification site remediation and waste processing technologles
that is, technologies not commonly applied, where their use can prov1de

i ‘.

14
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- better, more cost-effective  performance 'than‘conventional methods. To this
end, the monograph documents the current state of stablhzatlon/sohdjﬁca-
-, tion technology -

1.4 Objectfives
. The monograph’s principal objective is to furnish guidance for experi-

: enced practicing professionals and project managers charged with site
remediation responsibility. The monograph, and its companion monograph
are intended, therefore, not to be prescriptive, but supportive. It is intended
to aid experienced professionals in applying their judgment in deciding
whether and how to apply the technologies addressed under the particular

* circumstances confronted. : :

In addition, the monograph is 'i'ntended to inform regulatory agency per-
sonnel and the public about the conditions under which the processes it ad-
dresses are potentlally apphcable

-1.5 Scope

The monograph addresses innovative stablhzatlon/sohdlficatlon technolo-
gles that have been sufficiently developed so that they can be used in
full-scale applications. It addresses all aspects of the technologles for which .
sufficient data were available to the Stabilization/Solidification Task Group

to briefly review the technologies and discuss their design and applications.
Actual case studies were reviewed and included, as appropriate.

~ The rfxonograph’s pnmary focus is site remediation and waste treatment. '
To the extent the information provided can also be applied elsewhere, it will
) provide the profession and users this additional benefit.

Application of site remediation and waste treatment technology:is - ‘
site-specific and involves consideration of a number of matters besides alter-
native technologies. Among them are the following that are addressed only
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4 .
to the extent that they are essential to understand the apphcatrons and hmlta-
tions of the technologles descnbed ‘

- site investigations and assessments; »
* planning, management, specifications, and procurement;.
. cqst—beneﬁt analyse.js; ' '
. regulatory reciuirements; and

. communityacceptance of the technology.

1.6 Limitations

The information presented in th1s monograph has been prepared in accor-
dance with generally recogmzed engineering principles and practices and is
for general information only. This information should not be used without
first securing competent advice with respect to its suitability for any general
or specific application. ‘ ‘

. Readers are cautioned that the mformatron presented is that which was
generally available during the penod when the monograph was prepared
Development of innovative site remediation and waste treatment technolo-
gies is ongoing. Accordmgly, postpubhcanon information may amplify,
alter, or rénder obsolete the mformatron about the processes addressed ‘

This monograph is not mtended to be and should not be construed as a
standard of any of the orgamzatlons associated with the WASTECH® PrO_]CCt;
nor does reference in this publication to any specific method, product, pro-
cess, or service constitute or imply an endorsement, recommendatron or -
warranty thereof.

1.7 Organlzahon

This monograph and others i in 1 the series are organized under a srmllar
outline mtended to facilitate cross reference among them and companson of
the technologres they address '

1.6
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Chapter 2, Application Conéépts, summarizes the scientific basis, poten-.
tial applications, and key requirements for each stabilization/solidification

" technology addressed. Design Development, Chapter 3, provides essential

information for those contemplating use of the technologies discussed.
Chapter 4, Implementation and Operation, focuses on the procedures com-
monly used to implement stabilization/solidification technologies and key
facets of their operation. An evaluation of Case Histories for each technol-
ogy is provided in Chapter 5. : '







Chapter?2 )

"~ APPLICATION CONCEPTS

Scientific principles, potential applications, and various treatment train
configurations for aqueous, polymer, and vitrification Stabilization/Solidifi-
* cation (S/S) processes are briefly reviewed in this chapter. Additional back-
ground information on these technologies can be found in the companion
monograph, Innovative Site Remediation Technology: Stabilization/Solidifi-
cation (Colombo et al. 1994) and in the references cited throughout this
- monograph: Prior to selection of technology(ies) for implementing restora-
tion and waste management operations, site remediation managers and engi-
neers are encouraged to conduct a comprehensive evaluation of potential
processes. This evaluation should address issues of applicability, maturity,
availability, cost-effectiveness, reliability, ease of operation, performance,
health and safety, regulatory compliance, and public acceptance, In addition,
laboratory-scale feasibility and/or treatability studies should be conducted
~ prior to full-scale implementation to verify the appropnateness of the
: technology(les) selected.

. A frequent criticism of hazardous waste treatment operations is that the-
affected public has little, if any, input into-the decisions that ultimately im-
pact them directly; namely site and technology selection, operation, and -

. monitoring. De51gn engineers and project managers need to take community
interests into account and include their input in planning and oversight ac-

* tivities. This may require additional time and resources devoted to educating
the public on the issues, options, risks, and costs. However, the importance
of well-conceived and well-executed public involvement cannot be overem-
phasized for the successful siting, construction, and operauon of most site

- remediation projects.

Severa.l of the terms used throughout this monograph although com-
monly used in reference to waste treatment and environmental restoration
activities, are key to the mformatlon in th1s monograph and are, therefore,

~ reviewed here. . :




~ Application Concepts

| I : ‘ i |
Stabilization — Techmques that reduce the hazard potential ofa
waste by convertmg the contammants into less soluble, mobile,
or toxic forms. The physical nature and handling characteristics

of the waste are not necessanly changed by stablhzatlon
B

Solidification — Techmques that encapsulate the waste, formmg
a solid material. The product of solidification, often known as
the waste form, may be a monolithic block, a clay-like | material, a-
granular partxculate, or some other physxcal form commonly
considered “solid.” Solidification applied to fine waste partrcles
is termed mzcraencapsulatzon and that which apphes toa large
block or container of wastes is termed macroencapsulatzon So-
lidification can be accomphshed by a chemical reaction between

- the waste and sohd1fy1ng reagents, or by mechanical processes

Contaminant migration is often restricted by decreasing the sur-
face area exposed to leaching and/or by coating the wastes w1th a
low-permeability matenal

Ex-Situ Treatment — The treatment of waste materials in an en- .
gineered processmg system following removal from their ongmal )

“location. Wastes treated by an ex-situ method are usually dis-

posed at a solid waste landfill, licensed Resource Conservation
and Recovery Act (RCRA) hazardous waste landfill, radloactrve
or mixed waste dlsposal facﬂlty

In Situ Treatment — The proces smg of waste materials at the

* location where they currently reside, i.e., without removal from ‘

the ground, tank, settlmg pond, etc. Wastes treated in situ are
usually left in place for final dn.posal

Mtcroencapsulatzon —_ Thorough and homogeneous mixing of
small waste partlcles with a liquid binder which then sohd1ﬁes to
form a solid, monohthlc final waste form. Individual waste par-
ticles are coated ancl surrounded by the solidified binder to pro—
vide mechanical mtegnty and actasa bamer against leachmg of -
contaminants. .

Macroencapsulatio;t — Compactly packaging large pieces of ‘

waste not suitable for processing by microencapsulation (e.g.,
debris, large pieces of solid metal) and surroundmg the package
with a layer of clean binder. The bmder forms a cocoon
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around the waste, provides structural support, and helps prevent
migration of contaminants.

2.1 Aqueous Stabilization/Solidification

2.1.1 Scientific Principles

) The earliest and by far most commorily‘ used S/S techhologie_é are referred :

~ to as “aqueous S/S” in this monograph because the chemical reactions occur

only in the presence of water. They are commonly referred to as Stabiliza~
tion/Solidification in other literature. This technology is further subdivided
into two process types: stabilization alone and cementitious S/S. For envi-
ronmental restoration apphcatlons the aqueous S/S process can be con-
ducted either ex-situ or in situ.

In aqueous systems, stabilization and solidification-usually occur simulta-
neously, hence the customary term, stabilization/solidification. However,
there are many instances in which stabilization is performed without solidi-
fying. The distinction is quite important technically and commercially in
~ remediation as will be discussed later. While stabilization requires chemi-
cals to convert contaminants into less soluble, mobile, or toxic forms, the
cemientitious binder in S/S processes usually supphes the required reactants

for stabilization. Also, since solidification does not occur in waste treated
through stabilization alone, the physical properties of the treated waste are
“not altered significantly. For this reason, the use of stabilization alone is -

" limited to those wastes for which physical encapsulation is not required. On
the other hand, stabilization is often easier to achieve than solidification,
espec1ally for in situ treatment

'2.1.1.1 Stabilization

. ‘Stabilization chemistry is similar to wastewater treatment but the waste to
be treated is usually soil, sludge, or similar material. ‘Stabilization processes
can treat wastes containing metals (and occasionally, other inorganic spec ies
_such as cyanides) or organic contaminants, and often both in the same waste.
The chemistry involved is very different for.the two contaminant types, and
will be discussed separately, : '
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' Stabzhzatzor'z of Metals and Inorganic Contaminants. Technical descrip-
tions of various reactions that can be used to stabilize metals are given by
Conner (1990), Conner (1997), and Wilson and Clarke (1994). The prin-
ciples of these techniques are well-known, and are usunally associated with
cementitious S/S. ‘Examples of some of the more important metal stabiliza-

tion reactxons are:
* pH control;
. ox1dat10nlreduct10n potential (ORP) control and
» gpeciation by chenacﬂ reaction, including:
e carbonate pré(j:ipitation,
» - sulfide precip‘itation; )
¢ silicate prec1p1tanon,
* jon-specific prec1p1tat10n,
. complexatlon,
« adsorption,
. chemisoi-ptiori,
s passivation,
" e jon exchange,
¢ diadochy (crystal lattice substltutlon),
* reprecipitation, and
. coprec1p1tat10n

In addition to metals, other i morgamc spec;es amenable to stablhzatxon
(Conner 1990) are cyanides, sulfides and fluoride. . Traditionally, these spe- '
cies were destroyed or immobilized in a pretreatment operation, but often '
treatment can be accomphshed simultaneously with metal and/or orgamc

stabilization and even with S/S, ‘

While a number of chermcals can be used for speciation of metals (e g
carbonates, sulfides, etc.), only a few have been developed as dlscrete, inno-
vative systems. One reason is that the regulatxons and testing requ1rements
affecting mietal stabilization have not 31gmﬁcant1y changed in recent years ‘
(tefer to proposed changes in Chapter 3), so there has been little need for
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improvement or change in conventional technology. Innovative stabilization
processes covered in this monograph are. the ProFix™ and phosphate sys-
tems. Both of these processes can be used in the S/S modes as well. Phos-

- phate treatment is discussed below, and ProFix™ is described is Section
2.1.1.2 under cementitious S/S.

Phosphate treatment, as described in the companion monograph (Co-
lombo et al. 1994), involves adding chemical compounds containing phos- -
phate, which form complexes with the metal species present in the matrix.

. The phosphate-metal complexes have low solubility and immobilize the
imetals over a wide pH range. Alkali can also be added for pH control
(Eighmy et al. 1991) to treat metals such as cadmium. The phosphate treat-
ment process was developed primarily for stabilization of lead. Also, phos-
phates have historically been used in wastewater treatment and as additives
in stabilization (Krueger, Chowdhury, and Warner 1991) because of the low
solubility of the resulting reaction products (Jowett and Price 1932). For

. waste stabilization, phosphates have been used primarily for materials, such
* as contaminated soils and incinerator ashes, which retain their particulate
nature after treatment. Phosphates can be used in conjunction with
cementitious materials to improve the physical characteristics of the treated

" waste, if desired, in which case the process is usually considered to be a
cementmous S/S process with phosphate as an additive. . '

Immobzltzatwn of Organic Contaminants. The immobilization, or -
stab1hzat1on of low levels of hazardous organic compounds in soils,
sludges, debns, and other wastes has recently received i increasing atten-
tion. Newly adopted rules and testing protocols (refer to Chapter 3)
have made the development of innovative stabilization techniques neces-
sary. Previously, the use of additives, such as activated carbon in S/S-
systems to immobilize organic constituents, was based on meeting the
requirements of the Toxicity Characteristic Leaching Procedure (TCLP)
test method (US EPA 1986a). However, with the more recent Total Con-
stituent Analysis (TCA) test method, such additives are ofteri not very
effective (Lear and Conner 1991). As a result, a number of other reagent
additives have been developed or adapted from other technologies to
meet the new requirements. Furthermore, the high alkalinity associated
with S/S binders can hinder immobilization of organics, making stabili- - -
zation alone a more attractive alternative than S/S for these wastes. In- -
novative processes or reagents for stabilization of organics include:
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* Rubber Parttculaz‘eT Conner and Smith (1993) described the |
results of this new process. The stabilization agent was a’
, spec1ally-prepared finely-ground rubber material called
KAX-50™. This material was found to be very effective with
- semivolatile and nonvolatlle organics; pesticides, herbicides, and
polychlorinated brphenyls (PCBs); and certain volatile organics
‘and organometallic compounds. Mixed with other additives ima ‘
‘ proprietary formulanon, KAX-100™, rubber particulate per—
formed well on nearly all hazardous organics tested to date —
about 60 compounds In fact, lt was the only compound tested
that was effective for practrcal use in reducing total levels of
organics across a bload range, as measured by the TCA method

. Organo-Clays These processes are d1scussed in the compamon
monograph (Colombo et al. 1994) under “Sorption and Surfac-
tant Processes.” They are still innovative largely because they are
now being used in the new regulatory context mentioned preV1-
ously. Organo-clays are formed by substltutmg quaternary am-

" monium ions for group IA and ITA metal ions in clays, increasing
the organophilic property of the clay. This substitution can also
increase the mterplanar distance between alumina and silica lay-
ers, allowing orgamc compounds to intercalate themselves be-
tween the layers ‘Both of these mechanisms result in stronger

" bonding of orgamc molecules o the clay substrate Several com- "
panies, including Silicate Technology Corporatron (STC), Inter-
national Waste Technologres (IwD, Hazcon, and Sohdltech
have provided full-scale services using organo-clays.

e Other Sorbents. A number of other sorbents can be, and have been
used to immobilize organics in specific remediation projects. They
include rice hull ash coal, and petroleum coke. However, none of
these technologies has sufficiently advanced to a full-scale apphca-
tion, and therefore they are not c'overed in this monograph.

* Surfactants. The use of surfactants for stabilization stems from
the ability of the surfactant molecule to attract and hold orgamc
" contaminants at one end, while the other end is attached to an
1mmob1le, solid substrate surface such as soil or cementitious-
material. An example of such a process, demonstrated at
field-scale, is descnbed in Section 4.1 of the companion mono—
graph (Colombo et al 1994). ‘

26
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ﬂ2 1.1.2 Cemeniitious Sfobillzaﬂon/Solldlﬁcchon

.Cementitious S/s technolog1es use inorganic reagents to react with certam

.waste components; they also react among themselves to form chemically and
mechanically stable solids. Cementitious binders and other additives react in
a controlled manner to produce a solid matrix. The matrix itself often is, or
~ becomes, a pseudo-mineral. This type of structure is stable and has a rigid,

friable structure similar to many soils and rocks. Many inorganic stabiliza-
tion systems require promoters that are described as “inorganic polymers.”
In one sense, all cementitious systems could-be characterized in this way, but
within the narrow definition of polymers, i.e., monomers that react to form
larger molecules by a chemical polymerization process, the setting of Port-
land cement does not qualify as polymerization. Various vendors market
variations of the system to address specific wastes or disposal scenarios.
Vendors often describe a modification or additive as “innovative,” but unless
there is a significant difference in the S/S mechanism or in the way that it is
applied to waste treatment, it is not covered here. For example, the addition
of a simple fixative, such as sulfide ion to immobilize mercury is not consid- - -
ered innovative, On the other hand, the use of a conventional stabilization
agent, such as soluble silicate, in a different way to treat a specific waste
type might be innovative. :

 Different processes exhibit different setting and curing reactions. Most of
the commercial, ¢ementitious S/S systems, however, solidify by similar reac-
tions which have been thoroughly studied in connection with Portland ce- .
ment technology used in concrete (Conner 1990). While the pozzolanic
reactions of the processes using fly-ash and kiln dusts are not identical to
those of Portland cement, the general reactions are similar. Sufficient water
must be provided to support the hydration reaction of these chemical sys-
tems. Conventional inorganic chemical processes that have been used com-
mercially are shown below. The most important systems currently on the
market are marked with an asterisk:

« Portland cement-based (majof ingfedient is cement)*;
e Portland cement/lime; o

¢ Portland cement/cléy;

* Portland ceméntlﬂy ash*;

» Portland cement/soluble silicate*;
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¢ lime/fly ash¥; ‘
* cement or lime kiln dust*; and
’ "o slag,

Cementitious processes that are deemed innovative due to either therr
chemistry or the way in which they are used, are descnbed below.

ProFix™ (EnviroGuard, Inc., Houston, Texas) This product is based on

- rice hull ash, an amorphous, brogenetw silica (Durham and Henderson
1984). Because of its sorptive and alkali-reactive nature, rice hull ash has

" some unusual propertles Its sorptlve nature is well-known, but its ability to
react with alkalies to form soluble silicates is of primary interest here. Un-
der alkaline conditions, the amorphous silica reacts slowly to produce
soluble silicates, which can then react with toxrc metal ions to form ‘
low-solubility metal silicates. The scientific basis for this process is covered .
'in some detail in the companion monograph (Colombo et al. 1994). The :
process has patents and patents- applred-for in many countnes (Conner and
Reber 1992)

Cement-Slag Processes. Slag has been incorporated into a number of
stabilization processes, along w1th other reagents, especially at or near slag
producers such as. steel mills. As with other waste product reagents (fly ash,
kiln dusts), slag usage is often not documented in the literature or promoted. -
specifically as a commercial S/S process. It is used in a proprietary manner
by waste generators and industries. Vitreous blast furnace slag is produced
when molten slag from an 1ron-producmg blast furnace is cooled qulckly to’
minimize crystallization. Granulation, the most cominon process, produces
a product known as granulated blast furnace slag” Other processes such as
pelletization, are also used. Blast furnace slag is a blend of amorphous srh-
cates and alumini silicates of calcium and other bases. The vitrified slag '
must be ground to cement fineness. Because of the presence of ferrous i 1ron
and reduced sulfur compounds, the slag may act as a reducing agent for
metal species that are less mobile in the reduced oxidation state, such as
chromium. Note that slowly-cooled, crystalline slag (e.g., air-cooled slag,
foamed slag) does not exhibit hydraulic cementing reactions.

2.8
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2 1.1.3 In Situ S’rcblhzcmon and Sfoblhzohon/Solid!ﬁca’non -

For in situ application,.S/S binders and additives.are introduced 1nto the

" contaminated medium (usually sludge or soil) using commonly-available,
large-scale excavation, tilling, or drilling equipment specially modified for
S/S chemical addition. In situ and ex-situ S/S delivery systems each have
advantages and disadvantages. Ex-situ systems provide better control of
‘reagent addition and mixing, at least as of this time, and quality control sam-
pling is easier. It is usually more practical for projects with shallow waste
depths and where site access for large equipment is limited. For obvious
reasons, ex-siti equipment and methods are used at central waste treatient
locations, such-as RCRA Subtitle C Treatment, Storage, and Disposal Facili-
" ties (TSDFs) and are now considered conventional. Large-scale remedial
projects at great depth are more amenable to in situ operation, and in these
instances, the cost is usually lower. In situ methods were probably the first
to be used for remedial projects, long before RCRA, Land Disposal Restric-

" tions (LDRs), Superfund, and the other legislative and regulatory drivers that
created the hazardous waste industry. The methods used were rather crude,
mostly mixing the binders with contaminated media using the standard back-
. hoe excavation bucket. With time, various devices for injecting S/S reagents
and mixing them into the waste were subsututed for the bucket, but the op-
eratxon remained basically the same. .

A recent techmque using modified, massive earth drilling and foundation . -
construction equipment has been introduced to allow well-controlled reagent

~injection and mixing even at great. depth. While such mechanical systems .
‘are not new, and were suggested for this application long ago (Conner 1990),
they have only recently been applied to actual full-scale remediation
projects, and are deemed innovative. One such system is shown in sche- )
matic in Figure 2. 1 and in actual operation in Figure 2.2. A slurry of the 5/S
reagents is pumped through a drilling assembly consisting of a vertical, hol-

- low bar called a “’kelly bar” and a set of hollow auger blades, into the soil-or* -
sludge as the assembly is rotated down through it. "High torque (with forces
-up to 41,500 kg » m) is available to produce a well-mixed, treated waste at

" depths up to 30 m (100 ft) or more. The resulting treated column may reach

a diameter up to 4.3 m (14 ft). Subsequent columns are positioned to even-

tually cover the entire volume of waste to be treated.
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| Figure 2.1 .
Schematic Diagram of MecTool™ for Solidification
and Stabilization of Contaminated Soils/Sludges

. Hep}oduced courtesy of Millgard Envlronmem?l Corp.

A major advantage of this in situ method is its ability to easily and effec-

tively control both volatile and particulate emissions from the site using a

hood or shroud over the dn'llix@g assembly and the column being stabilized.

‘The confrol of volatile organic compound (VOC) emissions has become a
‘major issue in remedial work. This is much more difficult at a remedial site

* than at TSDFs and vastly more expensive. Control of VOCs will likel)} drive

the physical technology toward in situ treatment with equipment that eésily
collects and treats emissions. S |

2.10
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In addition to _]ust S/S processmg, in situ methods are available forse- . ' o
quential treatment operations, e. g pretreatment to oxidize or reduce a con- o T
stituent followed by solidification. One such multi-step operation that is
especially amenable to the drilling type of in situ treatment is stripping vola-
tile organics from the waste prior to metal stabilization. With ex-situ treat-
ment, two different treatment systems must be mobilized to the site and op-
erated; with in situ treatment, the same basic equipment does both more
cost—effectlvely

. ' : * Figure2.2
: The MecTool™ System in Operation

Reproduced courtesy of Millgard Environmental Corp.
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| 2.1.2 Potential Appl‘icaﬂdr‘ns

_2 1.2.1 Stabilization ‘ . ‘
\ ‘

Soluble silicates or phosphates are used for metal stablhzanon apphca-

_ tions only, not for organic contaminants. In some cases, they can be com-
bined with the various organic unmoblllzauon reagents for combined treat-
ment of metals and organics. Care must be taken to ensure combinations of
reagents to be used are compauole in the concentration range. Soluble sili-

_ cate processes, such as ProFix™, can treat a wide range of metals, while
phosphates are generally more narrowly used, pnmanly for lead stab1hza~
tion. Phosphate treatment produces lead reaction products that are stable
and have very low solubility over a wide pH range, making them suitable
where the waste form might be exposed to ac1dlc leaching condmons

Rubber partlculate and organo-clays are ctpphcable only for 1mmob1hza— .
tion of organic contaminants and are not normally used for wastes contain-
"ing metals unless combined W1th soluble sﬂ1cates, phosphates, pH control
" agents, or other metal stabxhzauon rea nts. They can also be used in con-
junction with other additives. For example a mixture of rubber partlculate
and activated carbon might be useful where a wide range of constituents are
present or where both TCA and TCLP tests are to be used to evaluate effec-
tiveness. In general, these addmves do not mterfere with the reactions that
occur in cementitious systems and can be mixed in nearly any proportion
with cementitious and pozzolamc binders, if spec1ﬁc physical properties are
) required in the final waste form or if metal stablhzauon is necessary. The
pH of the system can affect the efﬁmency of the sorbent; this should be as-
certained in prior treatability studles for each application. ‘

2.1.2.2 Cementitious S’rablllzohon/Solidiﬁcchon ‘

- Many of the various conventlonal cementitious systems, mcludmg addi-
-tives, are patented or are covered by patents applied for, but most of the ge-
neric system types are believed to be in the pubhc domain, at lea” the
U.S. and Canada (Conner 1990). “These processes have been useu euznmer- ,
cially for solidification of water-based waste liquids, sludges, filter cakes
and contarrunated soils. A large body of technical mformatlon on

AV
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_leachability, physical propemes, and general stability is available. Treatabil- -

ity studies for the particular waste and remedial scenanos being considered
are essential for all S/S projects. -

For the most part, potentlal applications are merely extensions of the .
conventional, well-proven processes that have been used for more than two
decades on hazardous and nonhazardous wastes. These extended applica-
tions or improvements include decreasing leachability by chemical reaction
 or microencapsulation, reducing permeability, and improving physical dura-
bility. In addition, physical properties have been improved for easier trans-
port and disposal at landfills. Spec1ﬁc process examples are ProFix™ and

.. Cement Slag, detailed below.

ProFix™. This process was designed for two waste treatment applications:

 where physical sorption is required to take up the excess water in
low-solids waste, while producing a hardened product by chemi-
cal reaction, a requirement under the 1985 Land stposal Re-
stnctlons (US EPA 1986b); and

e where slightly soluble metal compounds are present in the waste, "

and could continue to dissolve over time or diffuse out from po-
rous parucles In this case, the advantage is that the slow, con-
_tmuous generation of soluble silicate prov1des a reserve capac ity
that can re-spec1ate the dissolving metal as “silicates.”

The ProFix™ process, because of its high sorptive gapacity, porous struc-
ture, and high surface area, can also be applied to immobilize organics.

Some ash also has sufficient carbon content — up to 5%. — to potentlally o

‘actina fashmn similar to activated carbon.

Cement-Slag These processes are espec1a11y applicable for remedlatmg
‘primary metal refining wastes when practiced at the slag producer’s site,
where the slag is available at little or no cost, or even with a credit for waste
. disposal. One form of this process developed by Oak Ridge National Labo-
ratory (ORNL) was designed to immobilize technetium and nitrates: The '
'ORNL demonstrated processes would be applicable to both Tc* and Cr“’

treatment based on its ability to reduce the oxldanon number.
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©2.1.2.3 In Situ Stabllization and Stablization/Solidification
Auger-type S/S systems are espec1ally useful in two scenarios:
« where VOCs and odors must be controlled; and

» where the waste to be treated is quite deep, partxcularly more
than 7.6 m (25 ft), the pracucal limit of backhoe-based systems.
They also allow better spatial control of mixing since both hori- -
zontal (surface) locatlon and vertical position are known pre-

. cisely at all times. Reagent introduction and mixing are more
uniform than with the more subJe-ctlve, operator-dependent con-
trol in backhoe systems Finally, auger-type systems are more
efficient in sequential treatment operations, such as vOC removal
followed by S/S.

i

2.1.3 Treatment Trains

.. i . . . . |
Stabilization or S/S is frequently the only treatment process used in a
particular remedial project. ‘Other site activit 1es in the remediation pro_lect
include site preparation, momtormg, final gr.admg, and cover. In addition,
the site might require cutoff walls, liners, leachate collection systems, and
other means to limit incursion of rain, surface and groundwater into the sife
and the egress of leachate from the site. In the case of ex-situ stabilization or
S/S, excavation and replacement of treated waste is normally required, and a
pretreatment step in the form of waste particle size reduction might be nec- :
essary. With in situ stabilization, these latter activities are usually neither
requu‘ed nor feasible, although sometimes in situ stabilization or S/S is fol—
lowed by excavation and removal to another landfill location.

Other than the general site operat1ons descnbed above, S/S products
rarely undergo posttreatment of any sort. However, stabilization is some-
times used as a pretreatment step for subsequent solidification of the waste,
if the original waste is not a solid or if the final waste form must have spe-. '
cific physical properties. ‘

214
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2.2 Polymer Stabilization/Solidification

2.2.1 Scientific Pnncnples

Polymer S/S technologies process waste at relatively low temperatures by -
combining or surrounding wastes with liquid polymers. Cooling or curing
of the polymer then produces a solidified final waste form product. Al-
though polymer processes are primarily used to solidify waste, when com-
bined with additives, they can be considered S/S technologies. These tech-
nologies are grouped together based on a fundamental similarity in the mo-_
lecular structure of polymers, which are made of large molecules formed
from the union of simple molecules (monomers).

In many respects, however, the stabilization/solidification technologies in
this category are more divergent than similar. .For example, polymer encap-
sulation or solidification encompasses a wide range of potential binder mate-
rials and several treatment concepts. The binders can be either organic (e.g.,
polyethylene, vinyl ester-styrene) or inorganic (e.g., sulfur polymer). They -
. can be either thermoplastic or thermosetting. Depending on the nature of the :

waste, polymers can be applied for either microencapsulation or } '
-macroencapsulation. Stablhzatlon/sohdlﬁcatlon can be accomplished
ex-situ or in situ.

Polymers can be grouped in two distinct categories, i e, thermoplastic
: and thermosetting, based on the means required for processmg

Thennoplastzc bmders are materials with a linear molecular
structure that repeatedly melt to a flowable state when heated and -
“then harden to a solid when cooled. Polyethylene, sulfur poly- -
mer, and bitumen are thermoplastic materials used for waste
treatment. Since bitumen is a commercially-available, conven-
tional technology and was covered in detail in the companion

. monograph (Colombo et al. 1994) it is not included in this vol-
ume. Thermoplastics, when used for microencapsulation, are
‘melted, mixed together with waste, and allowed to cool into a
monolithic solid waste form in which small waste particles are
interspersed within the polymer matrix. For macroencapsulatlon,
the molten thermoplastic is poured into a waste container in

" which laige pieces of wasie; material have been suspended or
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supported Upon coohng, the thermoplastl(‘ forms a sohd pol
mer layer surrounding the waste.

Thermosetting bznd;rs are materials that require the combmatron
~ of several liquid mgredlents (e.g., monomer, catalyst, promoter)
~ to polymerize and harden to a solid and which cannot be reversed
.to a flowable state. wrthout destroying the original characteristics.
Vinyl. ester—styrene polyester-styrene, and epoxies are examples
of thermosetting resins that have been used for waste treatment.
‘Thermosetting resins can be used for microencapsulation and
macroencapsulation of waste, as , well as for in situ S/S. Smce
thermosetting polynier processes have been commercially avail-
able for more than 20 years, only ‘novel applications of thermo-
setting polymer technology, such as in situ stabxhzatron are cov-
_ered herem ‘.
|
2.2.1.1 Polyethylene ‘

Polyethylene is an inert crystallme-amorphous thennoplastrc matenal
with a relatively low melting temperature It is produced through polymer-
ization of ethylene gas and the structure of the plastic can be varied to create
diverse products with different propemes For example, high-density poly-

. ethylene (HDPE) is formed of long polymer chains with relatively little ‘
.branching, allowing the polymer layers to be closely packed. 'Iyprcal HDPE
densities range between 0.941 and 0.959 g/r:m3 (58.7 and 59.9 1b/ft3).
Low-densny polyethylene (LDPE) is produced by mducmg a higher degree
of chain branchrng, which keeps the layers further apart. The branches i 1n
LDPE occur at a frequency of 10 to 20 per 1,000 carbon atoms, creating a

relatively open structure. Typical LDPE densities range between 0.910 and

+ 0.925 g/cm® (56.8 and 57.7 Ib/ft®). Low density polyethylene has a lower
melt temperature (120°C [248°F]) and melt viscosity than high-density poly-
ethylene (180°C [356°F]), and is easier to process for waste encapsulatlon
applications. Polymer melt viscosity is inversely proportronal to molecular
werght and is characterized in terms of the melt index, which describes the

 flow of molten polymer under standard conditions specified by the American
Society for Testing and Materials (ASTM 1990). Low- -density polyethylene

s commercially available with melt indices rangmg from 1 to 55 g/ 10 mm
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While polyethylene is a relatively new engineering material, extensive

* testing to establish long-term durability of LDPE for usein encapsulating
waste has been conducted (Kalb, Heiser, and Colombo 1993). Since there
are no proven test methods to evaluate long-term durability of any material,

. the approach taken was to examine potential degradation mechanisms lnsmg
accepted (e.g., ASTM), short-term tests. Polyethylene resists a wide range
of chemicals and solvents, thermal cycling, saturated conditions, and micro-
bial attack. If polyethylene is exposed to radiation doses up to 108rad,
cross-linking of polymer chains increases and imparts greater mechanical’
strength and lower leachablhty

~2.2.1.2 Sulfur Polymer Cement

Sulfur polymer cement (SPC), also known as sulfur polymer, was developed
by the U.S. Bureau of Mines (USBM) in an attempt to create new,
- . commercially-viable construction applications for sulfur produced during the -
.. refining of petroleum and in the cleanup of SO, stack gases. It was initially
used to treat radioactive, hazardous, and rmxed wastes by Brookhaven National
. Laboratory (Kalb and Colombo 1985a) and has subsequently been mvestlgated
" bythe Commission of the European Communities (Van Dalen and Rijpkema
. 1989), Idaho National Engineering Laboratory (INEL)(Darnell 1991), and Oak
Ridge National Laboratory (ORNL)(Mattus and Mattus 1994), Itis produced
by combining elemental sulfur with readily available and relatively i inexpensive
chemical modifiers which significantly improve product durability. ‘Elemental
sulfur is reacted with 5% (by weight) dicyclopentadiene, which.suppresses the
solid phase transition in the unmodified material responsible for lowering den-
sity and creating an unstable solid.” Sulfur polymer cement is manufactured
commercially under license from the USBM, and is marketed under the trade
name Chement 2000 (Martin Resources, Odessa, Texas). '

Desprte its name, SPC is a thermoplastic material, nota hydraulic cerment.
" Ithasa relatlvely low melting point of 120°C (248°F) and melt viscosity of
about 25 centipoise (0.0168 Ib/ft-sec), and thus can be processed easily with
a simple, heated, stirred mixer. Compared with hydraulic Portland cements,
sulfur polymer cement has a number of advantages. The compressive and
tensile strengths of SPC can be twrce those of comparable Portland con-
_cretes. Full strength is reached in a matter of hours rather than several .
" - weeks. Concretes prepared using SPC are extremely resistant to most acids
and salts. Sulfates, for example, which are known to attack some hydraulic
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cements have little or no effect on the 1ntegr1ty of sulfur polymer cement'.
Sulfur polymer waste forms exposed to gamma radiation doses up to 108 rad,
did not reveal any statistically significant changes in mechanical mtegnty
(Kalb et al. 1991; Van Dalen and Rlkaema 1989)

2.2.1.3 Thermosethng Polymers

Thermosettmg polymers are formed by the polymenzatlon of an unsatur—

" ated monomer (e.g., methacrylates), typlcally by a chain reaction. The reac-
tion is initiated by a chemical catalyst such as benzoyl peroxide, which is
decomposed by thermal energy or the action of a chemical promoter, such as
dimethyl toluidine. The decompos1tion breaks O-O bonds, forming free
radicals which have unpaired, h1ghly reactive electrons. The free radlcals, in
turn, break the double bonds of the’ monomer and add to it. This process is
exothermic and continues rap1d1y, as more and more monomers add to the
chain. The reaction finally terminates when the monomer is consumed or “
chains meet end-to-end. It can be controlled by temperature (increased tem-
perature accelerates the chain reactlon), promoter-catalyst combinations and
concentrations, and the presence of admixtures (or waste materials) that can
retard or accelerate the set. The gel time is defined as the period during
which the resin viscosity increases rapidly and finally can no longerbe
poured or worked. The gel time can be varied by the manufacturer of the
‘resin or catalyst-promoter. ’

~ Thermosetting resins have urldergone extensive durability and perfor-‘
mance testing for both ex-situ and in situ waste treatment applications.
Since they are typically low in v1scos1ty (3 to 300 centipoise [2 * 103 to
2.02 « 107 Ib/ft-sec]), they are readrly adaptable to in situ injection in sorl
(Heiser, Colombo, and Clinton 1992). When combined with waste aggre-
gates to form a polymer concrete, they have excellent mechanical strength
(48.3 MPa [7,000 psi] or greater, dependmg on the type of soil aggregate)

In situ polymer concretes formed from contaminated soils are highly resis-
tant to aggressive chemicals (ac1d1c and alkaline envrronments), thermal and
wet-dry cycling, microbial degradation, and radiation doses to 10 rad. Low
hydraulic conductivity (<2 * 100 -1 cm/sec [<7.9 ¢ 1072 in./sec]) and leach- ~
ablhty have been demonstrated (Herser and Milian 1994). A drsadvantage
of thermosetting polymers is that, unlike thérmoplastic polymers, once po- .
lymerized they cannot be re-worked :
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2.2.2 Potenhal Applicahons

' Broad application to diverse waste streams is one of the primary advan-

tages of polymer S/S processes. Polymer S/S technologies can-be used in
. place of conventional cement grout S/S for production of final waste forms

- with improved durability and leaching performance. High waste loadings
can result in fewer waste forms for storage, transportation, and disposal,
providing savings in life-cycle costs compared with conventional techinolo-
gies (Kalb and Colombo 1985b; Kalb, Heiser, and Colombo 1991a). These
technologies can be applied for waste managément operations to treat aque-
. ous concentrates, slﬁdges, incinerator ash, ion exchange resins, secondary
wastes from offgas treatment, and failed conventional concrete waste forms, -
" as well as environmental remediation appllcatxons including direct treatment
of soils, sludges, and debris, and indirect treatment of s011 washing and other -
_ volume-reduction process residuals. 5

Apphcatlon and selection of any S/S technology is based on consideration
of a number of factors, such as waste characteristics, waste volumes, treat-
" ment and disposal costs, and regulatory requirements. For polymer encapsu- . '
' latlon technologies, specific issues that impact selection of the type. of poly-
mer (orgamc vs. inorganic, thermoplasnc vs. thermosetting) and the method
of treatment (microencapsulation vs. macroencapsulation, in situ vs. ex-situ) |
are dicussed in this section. These include chemical and physical properties
of the waste, ultimate disposition of the treated waste, disposal site waste
acceptance criteria, final waste form performance criteria, capital and operat-
ing costs, availability of materials, ease of processmg, and reliability. These -
issues are described below. : -

T e Chemzcal Properties of the Waste. Thermosettmg polymers re-
"quire a chemical polymerization reaction. to form a sohd product;
interactions with constituents found in the waste can impede =~ .
formation of free radicals and adversely impact the solidification
- process. For example, wastes that contain reducing agents (e.g.,
. reduced metals such as iron), complexing agents (e.g., EDTA) or
sorberits (e.g., carbon filter media) can interfere with the effec-
tiveness of the catalyst to initiate and complete polymerization.
Thermoplastic polymers do not rely on chemical reactions to
form a solid final waste form product, and solidification is as-
sured on cooling.  However, thermoplastic polymers cool to a
solid when exposed to a large thermal mass (e.g., soil) and
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therefore are less sultable for in situ applications where thorough
penetration is requrred

e Physical Properties of the Waste Particle size and dlsmbutlon
-~ density, and morsture content of the waste can impact polymer .
S/S processes. In general wastes that consist of small particles
are treated more effer:trvely by nncroencapsulatron The smaller ‘

the waste particles, the greater the ratio of polymer/waste surface .
area, resultmg in 1mproved leachablhty characteristics. However,
microencapsulation of extremely fine particles (e.g., <50 pm),
especially those with densities <1.0 g/cm?, may be limited for
some viscous thermoplastlc binders. Likewise, particles >3 mm
(0.118 in.) are more effectrvely processed following size reduc—

_ tion. Large partlcles that are considered debris (>60 mm [2.4
in.]) are more effecnvely treated by macroencapsulation. Ther-

" moplastic processes operate at temperatures in the range of 120
to 180°C (248 to 356 F), so that moxsture contained in the waste
is volatilized. In most cases, it is advantageous to pre- treat the
waste to remove resrdual morsture However, small quantttles of
moisture (e.g., <2% by weight) ¢ an be removed during process-

" ing. Although most hazardous metals and radioactive contami-
nants are not volatile at ‘thermoplastic processing temperatures

.some highly volatile specres (e.g., mercury) might need to be

" captured in the offgas or auxiliary treatment. For wastes contain-
ing significant concentrahons of VOCs (>5% by weight), re-
moval and destructron of the organics are recommended pnor to
treatment by polymer encapsulal ion. Some thermosettmg resms
can tolerate s1gn1ficant levels of morsture by formmg a
hlgh-shear emulsion of the waste within the polymer prior to
solidification. Since the process temperature is maintained below
100°C, small dropletu of the moxsture are trapped within the ﬁnal

. waste form. ‘ ‘

. Requzrements for Dtsposal Waste Acceptance, and Fmal Waste
Form Performance. Fmal waste form performance requxrements
are dictated by the properhes of the waste itself (e.g., radloactlve
hazardous mixed), levels of contammants where the waste was '

' generated (government or commercial site), and where the

- treated waste will ultlmately be dxsposed Waste form perfor-

mance criteria 1ssued by the Nuclear Regulatory Commission,

220
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UL S Envuonmental Protection Agency (US EPA), U.S. Deparl-
ment of Energy (DOE), and the States, as well as waste accep- -
tance criteria issued by individual disposal sites must be consid-
ered. Waste form performance issues that can influence selection
of polymer encapsulation technologies, in particular, include
mechanical integrity, durability, leachabxhty, blostablhty, and

- radiation stability. - :

Cost. The cost of polymer matenals varies widely, from a low of
about $0.26/kg ($0.12/1b) for sulfur polymer to a high of more
than $14.33/kg ($6.50/1b) for polysiloxanes and some epoxies.
Cost comparisons are further complicated by variations in waste

" loading efficiencies which affect the number of drums processed.
for disposal, shipping costs, dxsposal costs, and processing costs:
Therefore, it is parucularly important to evaluate fully the
cost-effectiveness of specific polymer encapsulation technologles
under consideration.

Availability. Most polymers that have been consxdered or used '

for waste encapsulation are commercially available. Some poly-

. miers, however, are not widely used for other applications and/or
are produced by a limited number of suppliers (e.g., sulfur poly- -
mer). At any given time, these materials might be in short sup-
ply, éspecially without advance notification to the manufacturer.
The demand for some polymers used for waste encapsulatlon
could exceed the current rates of production for conventional
applications, and could create viable new markets. However,

. polymer manufacturers should easily be able to meet any 1n—
creased market demands.

- Simplicity of Process. Polymer processes vary in complekity

from relatively simple thermoplastic materials requiring heating/

~ mechanical batch mixing (e.g., sulfur polymer) to more compli-

. cated thermosetting polymers that require precise addition of
‘catalyst and promoters to initiate chemical polymerization. Poly-
mer processing is done at ambient temperatures (thermosetting

- polymers) or at slightly elevated temperatures (150°C [302°F] for
'LDPE), reducing or eliminating the need for complex offgas
collection and secondary waste treatment, an advantage com-
pared w1th hlgher temperature vitrification processes.
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‘ !
. Reltabzlzty Although polymers are relatlvely new englneenng
* materials, polymer processes in general, and thermoplastic pro-
cesses in particular, have proven reliable in other applications in
over 50 years of development Thermoplastrcs are routinely used
for packaging, pxpmg, mechanical parts, etc., providing a large
base of experience and high level of process rehabrhty

e Re-Work Capabzhty Thermoplastlc polymers possess a umque
advantage in that they can be readily reprocessed, if necessary, by
" simply remeltmg and reforming the waste form. In a similar
fashion, processing can be restarted followmg unplanned shut—
downs, by simply reheatlng materials to a molten state. Thls
unique property of thermoplastic resins also allows the use of
recycled plastrcs from either industrial or post-consumer sources. -

2.2.3 Treatment Trams

Thermoplastlc polymer S/S processmg is achleved by heating the poly-

mer binder to the melting temperature, adding the waste material, and mix- .

“ing to a homogeneous condition. Depending on the type of polymer, the

" treatment train may consist of s1mp1e, heated batch mixers (e.g., double ‘
planetary mixers), extruders (smgle—screw or twin-screw), and
thermokinetic mixers. Thermosettmg polymers are processed by addmg a
small quantity of catalyst and promoter to the thermosetting monomer, add-
ing the waste material, mixing to form a homogeneous blend and allowing

" time for the polymerization reaétron to occur. For in situ applications, low
viscosity thermosetting monomers are used. These materials are apphed by
either flooding the waste (e.g., sorl) by a technique known as permeatlon
grouting or by injecting the monomer into the waste under pressure by a
technique known as jet groutrng

Particle size, density, and morsture content of the waste limit the use of
" - some polymer technologies. These limitations can usually be amehorated
however, by implementing appropriate pretreatment technologies, such as
_ drying, emulsifying, size reduction, or agglomeration. In other cases, the
" polymer processing equrpment itself can be modrﬁed to 1mprove
. processrbrhty and final waste form perform'mce -
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2.3 Vifiifiéafibn

2 3. I Sc:Ienilf' c Pnnclples

Vitnficatlon is the class of stablhzatlon and sohdlﬁcatlon technologies

- that expose the waste stream to hlgh temperatures (i.e., >1,000°C [1,830°F])

to achieve the treatment objective. In doing so, organic contaminants and

. combustlble materials are pyrolized or combusted. Combustion can occur

.. upon first entering the melter, within the feed pile, in the plenum space, or in
. the afterburner. Inorganic metals and oxides are converted into a glass, crys- - '

talline, and/or slag product. In an oxidizing environment, the waste compo-

nents are converted to oxides, react together, and form the vitreous product.

Decomposition products evolving from the process include water and oxides

. of carbon, nitrogen, and sulfur, if present in the waste stream. In addition,

particulates and semivolatiles might also be generated. The behavior and

fate of a majority of the semivolatile metals, such as lead, nickel, antimony,

. etc., have been compiled by the US EPA (1992a). The processing condi-

tions and final product vary greatly depending on the wastes treated and the

_ﬁnal product property requirements.

What generally. differentiates the vitrification technologles is the method
by which the.thermal energy is provided. The primary heating methods used
include plasma heating, direct electric heating, fossil fuel combustion, induc-
tion, and microwave heating. Technologies based on these heating methods
. are discussed here, with the exception of plasma heating which has not ma-

. tured to the point that sufficient information is available to include in this
monograph However, plasma based technologies, including DC and AC
graphite arc and traditional plasma torch, are expected to emerge in the next

. few years. Similar to aqueous S/S and polymer S/S vitrification can be '

apphed either ex-situ or in situ.

23.1 .1 Ex-Situ Melters

" Electric Melters. Electric or joule-heated melters produce a glass or vit-
reous product. The composition and cooling history of the product upon
discharge determine whether the product will have a vitreous or crystalline
" nature. Crystalline phases do not usually degrade the leach resistance of the |

. waste form. As described by Colombo et al. (1994), the glass components
" fall into three categories: glass formers, stabilizers, and fluxes. Glass former
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oxides (prmcrpally oxides of s1hcon aluminum, phosphate, and lead) form L
the skeleton or glass network. Stabthzers, such as transition n{etal oxides

and alkaline and rare earth oxrdes affect the durability, electncal conductiv-
ity, and viscosity properties of the glass. The fluxes, prmc1pally alkali metal
oxides have a very strong affect on the durability, electrical conductivity, and
viscosity properties of the glass. Between room temperature and approxi-
mately 500°C (932°F), glass is not electrically conductive. However, above
500°C (932°F), the glass structure begins to “relax,” and the ionic species,
i.e., the alkali mietals, become mobrle In the presence of an altematmg elec-
tric currerit field, the ionic spec1es will generate heat accordmg to Joule’s
Law, P =IR. ‘

Combustion Melters Combustron melters can produce a v1treous, crys-
talline, or slag product dependmg on the desrgn of the melter. Combustlon
melters for stabilization and sohdlﬁcatlon of waste streams are either based
on commercial glass melter desrgns, kiln furnace designs, or adaptatron of
systems originally designed as furnaces for heat generation. Tlie latter are
emphasized in this monograph because of their emerging technology status
Combustion melters burn a fossil fuel such as natural gas, pulvenzed coal, or
fuel oil, over the top of the waste and product materials. Therr‘nal energy is
transferred pnmanly through radiant heat tra;nsfer Waste glass is typlcally
very dark which results in all radiant heat energy being adsorbed within the
first few millimeters of the molten glass surface. Therefore, to be efficient, it
is necessary to either mamtaln a relatlvely thin waste and glass product layer
or actively mix the process to facilitate natural conductive and Iconvectlve ‘

. heat transfer. Because joule heatmg is not used, the electrical conduct1v1ty
_of the glass is not important. As a result, combustion melters allow some-
what more freedom in defining the glass composition, although the alkali
oxide content strongly influences the viscosity of the molten glass and resrs-
tance fo leachmg, i.e., chemical durablhty ; .

Induction Melters. Induction melters are s1rmlar to electnc melters in ‘
that beating is achieved by joule-heating the glass, although thc methods
differ. In an electric melter, the electrlc potential is applied across the glass
In induction melting, a magnetic ﬁeld potential is applied across the glass.
The variation in magnetic field causes a change in magnetic flux passing
through the glass according to Lenz s Law. Lenz’s Law, restated to apply to
this case, states that when an electromotlve force is induced within molten
- glass by any change in the relation between the molten glass and the mag-

* . netic field, the direction of the electromotwe force - produces a current whxch
. . ' i

2.24 - |
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has a magneticifield that opposes the change These eddy or induced cur-
rents are converted to heat through the joule-heating effect. A thorough
discussion of the application of induction heating for industrial uses is given
by Orfeuil (1987). As is true for electric melters, heat transfer occurs prima-
rily through natural convection and conduction from the molten pool to the
waste material junless active mixing of some means is employed.

Microwave Melters. In microwave melting, a container, cohveyor, or
furnace holding the waste is connected to a microwave generator via a wave
- guide. The microwaves are transported down the guide and enter the pro-
cessing chamber where the microwaves couple to the waste and product.

" The melting process is achieved through three primary mechanisms:

« frictional heat caused by the vigorous vibration of dipolar" mol-
" .ecules due to oscillation of the electromagnetic field;

- frictional heat caused by the vigorous vibration of magnetic materi-
als flue to oscillation of the magnetic component of the field; and

] genFratton of heat by electrically-conductive materials due to the |
current generated by the electrical component of the ﬁeld

Standard systems sold within the U S.'use 915 or 2,450 MHz mlcrowave '
energy. The pe hetration, or effective heating depth, of the microwaves varies
depending on the material being treated. Generally, microwaves will penetrate
5to10cm (1 97 to 3.94 in.) through materials having a hlgh water content and

-on the order of tens of centimeters for other materials (Orfeuil 1987)

02312 In Sn‘u Vitrification

Both in situ and ex-sitn electricity-based vitrification share the same fun-

* damental scientific basis; i.e., electricity is passed through molten
silica-based media at levels that generate sufficient heat (joule heating) to
melt adjacent nedia. The resulting glass and crystallme product incorpo-

© rates nonvolatllle and noncombustible waste species in a highly durable waste
form. For in situ vitrification, volatile and combustible organic waste spe-
cies are pyrolyzed and/or vaporized below grade. Pyrolysis products oxidize
_ at the melt surface. The gaseous products.of these reactions are directed to-
an offgas treatment system for additional polishing, removal, or destructive
treatment to meet air emission reqmrements An ex-situ glass melter allows

© greater ﬂex1b111ty in controlling additives to the melt to control primary pa-
rameters, mcludmg electncal conduct1v1ty, meltmg temperature v1scos1ty of
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+ the hot glass, and quality of the resulting glass product than is possible wrth
in situ vitrification.

In situ vitrification asv) has several 1mportant advantages compared to
ex-situ v1tr1ﬁcat10n processes, mcludmg the followmg

|
ISV can operate at hlgher temperatures (1,600° to 2,000° c

'[2,900° to 3,600° F]) than melters (1,100° to 1,400° C [2,000°

to 2,550°F]). ‘To provrde for an acceptable life expectancy for -
an ex-situ melter’s refractory lmmg, chemical fluxes must be
added to the medra processed in melters so as to lower the
melt temperature. Even then, melters must be penodlcally 3
shut down and relmed ISV.is free of this limitation smce it
does not use a refractory lining. This normally allows ISV to

' be applied to soil and other earthen media without the addl-

tion of costly fluxes.

. \
The higher operatmg temperature of ISV processing produces a

* higher quality product compared to the typical ex-situ melter

product, in terms of chemical leach resistance and weatherability.
!
ISV processmg results in greater net volume reduction smce

additives generally are not necessary.

No corrosion of refractory bricks occurs due to contact of the bncks R

with unoxidized metals because ISV uses the surrounding soil for
containment of the melted waste-sorl mixture instead of bricks. .
ISV is capable of treatmg most raterials without pretreatment and’

- without the need for size reductlon to allow feeding to the melt.

Because of the greater depth at which elemental metals are incor-
porated into the melt (up to 20 feet), ISV retainis a higher fraction
of metals than melters and other vitrification processes wh1ch use
much shallower bed depths and typically treat contaminants at

. the surface of the melt Melting at the surface results in hlgher

losses of metals to the offgas (e.g., plasma meltmg loses most of

' the metals)

ISV processing produces a monolithic waste form that has less
surface area for weathermg or chermcal leaching exposure than
melter products. :

. 226
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* The on-site and in situ nature of ISV processing 1mproves occu- -

. pational, public, and environmental safety compared to melter )
processing, which requires significantly more handling and trans-

port of contammated medla

The ISV technology can be apphed in four basm conﬁguratlons, including:

- & in situ — the contaminated materials are treated where they pres-
ently exist in the ground

~ * staged in situ — contaminated materials are partlally or com-
pletely consolidated or relocated to treatment cells for treatment
- above, below, or partxally below grade;

* stationary batch — matenals are melted in one location, the vitri-
" fied product is-removed after treatment, and the cycle is repeated
over and over; and '

* stationary continuous — wherein processmg is performed inone
location with materials being continuously fed fo the melting
zone and treated molten material being continuously removed.

It should be noted that the first two configurations listed above involve
leaving the melts in place and moving the equipment between melts to treat
large areas. The latter two configurations involve moving the materials to be
treated and removing the vitrified product while leaving the equipment ina
stationary processing location.

In situ vitrification melts media that are contaminated with,; or are in close
proximity to, waste materials that must be destroyed or immobilized. The
media and/or waste must have sufficient alkali content (1.4 to ~15%) to en-
~ sure the proper balance between electrical conduct1v1ty and melting tempera-

ture. Too much alkali (>15%) increases the electrical conduct1v1ty to the
point that insufficient heat would be developed when operating at the electric
_ current limit of the equipment.’ Too little alkali can result in undesirable,

* high melt temperatures or insufficient electrical conductivity. Most natural,
earthen materials contain sufficient quantities of alkali to allow efficient- ISV
processing. The rare cases of low alkali content or insufficient soil can be
.overcome by injecting an alkali-bearing solution into the soil or by s1mply
mixing additional soil or chexmcals into the media.
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2.3.2 Potentlal Applications
\

Vitnﬁcauon technologles are attractrve because they process a variety of
waste types and combinations of wastes. In addmon, nearly every element

"' in the periodic table is soluble to some extent in glass. Table 2.1 1dent1ﬁes

the relative solubrht1es of many of the elements in srhca-based glasses o
(US EPA 1992a). By choosing an approprnte glass system — silica, alu-
mina, phosphate or lead-based glasses — waste loadmgs can be maximized,
thereby reducing the final product volume that requires disposal. Because
vitrification technologles can s1mu1taneously accommodate a large number
of elements, it also provrdes the ﬂexrbrhty for treating multiple or poorly
characterized waste streams. Dependmg on the vitrification technology,
metals, combustrbles, orgamcs, and morgamcs can be processed to varymg
degrees. In general waste streams that are e ssentlally organic liquid waste
are more efficiently treated usmg standard mcmerator technology, rather

than vitrification technologres Also of the listed metals, mercury cannot be

processed by any of the vitrification technologres due to its relatlvely low
vaporization temperature. Mercury will be essentially completely volatilized
from the waste material and dlscharged to the offgas treatment train. Wastes

containing the remaining listed metals can be treated by one or more of the

vitrification technologies with varymg degrf-es of efﬁcrency

i

| i

| ' . . |

!
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i
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Table 2 1
Approximate Solubilh‘y of Eleme=nts in Silicate Glcsses

Less than 0.1% (by weight) - Ag, Ar, Ay, Br, H, He, Hg, I Kr, N, Ne, Pd, Pt,Rh Ra, Ru, Xe
Betwcen 1 and 3% (by weight) ! As, C Cl Cr, S, Sb, Se, Sn, Tc, Te I ‘
Between 3 and 5% (by weight) Bi, Fo, Cu, Mn, Mo, Ni, Ti f
Between 5 and 15% (by weight) . Ce, ‘F Gd, La, Nd, Py, Th, B, Ge

Between 15 and 25% (by weight) ' Al P , Ba, Ca, Cs, Fe, Fr. K, Li, Mg, N'\, Ra, Rb, 8r, U, Zn

Greater than 25% (by weight) Si, P, Fb

Adapted from US EPA 18922




Chapter 2

23 2.1 Ex-Situ Mel’rers : -

Electrzc Melters. Soils containing organics, pesticides, combustlbles,
. heavy metals, and radioactive contaminants are all amenable to treatment by
electric melter technology. As soils dlffer in alkali content and many con-
taminated soil areas also contain past evaporatlon and rétention pond materi-

als that are high in clays, it is necessary to obtain representative samples for
analysis to détermine the relative concentrations of the primary glass-making

.compounds. Large rocks must be crushed or removed from the process
stream if uncontaminated. Refractory organic contaminants might require
secondary thermal combustion units in the air pollution control train to
* achieve the destruction and removal efficiency requu'ed to meet the facility

" dlscharge requirements.

. Electric melters have been proposed for treating buried waste; however,
. the waste would have to be more thoroughly characterized and sorted than
would be required for other vitrification processes. Buried wastes consist-
ing predominantly of combustible materials, such as paper and plastics, can
 be processed. However, the process would not be as efficient as combustion
or plasma vitrification systems. Buried wastes that are high in metals would
require removal of the metals. Because of the rate of oxidation of metals in
the glass, only trace, finely-divided metals content should be considered.

Methods have been proposed to either oxidize the metal during processing to-

“bring it into the glass or allow a metal phase to collect in the melter that
could be drained from the melter as a separate product. However, neither of
‘these have been demonstrated. Therefore, electrlc melters have limited ap-
plication for this waste type.

Electric melters are apphcable to process and industrial waste streams.

_ Electric melters can process wastes in dry, slurry, or liquid form. Generally,

waste streams high in inorganic salts and oxides would be most amenable to
" treatment by electric melters. The volume of glass product depends on '
whether the targeted waste stream contains a large percentage of the glass
formers, stabilizers, and fluxes required to achieve the final glass composi-
tion. In addition, pretreatment of the waste stream might be required to
make it competitive with applicable nonthermal treatment options. For ex-
_ample, dilute streams should be concentrated as much as possible to mini-
mize the water load. This will make the process more efficient and also
reduce the fraction of entrainment into the offgas treatment train that would
. be generated by active boiling.




- sible by recychng the metals back from the offgas treatment tra
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The efficiency of the v1tnﬁcat10n is. umffected by the isof opic nature of
radioactive waste constituents. ‘ Within the U.S., radioactive wa:
contaminated soils, buried wastes, process wastes streams, apd wastes result-
ing from bailding and equ1pment demolition and decontammatxon The

’electnc melter was developed specxﬁcally to treat DOE defense high-level

wastes (Chapman and McElroy 1989). Radloactrve wastes W111 in general
have the same compatlblhty for electric melter processing as the waste types '
described above. There are some radioactive isotopes — tntlum, carbon—14
and 1sotopes .of iodine — that w111 not be immobilized due to their gaseous
state at processing temperatures If the concentration of these isotopes ex-
ceeds stack release limits, they must be removed prior to vitrification or
captured by offgas treatmenit equlpment and disposed as a secondary ‘vyaste.

Combustion Melters. Combusnon melters are similar to electnc m
theif applicability to contammated soil. However, combustion melters expose

. the waste to higher instantaneous temperatures, leading to a lower retention of

many alkah metals and heavy metals, such as lead, zinc, and cadrmum How-
ever, depending on the metals concentratlon, ultimate retention should be pos-

Combustlon melters are sxmillar to electnc melters in theu| apphcablhty to N
buried waste with some clanficattons -Cor mbustton melters should be tnore
applicable to buried wastes contammg predoxmnantly combusnble materials.
However, combustlon melters place maxinum size restnctrons on the feed
stream matenals Depending on the process, it might be necessary ‘to crush,
shred, pulverize, or slurry the matenals for delivery to the melter Large
items, such as drums, equ1pment components etc., would beI excluded.
Combustion melters typically do not have a significant glass| accumulanon
capacity; resultmg in a short residence time within the- melter Therefore,
they would be preferred over other ex-situ v1tnﬁcat10n processes if the waste
has a high concentration of ferrous and nonferrous metals. ’fi'hese metals
would be incorporated in the glass as metal inclusions and should have httle

effect on the final glass properues

Combustion melters are smnlar to electric melters in their apphcabthty to
process and industrial waste streams with some clarifications. Predomi-

. nantly organic liquid wastes are compatlble with combustion melters. Com-
- bustion melters expose the waste to higher instantaneous temperatures lead-

ingtoa lower retention of many alkali metals and heavy metals, suchas
lead, zinc, and cadmium. Ultlmate retentt(m should be possrhle by recychng
the metals from the offgas treatment train.

1230
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Combustlon melters are similar to electric melters in their apphcablhty to )
radioactive we'lste ‘Process wastes that are primarily salt solutions dre more
difficult to process because of excess volatility of the alkali metals and heavy :

" metals. Ult1mate retention should be possible by recycling the metals back
from the offgas treatment train.

Other Meltc'ars Induction and microwave melters are sunﬂar to. electn(
melters in theu' applicability to contaminated soils, buried waste, process and
industrial waste and radioactive waste. A benefit of microwave melters is that
they can process a wide range of waste compositions, since the electric conduc- )
tivity of the wa'xste is not important. However, because microwave melters do
not have a large glass holding capacity, the i incoming waste must be more ho-

' 'mogeneous to assure an acceptable glass product. Induction melters can oper- .

ate at temperatures as high as 2,800°C (5,070°F); making them very apph( able
to waste streanlls primarily con51st1ng of metallic waste (i.e., buned waste)

2322 In Sn‘u Vlmﬁcoﬂon

Contammdted Eaithen Meduz (Sozl Sediment, Tatlmgs) The ISV tech-
nology apphes to contaminated earthen media containing highly variable
amounts of sand silt, and clay. Even rocky soils can be melted by the pro- '
cess (Thompson Bates, and Hansen 1992). .

The ISV process is tolerant of multiple small voids in the soil of up o
0.07 m® (2.5 ft3) each. Until further research resolves questions regarding
the effects of v01ds larger voids should be collapsed or filled to preclude the .
possibility of generatmg large bubbles in the melt. Large bubbles, when
 released at the molten surface, can cause excessive agitation of molten glass
‘and release of heat inside the hood.

In situ v1tnﬁcatlon is generally apphcable to most soﬂs, regardless of mois-
ture content. §oxls and sludge ranging from 4 to 70% moisture (by weight)
have been succlessfully vitrified (Thompson, Bates, and Hansen 1992). Geosafe
Corporation; the sole U.S. licensee for the ISV technology, states that saturated
soils and slurnes can be successfully vitrified. The amount of water associated

- with silty s011s or non-swelling clays is important when determining the eco-

* nomic fea31b1hty of ISV in those applications. The technology, however, might

. not be econormcally feasible in soils that lie within a permeable aquifer (i.e.,
with a hydraulic conductivity of greater than 10 cm/sec), unless combined with’

- a groundwater !dlversmn or pumping technique to limit the rate of water re-

charge to the treatment zone. '
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Because most soils and sludges are naturally composed of glass- formmg
materials, such as silica, they can generally be processed by ISV without :
modification. A total alkali content (ie., combined NaZO Li,0,and KO
content) of 2 to 5% is desirable, however Alkaline oxides carry the electri-
cal current between electrode pa1rs when soil is in the molten state. Weath-.
ered soils with less than 1.4% (by weight) alkaline oxides require addition
and mixing of alkaline matenals to lower the melting temperature and raise
electrical conductivity (Buelt et al. 1987). Excessive amounts of alkali can
pose processing problems by lowenng the electrical resistance, which re- '
duces the melt temperature, thereby impacting the quantity of vitrified prod—
uct obtained.

The ISV process has been demonstrated at depths ofupto5.8m (19 ft) in
relatively homogeneous soils. The achievable depth, however, can be lim-
ited under certain heterogeneous conditions, such as the presence of a rock
or gravel layer, which inhibits melting, or if a soil layer with a significantly
higher melting temperature than the overlying material exists. Melting
depths of 4.3 m (14 ft) and 5.2 m (17 ft) have been attained when rock layers
existed at those depths. The relative density of the soils to be processed also
influences the achievable melt depth Higher-density soils require more time
and energy to be processed due to their h1gh«=r bulk heat capacities (Thomp-
son, Bates, and Hansen 1992) The vitrification process eliminates the ] po- '
rosity of the soil, thereby i increasing its density by 33% to 100% in the vxtn-
fied form, according to Geosafe Corporatron :

ISVis hrghly effective at 1mmob111zmg heavy metals and other i morgamc
contaminants in buried waste. The majority (70 to 99. 9% by weight) of =
heavy metals, such as arsenic, lead, cadrmum, barium, and chromium, are
retained and immobilized in the vrtnﬁed product (Thompson, Bates, and
Hansen 1992). The retention efﬁcrency of metals depends on:

s vapor pressure; .
_ ¢ solubility in the molten media; and
» - depth of melt.

Metals evolved from the melt are collected by the offgas system and ei-
ther recycled to future melts or drsposed separately Nitrate salts are decom-
posed by the process, releasing NO to the of fgas system Mercury may. be

removed and collected by the’ offgas system I:'or reuse or dlsposal
t
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The high processing temperature (up to 2,000°C [3,630°F]) of ISV de-
stroys hazardous organic chemicals by pyrolysis. See Table 2.2 for data N
" from the ISV demonstration at the Wasatch Chemical Superfund Site in Salt
Lake City, Utah. Organic concentrations of up to approximately 10% by
weight in the soil can be processed with the current technology. (The limit is
based on the ISV system’s ability to accommodate the heat loadings result-
ing from the exothermic oxidation of the pyrolysis products. The limit also

_depends on the distribution and heating value of organics in the soil.) ‘The
small amount of organic contaminants not destroyed by the process (between .
0.01 and 1% by weight) is removed from the soil through diffusion, thermal

_convection, and the negative pressure induced in the offgas hood and is pro-

_cessed by the offgas treatment system.” In sitn vitrification should notbe
applied to unexploded ordnance or highly reactive materials, since little

" theoretical of experimental work has been directed toward these types of
materials. However, ISV has been successfully tested and proven safe and

+ effective on explosives-contaminated soils from the Mead Nebraska Ord-

nance Plant (Cambell, Schultz, and Cichelli 1994). Empirical data show that

VOCs such as carbon tetrachloride and trichloroethylene can be effectively

- removed by ISV by a combination of pyrolysis, oxidation, and offgas treat-

_ ‘ment (Shade et al. 1991). These data indicate that about 97% of these VOCs ’

are destroyed about 3% are captured by the offgas system, and less than

0.1% remain in the soil surrounding the glass melt. '

With recent improvements in the electrode-feed system, which permits -
electrodes to be inserted as the soil is melted downward, high scrap-metal |
concentrations can be processed by ISV. Vitrification of up to 37% of el- -
~ emental metals in soils has been demonstrated. The metal melts, and be- . -

cause of its higher density, forms a molten pool at the bottom of the pool of
*molten soil. The molten metal layer can create electrical short circuits be-
tween the electrodes, but by retracting the electrodes a few centlmeters
above the molten metal short c1rcu1ts can be overcome.

High concentrations of concrete, asphalt, rubble, rock, scrap metal, plas-
tics, wood, tires, and other debris (up to 50% by weight) can generally be
processed by ISV if all other operational constraints are met (Thompson,
Bates, and Hansen 1992). Monolithic debris and other structures that might
impede the release of water vapor from beneath the molten soil to the soil’s

“surface should only be vitrified when sufficient analysis of the effects of the
debris shows ISV to be safe and efficient.
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Ll'c:ble 22
Hazardous Organic Chemical Destruction and
Removal Effecﬂveness Using In Situ Vi‘rrifcc'non

Pre- and Post-I_§! Contaminated Soil and Adiacent Surrounding Soil Levels with Cleanug Criteria

. Pretreatment Pos}trcatment Surrounding Soil Regulatory Limit
Indicator Chemical (opb) (ppb) ‘ (ppb) ; (ppb)
TCDD Dioxin 1n 5‘0.12' <£0.0045 20, < L(TCLPY™
24D . 34,793 20" ND  NA
24,5T 1,137 <™ ND i NA ‘
4,4-DPD 52 ND ‘ND 28,000 f
4,4DDE 3,600 " ND €24 {19,000 ‘
44DDT 1,090 ‘ ND ND 119,000
" Total Chlordanes 535000 sB0 <834 L T000
Heptachlor 1375 - ND "“ND . ' 2,000
Hexachlorobenzene 17,000  ND** ND " 7,000 §
Pentachlorophenol 272918 ' <103 <12 < 10 (TCLP)**,
(non-F‘CLP) . !
Trichloroethene 36,875 ' rgn ° ND 103,000 !
Tetrachloroethene - <100 ND . ND : 22,000
‘ Stack Emission Performance Data i
i - Etmssuon Values (Ib/hr)

Indicator Chcnllical » Runl ‘ R}mZ ‘
TCDD Dioxin <2.46E0% <20989° |
24D . <3.09-E-6 - . < 135E-4
2451 "<619E-7 | o <270BS
4,4-DDD : <6.19E-8 ‘ <209-E6
44-DDE '<6I9E8 <2.09E-6
44.DDT . | <619E-8  <209E-6 ‘
Total Chlordanes | <6ISE8 <1.05E-6 1
Heptachlor , <6.19E-8 © <105E6 '
Heéxachlorobenzene | '<6.19E8' <1 05E-6
Pentachlorophenol * < 1.24E-6 ‘ ' <270E-6 “
Tetrachloroethene ) i ‘ NA Co <1. 10E04

. HCL . <005 } <0046

*< Values indicate contamnnant was not detacted at the reported detecﬁon ltmit
*Denotes contaminant was found to be present at low lsvels in two of ihe six samples taken
"'TCLP analysis performed on the product from the dloxln araa only wnth all.results found to be balow detection Ilmlts

Reproduced cuunesy of Geosafe Corp.

;
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Although field data for vitrifying buried combustible materials are lirn-
ited, ISV has been used successfully to process more than 80 buried creosote '
'tlmbers, each measuring 3.6 m (11.8 ft) long by 15 cm (5.9 in.) square, ina
single, large-scale setting (Luey et al. 1992). 'Based on the heat-removal
.capabilities of existing ISV equipment, combustible inclusions of up to 10% :
(by weight) can be processed. - :

The ISV process is not applicable £ sealed containers, including empty
tanks, 208 L (55 gal) drums, and 3.8 L (1 gal) paint cans containing liquids
because of the potential for disruption of the melt due to the release of pres-
surized gases when these containers are breached. Similar concerns exist for
pockets of liquids. For many landfills, corrosion can degrade sealed contain-
. ers, largely eliminating the potential for transient releases of trapped gas
related to source liquids. The potential for melt disturbance due to rapid de-
. pressurization of sealed containers of liquids can be alleviated using dy-
namic disruption and compaction. '

ISV is capable of treating undergroimd pipelines, cribs, and drain fields.
Tanks (including residual wastes) can be tredted in place after precondition-
ing (e.g., filling with earthen material to remove voids and grouting to pre- .
vent rapid conversion of liquids to the gaseous state). Building demolition
debris (e.g., concrete and steel), if backfilled with soil, can be dlrectly
treated by ISV. '

Geosafe, together with its J. apanese partner ISV J apan Limited, is treating

..industrial wastes in a statlonary-batch ISV system. The ISV and joule-
heated melter technologles have been adapted by Battelle Pacific Northwest -

- National Laboratory to treat newly-generated process and industrial wastes,
including municipal wastes. The adapted technology, called Terra Vit, uses
inexpensive refractories and construction techniques. The Terra Vit system,
which is constructed below or at the ground surface, greatly reduces the
large capital investment associated with standard melter systems. Molten
glass and molten metal (if created in the vitrification system) can be sepa-
rately recovered and cast into engineered shapes for various uses. Terra Vit
technology is currently being licensed by Geosafe.

- The ISV process has been proven effective for treating soils and buried
wastes contaminated with radionuclides, including transuranic materials and
fission products. Criticality limits of approximately 30 kg (66 Ib) of pluto-
nium per setting have been established for vitrifying soils containing transu- -
ranic materials (Thompson, Bates, and Hansen 1992). Thus, soils
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contammated with thousands of nC1/g of transuramcs can be treated safely

w1th ISV. When hlgh concentrations of ‘37Cs exist (i.e., when several curies
are present ata smgle setting), special measures must be taken to collect and

" remove the small percentage (<3% by welght) of cesium that volatilizes to-
‘avoid undesn‘able levels of worker exposure to ionizing radiation.

In situ vrtnficatron is effectlve for treatmg nnxed wastes. Vitrification

1
© processes in general have advantages for such waste because of their ability

to simultaneously destroy orgamcs and 1mmob1hze morgamcs/radlonuchdes

233 Treaiment Trains

Vitrification process equipment provides final and total treatment of a |
targeted waste stream. The treatment procesé can be transportable, field
erectable, or a fixed facility. A ex-situ vitrification block-flow diagram is
provided in Figure 2.3. The waste stream to be treated is delivered to a stag-
ing area and is analyzed to determine composition and consistency, if not

" previously analyzed. This information is uscd to determine if glass forming

additives are needed. The types and amounts of glass forming additives
depend on the waste stream — they might not be required at all or they

. might account for a majonty of the final vrtnﬁed product.

Pren'eatment of the waste occurs next. Large objects are removed to be ‘
handled sepa;rately or size reduced. Dry feedstocks could then be crushed,
shredded, or pulvenzed as requrred dependmg on the melter process. Any
required glass forming additives can be added to the feedstream at this time. '
The glass formers aré stored in large bins from which they can be metered to
the melter or to a blend tank to be mixed with the waste. If the feedstock i 1§ a

dilute slurry, dewatering can be performed at thls time if determined to be

‘ econormcally favorable. Glass former addmves can be blended with the
“aqueous feedstream or added to the melter as a separate stream. Usually, if

the glass formers are added to the liquid streclm, less water can be removed
prior to blendmg than would be necessary if the glass formers were added
separately. Finally, any recycle streams originating from the offgas treat- -

. ment equipment are usually blended with the waste rather than being fed to

the melter as a separate stream.
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Figure 2.3 .
Ex-Situ Vitrification Block-Flow Diagram .
* Waste Receipt _ ._P°l‘;vo°sfs g:l;;’l}éor
Waste Preparation (Sorting, e ’ i .
Blendmg, and Feeding) Vitrification Unit . Offgas Treatment

y ' 3

Glass Additives ‘jfg;‘;:g;‘ﬁ&g

. The feed stream can be mtroduced intoa melter in many ways. For elec-
tric and microwave melters the material is dropped directly on top of the
glass batch. Therefore, the feed can be augured, pumped, pneumatlcally

. transferred, or introduced into the melter in combustible contairiers. Com-

‘bustion melters must be fed pneumatically, or the feed is sprayed into the

_primary melting chamber as a sluiry. Little or no evidence supports liquid -
feeding of induction melters. Therefore, at this time it is -assumed that dry
feeding is the primary feeding method for these systems. '

The size and complexity of the offgas treatment train depends on the
waste stream and on the melter type. Combustion melters. produce the larg-
~ est, noncondensable offgas volume because of the combustion gases and
excess air normhlly used to assure complete combustion. The air pollution
control industry provides a wide variety of technologies to treat offgases
discharged from thermal treatment systems. The waste stream characteris-
tics and treatment requirements-will define the best combination of equip-
ment. The reader is encouraged to refer to available air pollution control
(APC) publications and literature; as well as contacting APC vendors to
- identify available options. In general, treatment equipment may be required
to treat the following offgas constituents:
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'_ s steam;
* acid gases, e.g, HCI HF
. halogens,

.o SO;,

.+ NO;

« hydrocarbons;
i
. pattlculate “dust”
. gas-phase radronuchdes, and
I
|
The glass product can be handled in many ways. The product can be cast
into containers forming monohths, air- or water- quenched forming a cullet
or type of aggregate, processed through mechanical handling machines to
make shapes of uniform size, or cast into molds and heat treated to make
products that can be marketed if deterrmned to be nonhazardous.
o I . ‘ 1 B

2.3.3.2 In Situ Vltriﬁco’non

The ISV treatment systerm con‘srsts of an electric power transformer and
cabling, an oﬁ’gas collection hood, a process control system, and an offgas treat-
ment system (Figure 2.4).. The transformer provrdes two-phase alternating .
current to the graphite electrodes at the appropnate voltage and current. The
offgas hood collects emissions escapmg from the treatment zone and provides
physical support for the electrodes. The hood is a dome-shaped structure that
completely covers the area to be treated. A slight negative pressure is main-
tained in the offgas hood to contain gases, which are piped to the offgas treat-

. soluble and msoluble aerosols

- ment system. The éntire ISV system is monitored from a process control room

where electrode power consumptlon, offgas temperature, hood vacuum, and
other system parameéters are monitored and conu'olled

Several modular unit treatme‘pt processes compnse the typlcal offgas ‘
treatment tram The train can 1nclude a quencher scrubber, mist eliminator,
heater, filter, activated carbon, and a thermal oxidizer. The choice of treat-
ment units depends on the contaminants and concentrations present at the

site. A large-scale offgas treatment system used by Geosafe Corporation

was desrgned to ensure that process air emissions are in comphance with
regulatory permit limits. Gases are drawn through the system by an

2.38
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. 52 m*min (1,800 scfm) blower. Automatic valving allows ambient air to_
 enter the hood so that a negative pressure (vacuum) of -1.3 to -5.1 cm
(-0.5 to -2.0 in.) of water is maintained. As the rate of gases evolved-

. from the treatment zone changes, the valving controls the amount of
ambient air drawn into the system to maintain a relatively constant,
negative pressure. Potentially contaminated gases are thus prevented
from leaking from the hood. '

.

Figure 2.4
In Stiu Vitrification System

Backup Offgas System <——| i

Offgas Treatment (Option)

Carbon
Adsorb.
(Option)

dary )
to Future Melts

Reproduced courtesy of Geosafe Corp.

Typically, the volume of gases entering the treatment system consists of
greater than 99% ambient air and less than 1% gases evolved from the treat-
ment zone. This ratio varies depending on the soil and contaminants being
treated. The dilution effect of ambient air and high combustion efficiency
typically results in low levels of hazardous gases within the hood enclosure.
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_tions of contarmnants collected m the scrubber solutlon o

- Application Concepts

The offgases enter the treatme‘nt system at temperatures ranging from
about 100 to 400°C (212 to 752° F) The offgases are first quenched to about
80°C (176 F) and then scrubbed i 1n a high efficiéncy, dual-stage venturi
scrubber. A typical scrubber removes 97% of particulate matter with dlam-

eters greater than 0.5 Mm (0 02 mJls)
The quencher and scrubber perform the majonty of the offgas cleanup

task. Condensable materials condense as mists in the quencher. Most mists

and solid parnculates are then removed from the offgas by the scrubber. An
impingement-type mist eliminator usually follows the scrubber.to remove
water droplets. The offgas stream is then heated to raise its temperature

" above the dew point before it passes through a high efficiency particulate air

(I-IEPA) filter and activated carbon filter(s) or thermal oxidizer. Dew-pomt
control prevents “wetting” and bhndmg the HEPA filter, which removes

99.97% of partlculate matter w1th dlameters of 0.3 pm (0.01 ‘mils)’ or greater=

The gases may finally be passed through actlvated carbon or a thermal
oxidizer to remove or destroy any organics that escaped the quencher and

.scrubber. The activated carbon or thermal oudatron systems can be de-

signed to remove at least 99.9% of organics in the offgas. Two options ex1$t
for treatmg the scrubber solutlon

e retum it to the s1te for retreatment by ISV; or
1

. provxde addltronal treatment (e. g sohdrﬁcatlon) in accordance

w1th disposal requuements
The method of addltlonal treatment depends on the type and concentra— -
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DESIGN DEVELOPMENT

"This chapter provides information essential for the engineering design
and 1mplementat10n of Stabilization/Solidification (S/S) treatment technolo-
gies. Each of the major categories of S/S technologies are discussed in turn;
+ first, Aqueous S/S, followed by Polymer S/S, and Vitrification with ex-situ
and in situ applications of each. For each of these categories and the various
* modifications, information is provided on the process capability, basis of
. design, equipment design and selection, process modifications, associated
pre- and posttreatment processes, process controls and instrumentation,

- safety matters, unique factors to be addressed in specification preparation,

- cost data, design validation, permitting requirements, and performance méa-
sures. Each section concludes with a design checklist. :

Whlle cntlcal des1gn issues are addressed, this information is intended
only as a first step in the engineering implementation process. The reader is
encouraged to review the references cited and contact developers and ven-
dors of these innovative technologies. In addition, treatability studies to
_ ensure the applicability of the selected technology for the specific waste
stream are recommended and pilot-scale testing is useful in cases where little .
~ prior engineering experience exists. For in situ technologies, performance

assessment modeling will assist engmeers and project managers in evaluat-
ing potential behavior of contarmnants following treatment.

Technology -specific safety issues are discussed in this chapter. A ge-
neric safety issue that should be addressed for any treatment techniology is
- the need for an emergency contingency plan. This plan describes how to -
recognize emergency or critical situations and who, when, and how facility
personnel, local agencies, and the community will be notified dunng such
events. Generally, contingency plans cover routine operation and mainte-
" nance inspections, emergency operations, preparedness and prevention re-
quirements, and evacuation procedures. Good communications with local
emergency personnel and training are critical to effective implementation of
contingency plans.
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Although a comprehenswe review of regulations governing S/S waste treat-
ment is beyond the scope of this book, key regulatory changes that have been
implemented or proposed are reviewed here to provide perspective on technol-
ogy nnplementatlon issues. Federally—mandated cleanup standards under the
Resource Conservation and Recovery Act (RCRA), Comprehensive Envrron-
mental Response, Compensatron, and Liability Act (CERCLA, commonly
known as the Superfund Act), and other legislation provide the impetus and
technical guldance for waste treatment and envuomnental restoration.

U.S. regulatory standards for treatmg ha‘:ardous and mixed wastes, how-
ever, are continuing to change, requmng waste generators and treatment
vendors to continually monitor the regulations and confirm that treatment - -
technologies meet existing and proposed criteria. In some cases, changing
regulations require new treatment options be developed, tested, and imple-
mented. A dynamic regulatory chmate can thus provide the catalyst for
technology development

The Hazardous and Solid Waste Amendments (HSWA) to the RCRA
largely prohibit the land dlsposal of untreated hazardous wastes that do not
meet treatment standards establrshed by US EPA under section 3004(m).
Once a hazardous waste is proh1b1ted the statute provides only two optlons
for legal land disposal: (1) meet the treatment standard for the waste prior to
land d13posal (2) or dispose-of the waste in a land disposal facility that has
been found to satlsfy the statutory no migration rule. A no migration facility
is one from which there will be no migration of hazardous consutuents for as
long as the waste remams hazardous :

US EPA has estabhshed treatment standards as specified technologles, as
constituent concentration levels i m treatment residuals for Listed and Toxic-
“ity Characteristic (TC) waste deﬁned in 40 CFR 261.3, or both, When treat-
ment standards are set as levels, the regulated community- may use any tech-
nology not otherwise proh1b1ted (such as impermissible dilution) to treat: the
waste. Treatment standards were initially based on the levels achievable by
the Best Demonstrated Avallable Technology (BDAT) for treating the waste

For treatment of hazardous debqs defined in 40 CFR 268.45, a series of
alternative treatment standards to remove, destroy, or immobilize contamma—
_tion are required. )
US EPA has continued to. amend the lists of hazardous wastes and conl '
stituents that must be treated and the standaers that they must meet for land
dlsposal On August 18, 1992, a “debns” rule (US EPA 1992b) was 1ssued

3.2
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that established alternative treatment standards for hazardous debris. On May
24, 1993, the “Emergency Rule” was issued that required certain ignitable or
corrosive characteristic wastes to be treated to meet more stringent treatment .
standards for all hazardous constituents reasonably expdcted in the waste, not
just constituents that initially exceeded the 40 CFR 261 levels for characteristic -
“hazardous waste.-On September 19, 1994, and April 8, 1996, the Phase IT and
- T Land Disposal Restrictions (LDR) rules (US EPA 1994b; US EPA 1996)
broadened these additional requirements by estabhshmg “Universal Treatment
- Standards” for most characteristic (other than TC metals) wastes that had
. concentration-based treatment standards. For the applicable wastes, these rules -
identified more than 200 “Underlying Hazardous Constituents” (i.e., hazardous
constituents not present at the point of generation in amounts that exceed the 40
CFR 261 toxicity characteristic levels) that are now subject to LDR.

The Toxicity Chafacteristic Leaching Procedure (TCLP) is used to iden-
tify toxicity characteristic wastes. However, except for TC metals, the Uni-
- versal Treatment Standards require Total Constituent Analysis (TCA)-rather
than TCLP to be used to demonstrate the required constituent level for the
" treated waste.

US EPA has also proposed risk-based levels at which wastes are no longer
considered hazardpué for purposes of RCRA subtitle C. In the Hazardous
-'Waste Identification Rule (HWIR)(US EPA 1995d), US EPA proposed such
risk-based levels for the majority of hazardous constituents found in listed
hazardous wastes. Wastes meeting these risk-based levels before or after
treatment could be disposed in facilities not subject to RCRA hazardous
‘'waste management requirements. US EPA was required to finalize the
HWIR exit levels by December 15, 1996, US EPA additionally proposedto -
allow-the exit levels for some constituents to serve as alternative, risk-based
LDR treatment standards satisfying the “minimize threat” standard of sec-
tion 3004(m) of RCRA. ‘Where these risk-based levels are higher (less re-
strictive) than ctirrent treatment standards based iipon BDAT, they will effec- -
tively supetsede current standards. - - :

Cleanup standards for envuonmental media contaminated with hazardous
substances at CERCLA sites are generally based on site- -specific risk calcu-
lations to meet an acceptable level of risk rather than technology-based per-
" formance levels. The risk is dependent on rates of release, routes of expo-
sure, the expected future use of the property or medium, and the specific

Alhncnlanl nnmntifirnnta fnvalorad  Wacrarras srnlann anintasmmandad faer tha




' Record of De01s1on for the s1te, RCRA LDR treatment standards are also "

' 3.1.1.1 Stablllza’rlon

Design De\(elophient ‘

applicable if hazardous substances removed from the CERCLA site are also
RCRA hazardous wastes. Hazardous waste treated and left at the CERCLA

_site may, or hmy not, also be subJected to RCRA LDR treatment standards,
. as determined in the Record of Dec1sron dependmg on the specific treatment
method and its location at the site. |

|
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3.1 Aqueous Sfablllzahc'n/Solldlflcahon

3.1 Reme_diation Goals , - |

Phosphate Processes. The pnmary operatmg advantages of phosphate‘
processes are low-waste volume i increase, low cost compared to -
cement-based processes, and ease of application. Their primary environ- -
mental advantage is in the reported low leachability of lead compounds over
a wide pH range. In the process ’s basic form a solution of phosphoric aC1d
or phosphate salt is mixed with the waste by spraymg or combining ina_

mixer. No other physical or chermcal operatrons are required.
gy

Phosphate treatment is best exemphﬁed through commercial apphcanon
at a number of municipal waste-to -energy incinerators using the WES-Per® .
process (O’Hara and Surgi 1988) These installations are totally enclosed,
in-line systems that are claimed to reduce leachmg of lead and cadmium to
well below the TC requirements, thereby eliminating the need for RCRA
permits. The system can be used‘ with or w1thout the addition of lime to
adjust the pH, dependmg on ash charactenstJ cs. Phosphoric acid or any
convenient source of water solub‘le phosphatr, can be used, at ratios of about

- 1108% HSPO based on weight of the ash. This process has reportedly been’
. used to treat more than 2,700 OOQ tonne (3,000,000 ton) of ash and other

particulate material as of 1993. In this apphoatron the phosphate process 1s |

~ considered conventional; however application to remedial work is in the
developing stages. A remedial pIOJeCt that reported treating 11,800 tonne
.(13,000 ton) of lead slag (WMX Technologles 1993) is an example of the

adaptatron of phosphate treatment .
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. Rubber Particulate. A major research effort at Chemical Waste Manage-

" ment (Conner and Lear 1991) used natural soil 'spiked with 50 hazardous

organic compounds to test the efficacy of various additives for stabilizing

organics. Spiking levels ranged from 5 to 2,400 mg/kg, with total organic.

~ levels between 0.5 and 1.0% by weight. Twelve different cement-based
stabilization formulations were tested. Each formulation contained 15% by
weight cement and 8% by weight additive to the weight of the waste. All
untreated and treated samiples were characterized by TCA and TCLP for all
231 RCRA constituents (US EPA 1994b). Summaries of the TCA results for-
rubber particulate are given in Tables 3.1-3.3. The results are stated bothin -

absolute terms, with comparison to the US EPA Universal Treatment Stan-
dard (UTS), and in percent reduction factors as defined by US EPA. Abso-
lute numbers are important for judging how well a process meets regulatory .
requirements and numerical treatability objectlves Percent reduction is also
provided because it is a much easier number to assimilate than comparing
raw data, because the degree of reduction is a method of setting treatability

. objectives in remedial work, and because it is the best way to document

efficiency of the treatment process. Test results adapted from Conner and

: Smith (1993) are given in Tables 3.1 and 3.2 for volatile and semivolatile

. organics, respectively. Table 3.3 shows the results of testing a new variation

of rubber particulate, KAX-100™, obtained from the vendor (Environmental

Technologies Alternatives 1995). .

Table 3.1
Immobilization of Organic Conshfuem‘s Using
-Rubber Particulate — Volatile Organics -

Universal : .
USEPA Treatment TCA Before TCA After R
' Hazardous Standard Treatment . Treatment %
Compound Waste Code {mg/kg) (ng/kg) (mg/kg) Reduction
Benzene ' Dois 1000 - 00  .<l0 92
2-Butanone " po3s- 3600 ° 640 <50 88
Carbon Disulfide ' 481 60 <200 - 53
1,2-Dichleroethane, D028 6.00 20 <100 44’

Methanol : © 075 1219 - 444 45
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" | Table 3. 2

Immoblhzaﬂon of Organic Constituents Using

Rubber Pcrﬁcula’re — Semivolaﬂle Orgcntcs
\ : ‘ ‘ : j

' ‘ "U‘niversal

USEPA  Treatment TCA Before TCA After ‘

Hazardous Standard - Treatment  Treatment %
Compound Waste Code . (mg/kg) i Smglkg)v ‘ (mg/kg) Reductien ﬁ
Bis2-Ethyihexyl)Phthalate | I 150 0 <099 . " 99
Cresol o poz3s | 32 | <99 <09 "85 :

1,2-Dichlorobenzene ; 60 ‘ 160 5.64 ’ 94 ‘

. 14Dichlorobenzene b7 . 60 - 6w %
2,4—Di.uiu'otol‘uene D030 140 226 <099 o -
Hc:tachlorobenzehe ) . D032 ‘:~ 1’0. . . 143 " 696 ) ‘
Hexachloroethane D34 3% 14 . 645 Coo
Lindane (gamma-BHC) ‘ 1?013‘ oo 1 <50 o
Methoxychlor Do 018 595 <50 oo
Nitrobenzene | ‘ D036 ‘ 4 166 l.3.66 .96 ‘
Pentachlorophenol Do37 | 74 233 . 0.60 s
‘Pyridine . D . 16 1900 <099 %
2,4,5-Trichlorophenol Dodl " N 200 <48 B
2,46 Trichlorophenol | Dos3 1 74 ‘ m o <0m . 99‘13
Phthalic Anhydride (as acid) ‘ Y} <30 <30 . 85 .

‘ ‘

—50“‘ rubber parnculate TCA reductlons are compared agamst actl-
vated carbon and the EPA UTS i m Figure 3. 1 for several hazardous organic
constituents. Figure 3.2 shows the percent reductions in TCA test results for
the two addltlves on the same copsntuentS' these values have been corrected
to account for dilution by the addltlves and the cement binder, so that they
represent the real reduction in moblhty Red uctlons in TCA ranged up to
99%, indicating the 1mmob1hzat10n of low-level organics by stabilization i is
feasible.” While the exact bmdmg mechamsms are not yet known, it is ev1-
dent that many organic constxtuents are so snrongly held that even the orgamc
solvents used for the extractlon step in TCA testmg cannot remove them.

36 .
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. .Immobillization of Orga

. Table 3.3

nic Constituents Using Modified Rubber

Particulate, KAX-100™ — Volatile and Semivolatile Organics

o . Universal TCA - -
USEPA Treatment . Before - TCA After
- Hazardous Standard Treatment  Treatment %
. Compound Waste Code (mg/kg) (mg/kg) (mg/kg) = Reduction

Benzene . _Do18 10 418 <30 89
'N-Butanol _ 26 3350 <50 100
Carbon Disulfide 481 83 <025 100
Chloroform D022 |60 431 <10 - 97
Cyclohexanone 0.75 536 <50 9
1,2-Dichloroethane 'Do28 60 654 <0325 100
Ethyl Acetate 33 . 258 <025 100
Tso-Butyl Alcohol 170 ) 2100 . <50 - 100
Methylene Chloride * 30 62 <0.25 99
1;1,1-Trichloroethane ‘60 550 <025 100
Trichloroethylene D040 6.0 881 ' <100 83

1,1,2-Trichloro- . ) _
1,2,2-Trifluoroethane 30 a1 <025 : 96
" Bis(2-Ethythexyl)Phthalate 28. 150 <10 %
Cresol D023-6 . 32 <99 <10 85
1,2-Dichlorobenzene 60 160 <10’ 91"

1,4-Dichlorobenzene D027 60 . 147 <10 90 -,
2,4-Dinitrotoluene D030 140’ 226 <10 99
Hexachlorobenzene D032 .10 143 <10 %0.
H;x:;z‘chlorlocmanc D034 30 - 114 <16 87"
Lindane (gamma-BHC) DO13 0.066 124 <50 %4
‘Methoxychlor " D014 0.18 59.5 ‘<50 87
..Nitroben.zcne. D036 14 166 <50 95
Peatachlorophenol D037’ 74 233 <10 9
Pyridine - . D038 16 1900 <10 100°
2,4,5-Trichlorophenol D41 74 200 <50 %
2.4,6-Trichloropheriol D043 74 178 %10 99
Phitialic Anhydride (as acid) 28 ‘<30 <50 75
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o Figure a1
Comparison of TCA Results for Carbon vs. Rubber Parﬂculcn‘e
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' However, no maglc bullet exxsts in stabxhzatlon Most of the addmves

‘ descnbed by Conner and Lear (1991) are useful with spemﬁc contammants

in spe01ﬁc test methods, and none work best for all. Carbon is effective ‘ )
overall for reduction in TCLP leachablhty but not for reduction in TCA.

~ Particulate rubber is not as. effectwe in TCLP reducnon, but is the only addx—

tive that was broadly useful for TCA reductmn especially for the '
low-volatlhty compounds. Organo-clays are effective with specific contalm-
nants, and so were other add1t1ves tested but not descnbed here

One surpnsmg result of the above and oth:=r recent expenmen wk
(Spence et al. 1990) is that VOCs are not necessanly lost through volanhza-
tion during S/S, as was prev1ously thought (Weltzman Hamel, and Cadmus ‘
1987). Reductions in TCA levels suggest that VOCs sorbed onto or assoc1-
ated with soil particles might be less suscepnble than expected to volatxhza—
tion dunng stabilization, at least i m these’ slow exothermic reactlons, ie.,

38
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cement-based systems under relatively static air flow conditions. Some
additives, such as rubber particulate, have been shown in independent studies
(Environmental Technologies Alternatives 1994b), to substantially reduce
the evaporation rate of VOCs so that air pollution is minimized. The addi-
tives also reduce the flash point of the system, thus providing an additional
‘safety factor in treatment and disposal. This property of the additive is ex-

" pected to be.of increasing importance when new air pollution control re-
quirements for treatment units come into effect.

Figure 3.2.
Compcnson of TCA% Reduction Results for Carbon vs, Rubber Par‘ﬂculcx’re
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: Environmental Technologies Alternatives 1994a

' 3.1.1.2 Cementitious Solidiﬁécﬁon/S’robilizaﬁon

ProFix™. The ProFix process has been commercially applied primarily as -
. a combined fixation agent and filter aid. It is a process employing rice hull
ash as the primary agent. However, the vendor has described the results of
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Table 3. 4

| Orgdnlc teaching from Plole-Trec’red Waste

|

Nickel , ‘ 321

' e TCLPT
Constituent © ' RawShdge ) - Treated Sludge ‘
Methylene Chloride ‘ a0 <025 - ‘
Chloroform.” S w0 : " 20 - :
. Trichloroethane ' 24 . ", 056
Toluene ‘ | 21 0.80 .
Methanol S 220 o
Benzene ' 300 076 - l
i : L 1
‘ e
L L
- i
, ‘“ Table 3.5
Metal Leaching from PtCIflijreafed Waste
. o ‘“; ‘TCLP Leachate (mg/L)
- Constituent ~ Raw Sludge 1 Treated Sludge »
Lead : ‘ 397 o2
Chromium ‘ ; 71 0.05 '
Cadmivm . U s 007 . |
Copper | ! Tms 043 |
Zie C 1580 027 -
018 .

,
|
[

. | “
several uses as a stablhzatton system (Table s 3.4 and 3.5). Data 01ted in the

patent (Conner 1992) illustrate the hardemug reactions that occur. When a’

mixture of water and rice hull ash was mixe d with sodium hydroxide, no

hardening of the paste was observed after 7 days. When calcium chloride
was added to the mixture, it hardened in7 days to >50kPa (7 psi) bearmg
strength, and after five months was ‘hard while the sample without the cal- "~
cium chloride remained a paste The addmon of rice hull ash to a high pH
calcium sludge resulted in a very hard product (>430 KkPa [62 psi] beanng

. strength) after 12 days, but no measurable .trength in one day Thisis

\
|

3.10
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-~ compared- to a sample treated with sodium silicate solution where'the'
- strenigth of 160 kPa (24 psi) was reached after one day, but only 170 kPa (25

psi) after 12 days, with no additional hardening thereafter. The continued
hardening demonstrated by the use of rice hull ash appears to support the

. chemical theory of this process. The possible advantages of in situ genera-
‘tion of soluble silicate have not been fully explored. Such development
' should concentrate on the development of long-term properties, i.e., after

long curing periods or in long-term leaching procedures, since that is where

" the advantages will likely lie.

Cement-Slag. The combination of Portland cement and slag for ordinary

"S/S is not necessarily innovative, but its use for reduction and subsequent

stabilization of high-valence species is unusual and deserves inclusion here.

Oak Ridge National Laboratory (ORNL) tested various mixtures of slags

.in combination with Portland cement and fly ash for the S/S of radioactive

wastes containing technetium and nitrates (Gilliam, Dole, and McDaniel
1986). Technetium (**Tc) is more mobile in the higher valence state, Tc*’,

. than in the +4 oxidation state. Therefore, reduction of Tc* to Te*is desir- |

able in a stabilization process. This can be accomphshed by a variety of
common reducing agents, such as FeSO, or Na,S, but it was believed that

. - blast furnace slag, because of the presence of ferrous iron and sulfur, might
_ accomplish the same purpose at lower cost. The purpose of this project was

to test that hypothesis. The waste used in 'the ORNL test project ongmated
from the treatment of an aqueous effluent, or “raffinate,” from uranium re- -
covery at the Portsmouth Gaseous Diffusion Plant in Portsmouth, Ohio. The

- baseline stabilization composrtron used in the test program was:

« 38.3% waste sludge,

. 11. 7% water, '

. 25 0% Type I-II-LA Portland cement, and
. 25 0% fly ash, ASTM Class F,

© This mixture yielded treated waste that leached below US EPA pnmary
drinking water standards in the Extraction Procedure Toxicity (EPT) test,
and resulted in Leachability Index (L) values of about 6 when subjected to

the ANSI 16.1 Leach Test (ANSI 1986). The filtrate was used for testing

the various “fixatives” — blast furnace slag, iron filings, FeSO,, and Na28
since it had similar concentrations of Tc and nitrate. The fixative results
compared to the treated waste without additives are shown in Table 3.6.
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Effect of Varlous Addl‘rlves on Techneﬂum

" _Grout Composition (% by weight)

Constituent Added to Growt T 2 3 3 5 6 .
Raw Waste ‘oms  ome  me mBs 0 - 40
Water o %1 361 361 361 200 00
Cement 250 22 0 Mb 246 26 200
Fyash ‘250, 22 240 246 246 200 e
.Imnﬁltngs ) 1 37 i ‘

FeSO, ' _ | 20 :
' Na,$ ) o 09 ‘o.‘9 ‘
Slag o S o A 200

ANST/ANS 16.1 L;eachability Index (30-day cure) |
| .

%Tc _ ’ B I ¥ 93 100 94 105

*Flltrate

The results clearly demonstrate that addmgr blast furnace slag i 1mproves
retention of Tc Six different slag sources were tested, and all gave similar
results. The PeSO and Na S additives gave results similar to those of the
slag. Since the LI values are the negatlve loganthm of the effective diffusion
coefficient, the slag additive 1mproved Te retentlon by almost three orders of

“magnitude over the standard cement/ﬂy ash formulation, and by 0. 5t02.4

orders over the values obtalned w1th other addmves Other data, not shown
here, mdlcated 1mproved nitrate retentlon also, although only by 1 4 orders

. of magmtude The Tc results are largely attributed to reductlon of Tc from

the +7 to the +4-valence state, reduced porosity and increased tortuosxty
The latter effect unproved nitrate retentlon

- The treatment of Cr*¢ with slag and cement was reported by Rysman de
Lockerente (1979), but no leachablhty data were given. In 1991, Barthet
al. (1995) conducted a laboratory treatablhty study on a sodlum dlchromate-

Et

- contaminated soil using three reducmg agents to reduce the Cr* to levels

I
32
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‘ that could be stabilized to within US EPA TCLP. limits. Results of the treat- . -
ability study are summarized in Table 3.7. The agents' were sodium '
‘metabisulfite and ferrous sulfate, both standard chromium reducing agents,

- and blast furnace slag. When the reducing agents were used alone, neither

sodium metabisulfite nor slag met the requirement, but ferrous sulfate did.

However, when the agents were combined with cement in a complete S/S

process, both slag and ferrous sulfate gave nearly the same acceptable re-

sults. These results clearly show that slag is most effective for chromium .

reduction in soils, when used in combination with Portland cement.

The slag process has been apphed only to metal bearmg wastes; however, |

' the processes should have general applicability except where reductive prop- '
erties would be undesirable, such as in the treatment of certain arsenic-
contaminated wastes. Broader testing of blast furnace slag, both as a pri-
mary stabilizater and as an additive, would be beneficial. Slag is inexpen-
sive and available in most industrial locations. The cost-effectiveness of slag

' processes-decrease as the distance from the source to the site increases, due
to economic competmon from locally-obtamed waste materials, such as fly

. ash, kiln dust, etc. -

3.1. 1 3 In Situ Sfc:blliza’non cnd Sfcbllnzchon/Solidiﬁca‘non

. Auger-type in situ systems for full—scale projects are new, and process
and mechanical 1mprovements are still being developed (Millgard and
. Kappler 1992).. One of the first demonstrations of this technology was in -
.~ 1988 using the Geo-Con systém at a US EPA Superfund Innovative Tech-
nology Evaluation (SITE) project in Florida (US EPA 1991c). A small
number of full-scale projects have taken place since 1988. Morse and Den-
nis (1994) described one project in which 1,800 overlapping 2.4-m (8 ft)
diameter holes were drilled to stabilize organic contaminated soils with a
10%. addition of Portland cement. The stabilized soil had an unconfined
compressive strength of 414 kPa (60 psi), permeability of 1 * 10 ‘cm/sec,
and leached less‘tAhan_ 10 mg/L of polyaromatic hydrocarbons (PAHs).

* 3.1.2 Design Basis
The information necessary to design an aqueous S/S remediation process
or project is basically the same for all aqueous S/S processes. A summary of

the important design corisiderations and necessary data is given in Table 3.8
- (Conner 1990; US EPA '1989a). .




.~ Leaching of Treated,

Table 3.7 -
Dichromate-Contaminated Soll

Concentration of Cr*S and Total Chromium in TCLP Leachates From Treated Soil.(mg/L)

Reducing Agent Alone Reducing Agent + Cement (Binder/Soil Ratio = 0.2)
Type of Sample Crs %Reduction  ToalCr % Reduction s %Reduction®  Towl Cr % Reduction
N UnteatedSoil 380 — 385 — 965 74 93 76
 NayS,0; Treated Soil 205 a6 200 48 ne 70 35 75
FeSO,, Treated Soil 365 % - 33 115 S o 110 97
" Slag Treated Soil 300 2 285 205 9% - 18 95

*Parcent lsaching reduction jé calculated on ihe basis of chromium leaching from the untreated raw soil samples.

weswidolenen ubisar
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e e Ml'able 3.8
Dcn‘c Inpu’r and Considerations for S/S Process Desngn

Specific Tnformation

Type of Information ‘Source
Regulating Body US EPA Region cp
: State | Permit or CD
Regulatory Framework CERCLA "R
RCRA CFR
State Laws . :
Private- RI
Landbans FS
Universal Treatment Standards ROD
R Site-Specific .
‘Waste Characteristics Metal Content RI
. Metal Speciation FS
Organic Content TS
Tgnitability RWP
Corvosivity Pilot Study
Reactivity
Radioactivity
Physical Characteristics .
. ) General Chemical Characteristics
" Required Stabilized Waste Properties Strength 3
. Permeability - TS
Leachability RWP
Durability .
‘Transportability
Site Characteristics Water Table RI
- Climate : -FS§
Location, Depth and Extent of Waste ROD.
Soil/Geologic Characteristics . RWP
Presence of Debris Site Walk
. Site layout Pilot Study
Logistics
. . Utilities
Operational and Economic Factors Availability and Cost of Reagents RI
. Quality and Consistence of Reagents FS
Pretreatment Requirements® ROD.
* + Materials Handling RWP
Volume and Weight Increase Pilot Study
Future Land Use
‘Test Methods Physical FS
T “Strength ROD
Permeability CD
- " Durability TS
Chemical . RWP
Leachability _

CcD Consent Decree =

CFR . Code of Federal Regulations
- FR Federal Register
B Feaslbility Study
" RI Remedial Investigation
ROD Record of Decision
RWP . Remediation Work Plan.

5] Treatability Study
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In the case of auger-type, in s1tu stab1hzatlon some additional informa-
tion is requlred since the reagent is normally mjected in the waste as a slurry,
not in dry form. In this apphcatmn, it is necessary to test the formulation to
determine if it can be mixed and delivered hydrauhcally within the
timeframe and with the type of pumpmg and injection equipment to be used.
Some commonly used S/S reagents, e.g., kiln dusts and quick hme, usually
react with-water too rapldly to be used in the auger-type system. This limita-
tion should be addressed in the laboratory treatability study so that it does

' not affect the engmeermg de51gn cons1derattons

3 13 Design and Equipment Selechon |

CAll aqueous S/S processes have the same basm elements (Conner 1990)

* when used in remediation prQ]eCtS with certain variations for in situ designs.
‘The scale-up of aqueous S/S systems from bench-scale to field-scale implemen-

tation is usually quite stratght:t‘orward and is well defined. Pilot studies are
usually not requtred in ex-situ treatment except to assess operational problems
A pﬂot test should always be conducted for 1n situ S/S apphcatlons

\‘
3. 1 4 Process Modlflcoﬂons ‘

Agqueous S/S processes ‘and systems are g;enerally quite flexible and can
be easily modified to accommodate atypical site conditions, waste composi-
tion, reagent variations, and other variables. They can also be adjusted for
reasonable changes of scale, elther larger or smaller. However, large

~ changes in scale may necess1tate a review of the best reagent delivery sys-

tem. For example going from a 10,000 m? | (13 080 yd®) project to one of

" 100, 000 m? (130 800 yd®) may _]ustlfy sw1tchlng from an ex-situ to an in s1tu

method because at large-scale, in s1tu may be less expenswe

|
The laboratory treatability study and pxlot phases, if conducted, of a

- remediation project should always include a sensitivity analysm of the ef- |

fects of changes in waste composmon ‘Wide variations in water content w1ll
usually necessitate a change in reagent/waste ratio to maintain consistent

final product quality. Variations i in metals concentratlon particularly in met-
als speciation, will often require a change in formulation to meet leachability

.-standards. In addition, various compounds mcludmg chlorides, fluorides,

sulfates, phosphates, zinc, lead phenols, and many organic compounds can
interfere with cement hydration reacttons and impede curing of the sohdlﬁed

product Vanatlons in organic content can affect both 1eachab111ty, nd the
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immediate and final physical properties of the treated waste. Careful review
of the Remedial Investigation and Feasibility Study (RI/FS) and various
treatability studies can point out potential problems from waste composmon
vanatlons, and.preclude surprises later on.

3.1.5 Pretreatment Processes

Pretreatment processes that have sometlmes been necessary pnor to aque-,
ous stablhzatlon or S/S are listed below.

* Cyanide destruction
. Metal chelate destruction .
¢ ‘Cr*and Tc* reduction
* As* oxidation _
» Removal of volatile organics by steam or hot air stripping, or .
thermal desorption .
"« High-level organic femoval by soi'llwashing', solvent extraction
* Destruction of organics by high temperature incineration
* Biological destruction of organics )
+ Debris size reduction or removal
* Size reduction of certain hard, porous matenals

" Treatment of inorganics by stabilization or S/S can requrre additional

. processing steps. These operatrons, whether classified as pretreatment

step-wise stabilization or S/S, or cotreatment, can be done with conventional
‘technology, although improved innovative technology might also be avail-
able, High levels of organic contaminants of concern, are usually removed

"~ or destroyed ina separate pretreatment operatlon

Cyanides, chelates, and metals pre- or cotreatment with S/S have been

- used conventlonally at RCRA Treatment, Storage and Disposal Facilities
(TSDFs) since the LDRs went into effect in 1988 and earlier at some other
central treatment operations (Conner 1990).. Cyanide destruction is typically
done with alkaline ehlorirlation for amenable cyanides (Conner 1990) or :
with more powerful oxidants for the more refractory cyanides and for metal
chelates (Diel, Kuchynka, and Borchert 1995). Chromium reduction along
with S/S was descnbed by Conner (1990 -1991), arsenic 0x1dat10n by Lear
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and Conner (1992), and technetjiumreduction by Gilliam, Dole, and -
McDaniel (1986). ‘ '

Organics can be removed or destroyed in srtu by steam or r hot-air spargmg,
chemical oxrdatlon (Slegnst etal. 1992) or soil ﬂushmg (USEPA 1988;US, -
EPA 199 1b) Lﬂcewrse orgamcs can be removed or destroyed ex-situ with ther-
mal desorptron (nghty et al. 1993) or incineration (Magee et al, 1994). Cya—
nide destruction and metal reductlon/oxxdatron should be feas1ble in situ and
ex-situ, but, no full-scale treatment results have been reported

Debris, a frequent problem i m remedlal prmects can be handled in two
ways: (1) removal by screemng or other physical methods, or 2) by grind-
ing, shreddmg, or similar size reduction techniques. The primary require-

" ment for debns pretreatment stems from lirnitations on the size or type of
debris that the S/S mixing method can accommodate. If the material is po-
© rous and contams hazardous constltuents that slowly diffuse out to the par-
ticle surfaces after S/S has been completed, size reduction might be neces-
“sary (erson and Clarke 1994). An examp]e is hexavalent chromium in =
certain waste refractories. By decreasmg the diffusion path length and i in-
creasing the surface area, partlcle size redu«,tlon allows the stabrhzatron B
reactions to go to completron dunng the mrxmg stage
s t‘ - T 1 W
3.1 6 Posttreatment Proce‘zsses

Wastes successfully treated by aqueous >/S processes do not normally “
require any posttreatment. These wastes arr—‘ usually disposed by landﬁlhng,
or in the case of in situ treatment they are le'ft in place. The landfill design
and/or closure plan and post-closure momtonng address possible releases to-
the envn'onment or dangers to human health. The only posttreatment control
required in some instances is to limit partlcmlate and VOC air emissions and

. odor untrl the waste is landﬁlled and/or covered.

i
!

3.1.7 Process Instrumentatlon and Controls |

b
Since the ﬁnal propertres of aqueous S/s products are usually not devel-
oped in the process system itself, momtormg these properties in'real time is
not possrble Quality control is exercised b y relating the S/S formulation to
the waste properties in the laboratory treatalbrhty and pilot studies, and sub-
- sequently controllmg the reagent and water addmon during full-scale pro—
cessing. Instrumentatron is pnmanly for the purpose of controllmg waste,

'3.18
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reagent, and water feed rates. The mstrumentatxon and controls used during
ex-situ processing are standard in chemical processing and concrete formula—
tion. Most waste properties cannot be measured in real time, but some can

"+ . beand are used tq “fingerprint” the incoming waste to detect gross varia-

* tions. These include continuous pH, water content, and density measure-
ments. If a proper sensitivity analys1s was performed in the treatability and
pilot studies, variations in these properties can often be used to change re-
agent and water feed rates in real time, even in continuous systems. Atleast '
-one such system successfully used a computenzed control system fora con-
tinuous S/S plant (Boumm 1990).

For in situ, auger—type systems, such ﬁngerpnntmg is not feas1ble How-
ever, reagent and water feeds can be controlled accurately.

3 1.8 s::fefy Issues ) o )

. Three kinds of safety concernis exist when using aqueous S/S — those:
assocxated with the waste, the reagents, and the equipment. All three should
be covered in the project health and safety plan. Concerns with the waste
" bave usually been thoroughly determined and accounted for during the
- RI/FS, project design, and implementation planning. Most of the reagents

used are not toxic.or hazardous in and of themselves, but can pose hazards

* when reacting with water and/or the waste; some regents do require special
handling for safety reasons. These hazards fall mostly into three categories:
inhalation of fine particulates, heat generated by exothermic reactions, and -
evolution of gases. In some situations, sufficient heat may be generated to
cause burns and even pose fire and explosion hazards. Ammonia is the gas
‘most likely to be generated by reaction with the alkaline reagents commonly
used iit aqueous S/S. These potential hazards must be addressed in the .
health and safety plan by providing proper ventilation, personal protective '
equipment, and personnel training. :

3.1.9 Specification Development .

Most specifications used to procure vendors, equipment, and facilities in
.aqueous S/S projects are similar to those used in chemical processing and
construction, modified to meet the needs of the project. The only unusual
requirements pertain to reagent quality, since some of the reagents used are
~ themselves waste products, e.g., kiln dust and fly ash. The quality of Port-
land cement and lime is well-defined by the ASTM and government .
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' speciﬁcations Kiln-dust and fly ash are best defined by the content of

free CaO, since that is the prmcxpal reactive ingredient; wide variations
in quality occur with these reagents Otteer additives are usually com-

» mermally-avallable chem1cals and other ]products, the quallty of Whlch is

controlled by the suppher

3.1.10 CDST Dcnta

All of the aqueous processes described, w1th the exceptron of phosphate
and organic stabilization, use reagents that are conventional and commer-
c1ally avallable m North America in most locations at competitive prices.

' Phosphate processes most frequently use phosphonc acid, and can often use

the cheaper agricultural grade Orgamc stabxhzatron processes may use
virgin or recycled carbon, rubber partxculate, organo-clays, or more exotic -
additives. The latter additives are nearly an order of magmtude more costly

|
than the basic binders, but are normally used at much smaller concentratrons.

’Iyp1cal delivered pnces for reagents are shown in Table 3.9.

. Table 3.9
Reagent Costs

- Reagent ‘ . . “1996 Price ($/ton)

) Portland Cement 60-80 “

Blast Fumace‘ S&ag 10-20 ‘. “
Quicklime‘(untr:eated) ‘ - 5090

Rice Hull Ash “ ‘ ‘ : ‘abo;n:;#oo : .
Phosphoric Acid g 300-600 b
Activated Catbbn (virgin) ‘ ' 1000 !

‘ Actiyated Carbon (recycled) ‘ 500 i
Rubber Part;culatc “ | 300-400 |
Or_gano-CIays 500-1,000 ' s
Fly Ash " 1540 '
Cement Kiln Dust ‘ 2040 j_

- 3.20




Except for a few phosphate process cases, all of the wet processes use = - -
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much the same equipment and processing techniques; the primary difference
is between in situ and ex-situ delivery systems. Therefore, variations in the .
commercial cost of aqueous S/S for different processes is determined prima-
_ rily by reagent costs for each delivery method and can be easily assessed and
" compared on this basis. In the case of the phosphate process, the application

technique can sometimes be simple spray application of the phosphoric acid -

or phosphate solution while the waste is moving through a conveying sys- -
" tem. In this instance, the processing cost is substantially less.

Since aqueous S/S is, in general, a proven commeércial tectinology (or
group of technologies), the overall costs are well-established. For example,
costs are shown in Table 3.10 for one S/S.scenario (Conner 1992) involving
a large-scale remediation of a low-hazard, lead-contaminated soil at a “dry” '
site in an industrial plant property. Of the total price for the remediation cost

_ of about $83/tonne ($75/ton), $55/tonne ($50/ton) is for the stabilization

" Table 3.10

A Typlcal Example of Aqueods, Ex-Situ S/S

Remediation Costs in 1990 with On-Site Landfifl*

Cost Item Case "A"
Waste Type . Soil
Contaminant/Level Lead/400 mg/kg
Waste Quantity 50,000 yd?
_ Transportation LT
Mobilization/Demobilization $25,000
'r';catabmcy Study and QA/QC $30,000
Excavation $250,000
. Stabilization $2,500,000
' Landﬁll $1,000,000
Total Cost $3,805,000
$76

Appréximate Total Cost per yd3

) *These costs do not include typical oversight and monitoring.
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operation. Of this $55/tonne ($50/ton) the typ1ca1 reagent cost fora -
cement—based process would be about $22/tonne ($20/ton), or about 40% of

" "the overall stabilization cost. ‘This ratiq is common for conventlonal pro-

cesses on large-scale prolects.

The US EPA has pubhshed a gulde for documentmg remedlatlon costs for |
various technologles us EPA 1995a) ‘which provides different levéls of cost
categonzauon. For portable treatment units typlcally used in remediation,
the fifth level standardized work breakdown structure (WBS) applicable to
aqueous S/S is given in Table 3.11. Comparlson of Tables 3.10 and 3.11
indicates that some items in the US EPA WE»S are usually combined in pub-
lished S/S cost breakdowns. Also, the US E]PA format does not spec1ﬁca11y
include QA/QC costs, which are 1ncludcd in Table 3. 10

For in 81tu S/S (and stablhzatlon alone), sohds preparanon and handhng
(WBS activity -01) is not requ1red The other activities are similar, but the
costs may be different, espemally in the operatlon phase.

. . 1
‘ S Table 3. H
Fnﬁh Level Work Breakdown S’rructure Cosf Elements for Aqueous S/S

[

Intcrag‘ency
WBS #33 XX XX 01~ - . Case "A" _ o
. \ !
T } :
.01 Solids Prcparauon and Handhng — Includes loadmg/unloadmg, scrcemng, gnndmg,
BN pulverizing, nuxmg, monsture control zmd placement/dxsposal
04 Pads/Foundatmns/Splll Contml — Includes matenals and constructxon of facmtles b
05 _ Mobilization/Setup — Includes achvmcs needed to prepare for startup, :
06 Slanup/I‘esung/Pemuts — Includes acuvmcs needed to begm operation, ‘
07 ‘ Trmmng — Includes trammg needed to opcmte equipment. 1
08 . Operation (Shon-term Upto3 ycars) — Includes bulk chemicals/raw matcnals.
fuel and utility usage, and maintenance ‘md repair.
09 Operation (Long-term Over 3 ycars) — Includes bulk chemlcals/raw materials,
co fuel and utility usage, and mamtenancc and repau' ) :
) | . I a
10 Cost of Ownership — Iucludes amomza)uon, leasmg, profit, and other fees not
addressed elsewherc
11 Dlsmantlmg — Includes actxvmes needed prior to demobilization.
12 Demobilization — Includes removal of umt
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EXRL DesignVandanon ' o

The phys1cal/mechamca1 design of the aqueous S/S system is essentially "
- the same for all of the individual technologies, varying primarily in whether
the process is operated in situ or ex-situ. Because this design is well proven |
in many commercial applications, and scale-up and other variables are well
established, validation is normally not required. The only mechanical design
considerations for individual projects are the choice of type, size, and robust-
ness of material handling equipment, particularly the mixer. These choices

" -are almost always among standard, off-the shelf equipment. The proper -

application of the particular chemistry involved, however, must be validated
for the waste type and operating scenario under consideration. Chemical
" design validation is done through bench- and pilot-scale testing on-actual -
waste materials. In the pilot phase, either scaled-down or full-scale commer-
cial equipment may be used. In the case of ex-situ S/S, the pilot phase is
- often omitted, but pilot testing should never be neglected when in situ treat-
‘ment is to be done because of the greater uncertainties encountered in the
latter type of operation. A number of laboratories, consulting and engineer-
ing firms, and S/S vendors are available for evaluating various aqueous S/S

" - technologies and for choosing the best physmal/mechamcal design for the

" operating system.

3.1.12 Permlmng Requirements .

_The types of information required by regulatory agencies to gain approval
- for aqueous S/S remediation projects were discussed in Section 3.1.2 and
listed in Table 3.8. Generally, this information is available from the combi-
nation of RI/FS, Record of Decision (ROD), Corisent Decree, treatability
study, and pilot study. In addition, the regulatory agencies will requirea
specific project work plan, health and safety plan, quality assurance project
plan (QAPP), and financial and liability information. Depending on the
. project, the agency may also require closure and post-closure mamtenance

and monitoring plans

‘The primary purpose of these requlrcments is to ensure that the
" project will be carried out as planned, that the treated waste will meet
the performance spemficatlons, and that human health and the environ-
ment will not be unacceptably affected. Once the plan is approved spe-
cific environmental permits may be required, depending on the state in
which the project is located. These permits are typically issued by the
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state and/o1 local envrronmental regulato ry agencres They can mclude ‘

air permlts, groundwater treatment permrts, ‘hazardous waste treatment -
and d1sposal permits, and/or bulldmg/zonung permits. Each pro_]ect 1s :

s1te-spec1f1c

‘ o : s

- 3. l 13 Performance Meas‘ures

There are two aspects of performance p1 ocess performance and product

‘performance. The latter subJect is covered in Section 4.1.5, Quality Assur-

ance/Quality Control (QA/QC) 'Process controls, of course, ulnmately af- “

K fect product QAIQC but the methods and parameters are different. The

controls used i In aqueous S/S processes were discussed in Section 3.1.7.
I | X .
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'.U" o

. ics, NH,, sulfur ox1des etc.

3. 1 14.1 Ex-Sl’ru Aqueous Stabillzotion/Sohdlﬁccﬂon
1.

Charactenze the waste stream 19 determme the following pa-

"rameters: homogene1ty, presence of debris; morsture content;

part1cle size; pH; total alkahmty/acxdrty, reactivity, especrally at
» high pH; and ma_]or constituent composruon (metals and organ- :
, 1cs, mcludmg nonhazardous or;namcs, such as oil and grease)

2.

Determine if pretreatment of waste is reqmred Examples are '

chromrum and technicium reduction, partrcle size reductron

I
‘screening, pH neutrahzatron and dewatenng

Determme the product property requrrements
Complete a proper treatabrhty .,tudy

I
Detemune 1f there i 1s any ant1c1pated end use of the product or
the site, Determme ﬁnal drspo'utron

Ascertam 1f there are regulatorv requrrements such as perrmts
etc. and 1mt1ate the pernuttmg process

" Evaluate srte condrt‘lons such as working space, access for
equrpment and reagent dehvery, weather, groundwater infiltra-

non, soil type and condmons, and underground utilities.

Determme if ermssron controls are requrred for volatile organ-
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- 9. Determine the throughput requirements. . SRR | : . Gt e e
10. Complete pilot study, if necessary.

11. Prepare a QA/QC (QAPP) for acceptance by the regulatory
agencres

3.1.14.2 In Situ Aqueous Stabilization/Solidification

1. Characterize the waste site/stream to determine the following
parameters: homogeneity; presence of debris; moisture content;
particle size; pH; total alkalinity/acidity; reactivity, espec1a11y at
high pH; and major constltuent composition (metals and organ-
ics, including nonhazardous organics, such as oil and grease).

2. Determine if pretreatmént of the waste is required. Examples
* are chromium and technicium reduction and VOC stripping.

3.. Determine the product property requirements, such as strength,

) permeability, leachability, durabrhty, and total constituent
analysis (organics).

Complete in situ treatability study

5. . Determine if there is any anticipated end use of the product or
~ the site. . .

© 6. Ascertain if there are regulatory requirements, such as permits,
etc, and initiate the permitting process. '

7. Evaluate site conditions for working space; weather; access for
equipment and reagent delivery; groundwater infiltration; soil
type and conditions; soil bearing strength (for support of heavy
equipment); presence of debris; presence of “hot spots™; site
geology; and underground utrhtres

8. ' Determine if emission controls are required for volatile organ-
-ics, NH,, sulfur oxides, etc. If so, select a proper size Air Pollu-
tion Control system., -

* 9, Determine treatment rate requirements. .
10. ‘Complete pxlot study.

' 11. Prepare a QA/QC (QAAP) for acceptance by the regulatory
~ agencies.
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3.2 Polymer Stabilization/Solicification

o
3.2.1 Remedmtion Goals ‘ 3

When apphed in ex-situ S/S, polymer techmologres can provrde 1mproved

~mechanical integrity, durability, and leachability in the treated waste com-

pared with conventional S/S technologles (Neilson and Colombo 1982).
Likewise, in situ applications of polymer S/S for treatment of buried waste
and contaminated soils improve performance of the stabilized product
(Heiser 1995). Difficulties in processing “problem” wastes with conven-
tional hydraulic cement grout and widespread failures of hydraulic cement
waste form products have been well documented (Neilson et al. 1983; Place
1990; NRC 1991a; Lomenick 1992) In addition, conventlonal, hydrauhc-
~ cement grout waste forms are relatlvely porous and therefore have relatxvely
high leach rates, especrally for some contaminants, such as cesium, that are
not well-bound chenncally (Colombo and Ne: 1lson 1979). o

In contrast compatrbrhty in processmg a W1de range of wastes and dura—
bility under ant1c1pated dlsposal conditions has been established for several
. polymer binders. The ability to withstand degradation from saturated soil
conditions, freeze-thaw cycling, rmcrob1a1 degradatlon and high radiation’
‘ envuonments, has been conﬂrmed for polyethylene (Kalb, Heiser, and Co-

. lombo 1991a), vinyl ester-styrene (Dow Chemical Co. 1978), other thermo-
setting polymers (Heiser and Milian 1994), and sulfur polymer (Kalb et al.
1991). Leachmg rates for waste that is nucroencapsulated in polymer waste
forms vary accordmg to the type of polymer, the characteristics of the waste

_(e.g, solubrhty, particle size), and the quantrty of waste encapsulated (waste
loading). Typlcally, polymer leachmg rates are about two orders of magm- ‘
tude lower than those of conventmnal cement grout waste forms with equwa—
lent or lower waste loadmgs For example, p«olyethylene encapsulation of
nitrate salt wastes, which are h1ghly soluble and thus, susceptible to leach-
ing, reduced long-term leachablhty bya factor of 75 compared w1th conven— ‘
tional cement grout (Fuhrmann and Kalb 1993) ‘

Since no chemical reactions are requlred to sohdlfy the final waste

‘ form and sol1d1ﬁcat10n is assured on coolmg, thermoplastic polymer

e processes are inherently more reliable than conventronal hydrauhc ce- "

ment grout systems Regulatory acceptance of ex-situ polymer S/S tech-
nologles is bemg estabhshed For example the Nuclear Regulatory ‘
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* Commission (NRC) has approved a topical report on the use of vinyl
ester-styrene for solidifying commercial low-level radioactive waste
streams (Dow Chemical Co. 1978). Other polymers, including polyeth-

. ylene and sulfur polymer, have passed required test criteria for NRC

" approval, but have yet to be submitted by a. commercial vendor for for-

mal licensing. The US EPA has identified polymer macroencapsulation

" of radioactive lead solids as the recommended BDAT (US EPA 1989¢).

Considering that polymer S/S is a simple technology that is easily un-
. derstood, widespread support from the public i is anticipated.

- Following successful technology development at Brookhaven National
Laboratory and Rocky Flats Environmental Technology Site, polymer
macroencapsulauon of radioactive lead has been commercialized by
Envirocare of Utah, Inc. Under a contract with the DOE, Envirocare; the
only commercial, licensed mixed waste disposal facility in the U.S., is com-
pleting the treatment and disposal of 227,000 kg (500,000 Ib) of mixed waste
lead shxpped from various sites throughout the DOE complex. In addition to
_ radioactive lead, Envirocare is planning to treat mixed waste debris by polymer
v macroencapsulatlon and a range of mixed waste solids (e.g., salt and ash) by
polymer microcapsulation. The State of Utah Department of Environmental
Quality has issued an operating permit for the macroencapsulation process and
is currently reviewing Envirocare’s perrmt modification request to commermal-
ize microencapsulation. ,

Apphcauon of thermosetting polymers for in situ treatment of buried
waste (e.g., drums and debris) is currently under development in a collabora- .
tion between Idaho National Engineering Laboratory, Brookhaven National
Laboratory, and Sandia National Laboratory (Heiser 1995). The objective of
this effort is to stabilize buried waste and reduce dispersion during planned
removal actions. Other potential applications of in situ polymer S/S are
treatment of contaminated soils and allowing the stabilized product to be left
~inplace. Ina related effort that investigated the use of polymers for in situ
barrier walls around contaminated sites and leakmg tanks, extensive data on
performance of polymer grout/soil combinations indicate that this technique
can result in a stable, durable product. Testmg of polymer grout/soil combi-
nations has includéed hydranlic conductivity; compressive strength; flexural
strength; splitting tensile strength; water immersion; acid, alkaline, and sol-
vent resistance; wet-dry cycling; chloride diffusivity; thermal cyclmg, and
o 1rrad1at10n stability (Heiser and Milian 1994).
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Regulatory issues assomated w1th in s1tu mjectron of polymers in relatron “
to in situ polymer barriers was also mvestlg.lted (Siskind and Heiser 1993).
‘The US EPA indicated that m_]ectlon of polymers was essentially a construc-
tion operanon and did not env1s1on any regulatory problems as long as the
final product is inert. Forin situ S/S apphcaltlons, further performance test-
ing, such as leachmg, of the final products would be required to ensure com-
pliance with federal, state, and local envu:on mental regulatrons

| .

3.2.2 Design Basis

As with other potentlal treatment technologres, polymer processes require
thorough characterization of the waste to enable technically-sound and
- cost-effective selection of a polymer S/S system. Waste properties, includ-
ing types and concentratrons of contammams chemical constituents, mois-
ture content and particle size, are 1mportant Location and condition of the
waste matenals (e.g., contaminated soil vs. storage of sludge in buried ‘
drums), as well as the total volume requmny treatment, play a significant
role in technology selection. Treatabrhty studies which determine compat-
ibility of the waste and treatment systems, examine integrity and durability
of the final waste forms, and demonstrate compliance with applicable regula- -
tory performance criteria are also key elements in the selection and design of
polymer systems. Specific de31gn issues for each polymer technology are
discussed below

3.2.2.1 Polye’rhylene' Encapsulation

- Since polyethylene can be used for either rmcroencapsulatlon or

‘ macroencapsulatron waste characterization data, such as particle size and con-
~ taminants, are needed to determine which technology approach will be used.

~ For mixed waste debris or contaminated sohds with particles >60 mm (2.4 in. ),

" macroencapsulatlon can be used for cost—effe( tlve treatment, accordmg to US

. EPA regulatlons (US EPA 1992b). For aqueous solutions/dissolved solids,

) sludges resins, ash, and other wastes with rel.mvely small particle size, polyeth—
ylene microencapsulation provides improved performance in the areas of me-
chanical mtegnty durability, and leachabrhty (Kalb and Colombo 1997). Since
‘ polyethylene melts at 120°C (248°F), residual moisture driven off during pro-
cessing can cause the formation of voids due to gaseous entrapment within the

. melt. Therefore moisture content can 1mpact selection of optimal processmcy

technology and/or the need for pretreatment to remove residual moisture.
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Likewise, if significant concentrations (e.g., >1% by weight) of volatile brgan—
ics are present in the waste, they can be liberated during processing. In such
cases, the waste will require thermal treatment to destroy the organic constitu-
ents (thermal destruction) or capture of the orgamcs in the offgas (thermal des-
orptlon) for further treatment. :

3.22.2 Sulfur Polymer Cement Encapsulahon

Because sulfur polymer cement (SPC) is a thermoplastlc process and does
not require a chemical réaction for solidification, it is also applicable for the
treatment of a wide variety of wastes. It has been shown to be effective for -
incinerator ash, aqueous concentrates (sulfate, borate, and chloride salts),

. sludge, and debris (Kalb and Colombo 1985a; Kalb, Heiser, and Colombo
1991b; Van Dalen and Rijpkema 1989; Darnell 1991). It is not recom-
mended for treatment of ion exchange resin wastes, because it is unable to
withstand swelling stresses that occur when resins are réhydrated It is also
unsuitable for nitrate wastes, because of potential dangerous reactions between
sulfur, nitrate, and trace organics (Kalb and Colombo 1985a). Strong alkali
(over 10%), strong oxidizing agents, aromatic or chlorinated hydrocarbons,

' oxygenated solvents, carbon disulfide, bromoform, and other sulfur-dissolving
solvents might also have a deleterious effect on SPC waste forms. Additional
durability testing is recommended if these conditions are expected.

There are few data available on the long-term durability of SPC, hence
short-term tests have been used to project durability. The current test meth-
- ods for biodegradation, ASTM G-21 and G-22, are not sufficient for sulfur
final 'waste forms, and the main concerns about SPC durability are biodegra-
dation and the ability of bacteria to oxidize elemental sulfur to sulfate over a
- broad pH range (Mattus and Mattus 1994).

- Sulfur polymer cement can be used in microencapsulation or
macroencapsulation applications, hence the need to determine the waste
particle size, Its low melt viscosity makes it potenually well-suited for -

. macroencapsulation of debris waste, but this application has not been dem-
" onstrated. As with other thermoplastic technologies, SPC is processed at
temperatures above the vaporization temperature of water, so that pretreat-
ment to drive off excess residual moisture is recommended. However, since
it is a batch process, it is more tolerant of moisture contained in the waste
than is the polyethyléne process. Small quantities of residual moisture are -
easily driven off during batch mixing. Re-melt capability allows the final
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waste form to be easily remed1ated 1f unfo reseen degradatlon occurs or
more strmgent future drsposal requrrements drctate

3.2. 2 3 In Sn‘u Polymer Sfclaihzahon/ Sohdlﬁcohon

Concentratlon and den51ty of contammants in soils are s1gmﬁcant 1ssues o

when considering this remediation alternative. For soils in which contaminants

are highly concentrated and/or localized to a small discrete area, in srtu injection

of polymers for stabilization mlght be feasible. However, high concentrations
of contaminants in soils could exceed the capabilities of in situ polymer S/S
techniques to reduce contammant mlgratron to acceptable levels.

Performance assessment (PA) modelmg of the site (under baseline condx—
tions prior to treatment and followmg polymer 8/8) is useful in predicting
the potential success of in situ processes In order to conduct credible PA

. modeling, however, srte-specrﬁc data on sorl characteristics such as hydrau—

lic flow and the sorption coefﬁc1ent K " are required. These data are gener-

‘ated through field measurements and bench-scale testing using actual soil .
-and groundwater samples, respectrvely ‘To accurately predict leachability ~

reduction following polymer S/S, bench-scale and/or field testing of poly-
merized soils to determine permeabilities and leach rates, are required. In

 situ polymer S/S might not be effect1ve for soils contaminated with hlgh
concentrations of organics, so extensrve analyses of constituents, mcludmg ‘

organics, morgamcs, and radlonuchdes, are needed. Considering the rela-
tively hlgh cost of thermosettmg polymer materials, large volumes of con—
taminated soils might not be cost-effectrve]ly treated by in situ injection.
Therefore, field momtormg data on the concentration and geographical den-
sity of contammants are requ1red

' Design and selection of processmg equlpment for polymer S/S depend on

the type of polymer (eg. thermoplasttc polymer such as polyethylene orther-

mosetting polymer such as polyester styrene) and the manner in which the ﬁnal
waste form will be produced (ex-s1tu vs. in situ, microencapsulation vs. - -
macroencapsulatlon) In most cases, these technologres can be implemented
using readily available, “off- the-shelf” components, thereby lowermg caprtal

‘costs and reducing time requrred for implementation. Engineering requ1re-
. ments are primarily in the areas of sizing, specifying, configuring, and modify-

ing equipment to assemble components into an integrated processing system.
. o | ' | - I . o S

K I
b
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3. 2. 3 Design and Equ:pment Selec‘tlon
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Details on system design and equipment selection are available in the literature _
. for some technologies (Patel, Lageraaen, and Kalb 1995), but as with other

- emerging technologies, the engineer must often rely on prior knowledge and -

engineering principles to adapt the necessary equipment required to fully inte-
grate the process. The following sections summarize available design and
equ1pment selection data, to provide a general background for engineers and
site: adrmmstrators As with other technologies, final equipment selection must
also account for waste- and site-specific conditions.

. 3.2 3.1 Polye’rhylene Enccpsulcn‘ion

MICROENCAPSULATION Microencapsulation of waste in polyeth-
ylene involves processing the thermoplastic binder and waste materials into a
waste form product by heating and mixing both materials into 2 homoge-
neous molten mixture. Cooling of the melt creates a solid monolithic final
waste form in which contaminants have been completely surrounded by a poly-

- mer matrix. Heating and mixing requirements for successful microencapsula-
tion of waste in polyethylene can be met using proven technologies available in
various types of commercial equipment. Processing techniques for thermoplas- -
tic materials, including polyethylene, are well-established within the plastics
industry. Extruders and mixers are available in a broad range of designs for the
manufacture of consumer and commercial products as well as for compounding
applications. Compoundmg (mixing addmves, such as stabilizers and/or
colorants, with polyrmers) is analogous to mlcroencapsulauon of waste in ther-
moplastic polymers. The majority of commercial polymer processing has his-
 torically been accomplished by extrusion, a process that has been used success-
fully for over 60 years. In the extrusion process, materials are heated to amol-
ten state, mixed, forced through adie under pressure into a mold, and allowed
to cool, forming a solid product. Various types of extruders are available (e.g.,
single-screw, twin-screw) and each can be custom engineered by varying design
parameters, such as barrel diameter, length/diameter ratio, screw design, heating '
- and cooling systems, etc. In addition, numerous alternative techniques, such as
* continuous, batch, and thermokinetic mixers, thin film evaporators, and o

screwless extruders have been used to process polymers. Each of these devices -

is reviewed here, with an emphas1s on those systems most applicable for mi-
) croencapsulatlon of waste.

Extruders — General. Screw extruders operate by converting a flow of

. thermoplastic material and additives into a well-mixed continuous melt
stream, Extruder design, as shown in Figure 3.3, consists of a rotating
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- screwts) within a-barrel, forming a channel between the root of the scre{;v
and the interior barrel surface. Material residing within this channel is
mixed, melted, and conveyed by helical flights on the rotating sc"rew..

-The process can be divided into three zones common to all screw configu-

‘rations. Beginning at the feed hopper, thermoplastic resins (in the form of
beads, pellets, or powder) are fed directly into the feed throat. Additives,
including waste to be encapsulated ‘can be fed with the polymer or intro-
driced upstream by a “crammer » feeder. This feed zone contains deep chan-
nels and long screw flights that initiate the process by filling the channel,
building a pressure gradient, and conveying the unmelted ingredients
- through the barrel. Next, the material enters the transition zone where exter- -
nal thermal energy combines with frictional heat to melt the polymer. Exter-
nal heat is usually provided by a series of electric resistance heaters. Cool-
ing, necessitated by the buildup of frictional heat, is prov1ded by cooling fans
or by circulating liquid coolant. The temperature is precisely controlled by
. solid-state proportional-integral-derivative controllers. The reduced channel

- volume in the transition zone compresses the unmelted material, eliminates air
pockets, and further increases the pressure. ‘The ingredients are mixed and
plasticized by the intense shear generated by the motion of the screw. Some
extruders have a venting zone about two-thirds of the way down the barrel. An
increase in channel volume induces a pressure drop, enabling vacuum to be
applied at the vent to remove volatiles remaining in the melt. Finally, a sharp -
decrease in the channel volume of the metering or pumping zone (located at the '
end of the screw) further compresses the melt and increases the melt pressure in'
.order to pump the material through an output die. Extruder output dies are
(designed to meet final product configuration requirements, but for the produc-
tion of final waste forms, complex die configurations are not required;

" The motion of the screw advances the material throughout the process and
applies necessary shear forces to blend the polymer and additive. Screw .

" extruders have limited ability to remove residual moisture or other volatile
gases in excess of 5% (by weight) of the feed material, even when equipped
. with vacuum venting. Volatile gases that remain trapped within the melt”

. cause'foaming, undesirable voids, and reduction in final waste form density.
This reduces process efficiency, degrades mechanical integrity, and increases
leachability of the final waste form product. Pretreatment processes dis-
cussed in Section 3.2.5 (e.g., drying), might be used to make particular waste ;
streams more amenable to extrusion processmg
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Screw extruders are pnmanly c1a531ﬁed by the number of screws they
contain. The two most common screw extr uders, single-screw and
twm-screw, have been used for waste encapsulatron and are discussed here.
Other variations include two-stage compoundmg extruders, remprocatmg-
screw kneader, and concentnc screw extruders

Smgle-Screw Extruders. Smgle—screw extruders are well-proven in the
plastics industry for processing virgin and recycled thermoplas’nc polymers.. -
They have also been used for certain compoundmg applications such as the

mixing of ﬁllers colorants, and additives with a wide variety of thermoplas- -

tics. This broad applicability is achxeved with various screw designs. The
choice of screw type depends largely on tht‘ physical properties (quurd/sohd
compatrbﬂrty, bulk density, specrﬁc grav1ty, etc. ) of the materials being pro-

cessed, as well as the level of rmxmg and process rates desued Basic screw

desrgns mciude feed, transrtron, an
flights. Advancements in screw configuratnon have led to the mcorporatron
of second ﬂlghts mterrupted fhghts, hig -s.hear barriers, and various types

" of mixing sectrons to improve performance Every screw design, however is
a compromlse between productlvrty, melt temperature, degree of mixing, and

output uniformity. Examples. of some genenc, single-screw types are shown

.in Figure 3.4.

.
The basrc metering screw in a standard mgle—screw design encompasses

the three zones described above, It is routmely used for the extrusion of

polyvinyl chlonde compounds, ﬁber and other fillers and has sufficient - }
mixing capabrhtres for many apphcatlons M1x1ng, however, can be i 1m- '

~ proved by the Maddock mixing screw that u1ses a close-clearance mixing

section to deliver added shear. Higher melt temperatures nonnally associ-

_ated with mcreased shear are coptrolled by placmg the mixing section inan

area of the barrel subject to heatlng and coohng This is readily accom- .
plished since most extruders are equipped with temperature controllers along
the entire length of the barrel. An altematlve mixing mechanism is provided
by the pin mtxmg screw which contains multlple rows of pins that break
channel crrculatory flow pattems to enhance blending without SIgmﬁcantly
increasing shear. The barrier screw design | 1mproves melting by separatmg
melt and solids channels with offset barrier ﬂlghts This results in 1ncreased
output and/or reduced melt temperatures and improved pressure stabrhty

The Maddock ‘mixing section can also be mtegrated with the barrier mrxmg

SCIew. Another design optlon 1s the two-stage venting screw In this optlon
1 o
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. . Figuré 3.4 ' .
* Varlous Screw Types Avdilable for Single-Screw Extruders

“Feed - Transition . Metering

‘Maddock Mixing Screw

Feed Transition Metering

Two-Stage Venting Screw

Feed Barrier © . Motering’

Barrier-Maddock Mixing Screw

", Reproduced courtesy of Davis-Standard Corp.




a feed, transrtron, and metenng sectron in the first stage dumps intoa
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deep-channel area followed by a recompression and pumping zone within
the second stage. Volatile gases can be vented through vent ports within the
let-down section. Additional vanables that control product quality are screw.
flight prtch angles, length-to- -diameter ratio, and operational controls. Fur-
thermore, barrel designs can be modrﬁed to mclude grooved or tapered sec-

© tions to enhance throughput
' Years of proven applrcatron wrthm mdustry make smgle—screw extruders a

dependable technology that yrelds advantages in its simplicity, operating
ease, low mamtenance, and great versatility at lower operating costs when

compared to other competing processes An integrated, full-scale polyethyl- '
ene encapsulatron process based on single-screw extrusion has been success- -
. fully demonstrated (see descnptron in Chapter 5).

Waste partrcle size can hmrt the use ‘of smgle-screw extruders. De-

-velopment work at Brookhaven National Laboratory has indicated that
smgle—screw processing can successfully microencapsulate waste mate-

rials with mean partrcle sizes rangmg from 50 to 3,000 pm (2 to 118
mils). Smaller mean partlcle sizes are difficult to mix with viscous ther-

_moplastics and larger particle sizes require size reduction prior to feed-

ing. Recent advances in screw designs, sophisticated control systems,

" and modified feed mechamsms have mrmmrzed limitations associated
. 'with single-screw extrusion. New developments linking single-screw .

extrusion with pretreatment by thermokinetic mixing promise to reduce
or eliminate particle size constramts, wh11e improving overall mrxmg

Twin-Screw Extruders 'I\mn—screw extruders designed with two screws
placed side-by-side, have proven versatile for handlmg difficult compounding
jobs, such as glass-fiber, high-loading fillers and heterogeneous plastics. Screw

. arrangement can be tailored to meet distinct processmg requirements, allowing

improved control of critical operating parameters, such as residence time, de-

. gree of shearmg, and processing temperature 'In addition, intermeshing screw

flights deliver a unique forced—conveymg or pumpmg property that broadens the
conveying capabilities of this type of extruder. As a result, the twin-screw, ex-
truder can function likea posmve screw-type pump to handle difficult-to-feed
materials. Optlons in screw conﬁguratron can further expand versatlhty through

T the addrtron of intense xmxmg and shearmg ellements, ventrng ZOnes, or a van-
. ety of process- specrﬁc devices. As shown in Frgure 3.5, twin-screws are nor-
" mally categonzed as erther co-rotatmg or counter—rotatmg, wrth further ‘

|
|
| ow
|
|
|
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classification of intermeshing and non-intermeshing designs. A new line of
reversible intermeshing twin-screw machines can operate in both co-rotating
and counter-rotating modes. ‘ :

. - .Figure 3.5 .
Types of Screw Configurations for Twin-Screw Extruders

Counter-rotating

‘Nonintermeshing

Partially
Intermeshing

s Fully .
Intermeshing

Sourée: Frados 1985

Co-rotating screws are commonly used in processing nylon, thermoplastic
polyester, and polypropylene. In this configuration, two screws rotate in the
same direction, deflecting the ingredients on a figure eight pattern around
both screws resulting in an excellent exchange of material. At the same
_ time, small uniform clearances between intermeshing screw flights yield a

uniform residence time for each melt particle while also helping to eliminate
dead spots. Co-rotating screws, however, are limited to conveying material
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through drag flow mechanics, whereas the counter-rotatmg 1ntermeshmg
design operates as a positive-screw type pump, thereby broadening its range.
of application. A counter-rotating interme shing arrangement can also pro-

vide greater control of mixing, shearing, and conveying properties by regu-

lating the amount of clearance between the screws.: For example, narrowing -

. the gap generates higher shear as material is forced through a smaller open-
ing but Jowers output with less area for longrtudmal transport.
Non-mtermeshmg counter-rotatrng screws are open both lengthw1se and
crossw1se to promote generous mixing of matenal between screws, as well

.as conveymg material at higher outputs. ' However, this “open’ desrgn hrmts
the control over and degree of sheanng the screw can 1mpart

Tw1n-screw extruders were orrgmally adapted for waste encapsulatron
using bitumen in the 1id-1970s (Wemer and Pfleiderer Corp. 1976). A

productron—scale process was installed to process low-level radioactive waste,

generated at the Pallisades Nuclear Power Plant in Michigan. More recently,
development efforts at Rocky Flats Plant have successfully used twin-screw -

' extrusion, for mlcroencapsulatlng wastes in polyethylene The process has
been demonstrated at laboratory-scale for both surrogate and actual mixed
‘wastes (Faucette etal. 1994), Some advantages claimed over single- screw

~ extruders include greater versatlhty for compoundmg “difficult-to-mix”

+ materials and better control of shear and temperature parameters. In addi-

“tion, the gear-pump effect makes it possrb le to accept difficult-to-feed mate-

" rial as well as allowing for muluple down<.tream feed zones which can ehmr-

nate the need for pre-blendrng Material pretreatment requirements are simi-
lar to those of single-screw extruders, but due to improved dispersive. mlxmg ‘

in twin-screw extruders, a broader partrcle size range may be tolerated. Dis-
advantages of twin-screw extruders compared with single-screw are hrgher
capital costs and higher operatmg costs (due to more frequent and costly ‘
mamtenance requlrements) and more comphcated operations.

Thermokmettc Mtxers The major drfference between thermokmetrc
mixers and extruders is that they operate in batch mode, instead of continu-
ous processmg, and do not requrre any external heaters. Heat to melt the _
thennoplastrc polymer is. supphed by fricti onal energy developed durmg i
" high speed high shear mixing. By processmg in a batch mode,
thermokmetrc mixers can thoroughly mix to a degree. unattamable in the ‘
continuous screw des1gns Although some - differences exist, the o

thermokmetrc mixer operatron beglns with measured quantrues of polymer :

" and addrtrves bemg fed through the top. of the machlne into a mixing
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. chamber where blades of various designs and arrangements rotate at high
speeds producing the desired modes of mixing, fluxing, and shearing. Once
the material reaches a predetermined parameter (temperature, energy, or

. residence time) which occurs rapidly (15 to 30 seconds), it is d1scharged asa
- molten mass through a gate at the bottom of the machine. At this point, the .
process cycle is complete and the mixer can be charged with another batch.

- Material i impingement agamst the blades and chamber wall thoroughly
mixes and disperses the ingredients. Mixer operation variables that can be
controlled are limited to blade or rotor spéed, residence time, and indirectly,
degree of heating/cooling. In tests sponsored by one manufacturer, the de-
gree of mixing was found to be superior to both smgle- and twm-screw mix-

~ ers (Kalb 1995a).

These high-intensity fluxing mixers operate with a powerful drive and are

distinguished by a single rotor mounted with staggered blades placed at -
* . various angles. A typical thermokinetic mixer is shown in Figure 3.6. Re-
volving at high speeds (blade tip speeds up to 45 m/sec [148 ft/sec]), the
. rotor produces a fast-paced mixing action that causes a rapid temperature
* rise as intense shearing converts mechanical energy to heat. The combina--
tion of shorter production cycles and the lack of external heating helps re-
duce overall operational costs for a variety of thermoplastic processing ap-
. plications. These mixers are also more flexible than extruders in processing

blends of thermoplastic polymers, especially co-mingled recycled polymers. .
Other advantages include simplified operations, low maintenance costs, and
~ high filler loading capacities (high waste loading capacity). High-intensity
mixers can process 2 wide range and combination of ingredients, from pli-
able to extremely rigid materials, without changes to machine parts as might
‘be required for screw extruders. Such versatility can ‘reduce down time and
simplify encapsulation processing requirements when several plastic/waste
combinations are treated. Batch processing allows each particle to receive
the same amount of work, improving control of residence time, temperature, -

" and product uniformity, while simplified feeding increases the range of poly-

mers and additives that can be compounded. High-shear mixers can process
materials containing up to 50% (by weight) moisture, reducing or eliminat-
ing material pretreatment requirements. The extremely high blade speeds

and rapid cycle times of high-shear mixers used because of batch charging
and discharging can adversely affect productivity and batch-to-batch product -
consistency, as well as cause greater dlfﬁculty in precisely controlling me?t—
ing and mixing.
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- (Jacksonville, Florida) to combine the advant.iges of thermokinetic rmxmg and |

. and thermoplastlc polymer binder materials. The homogeneously-mixed, mol-

Figure 3. 6

|
T
Schemc’nc of c‘Typlca| Thermoklnehc Mixer
I
" | Opfical Fiber '
| In fraredSensor '
. S { Converter
Integrated
Screw Feed
: Drive
K Adjustable
Mixing . Temperature
Chamber Connrol Panel

S{gnal to Discharge Door

Source: Frados 1985

Cuxrently, Brookhaven Nat10na1 Laboratory is workmg w1th EcoLex Inc

single-screw extrusion in one cost-effective process. The thermokinetic mixer
is used to remove residual mmsture, reduce the size, premix, and melt the waste

ten mixture isthenfedtoa smgle-screw extruder which continues to mix the .
materials and converts the process from batch to continuous operation. The
combined process promises unprovements in product performance and consis-
tency, while providing increased processmg fl ex1b1hty for mlcroencapsulatlon :
and macroencapsulahon in one mtegrated system ‘

. Other Processmg Techmques. Other processing techmques for heatmg
and mixing both polymer and waste are vert. wal thin-film evaporators and
screwless extruders. A thin-film evaporator isa drymg device that takes
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dvantage of an enlarged surface-to-volume ratlo for quick and efficient
heating and vaporization. Waste material and thermoplastic resins are fed at
the top of the evaporator, spread into a thin layer, and conveyed through the
device by gravity flow. Externally-applied heat simaltaneously dewaters the
waste and melts the polymer while material flow creates limited mixing for
microencapsulation. The endproduct is a molten mixture that exits continu-
“ously out the bottom of the thin-film evaporator. This unique processing
scheme takes advantage of waste pretreatment (drying) technology to mth
. and mix for polymer encapsulation. As a result, the need for waste
pre-processing can be either reduced or eliminated. However, feed materials
" must be free-flowing; pretreatment in the form of grinding or reduction is
required for large, bulky iaterials. Thin-film evaporators are also limited by
+ high viscosity melts that occur with many thennoplastlcs and at high waste
* loadings resulting in disrupted gravity conveyance and material discharge -
problems. Despite using low molecular weight and low viscosity wax, tests
.conducted by Rocky Flats Plant indicate a limited maximum waste loading
. of 40% (by weight)(Faucette et al. 1994) compared to maximum waste load- ,
ings of 70% (by weight) using extrusion for selected wastes (Kalb Heiser,
and Colombo 1991a). .

‘Screwless extrusion devices, including disk-type extruders, -gear pumps,
planetary-gear extruders, roller extruders, and ram extruders, have been in
existence for years. Many of these devices were designed to meet unique
requirements of specific processing applications and, therefore, lack the
versatlhty and productivity found in conventional screw designs. ‘To date,
none have been used for waste encapsulatlon applications.

MACROENCAPSULATION Macroencapsulation is advantageous
when treating waste consisting of large or abrasive particles not suitable for -

" processing through the extruder. The waste can contain large metal parts or .

- fragments (e.g., contaminated equipment, drums, lead turnings), dry radio-

active waste (e.g., trash, gloves, bottles), debris (e.g., decommissioning and

demolition waste), or previously treated waste/waste form products (e.g.,

. filters, degraded grout). The waste to be macroencapsulated is packaged in
a porbus_ structure or cage, placed in a drum with a slightly larger diameter,
and the voids are filled with polymer. Numerous polymers, including poly-
ethylene, epoxies or other thermosetting resins, and sulfur polymer, can be

. used to surround the waste and fill the voids. . Single-screw extruders are _

. ideal for polyethylene macroencapsulatlon applications, since they provide the.

_ most economical source of continuous molten plastic output. Mechanical




Desngn Developmen’r

- rotatron of the drum during processmg pre'vents locahzed bulldup of poly- o
" mer and p1ov1des even filling of the annulus surrounding the waste. Figure

37isa photograph of a bench-scale test sample that contains dry active.

g Waste macroencapsulated in polyethylene The DOE has supported com-
’ mer01ahzat10n of polyethylene macroencapsulatlon currently being imple-
.mented at Env1rocare, Inc. (Salt Lake City, UT). Under DOE sponsorshlp,

up to 227, OOO kg (500,000 1b) of radioactively-contaminated lead is being
treated by polyethylene macroencapsulatmn and d15posed at Env1rocare

|
' One dlsadvantage of using polyethylenc- for macroencapsulatron isits

- inability to completely fill internal void spaces between the waste particles.

Due to its thh melt v1sc031ty and the hlgh thermal mass of the waste mate-~
rial to be macroencapsulated p \ "cool and solidify before
fully penetratmg the waste. Al
lead is 1dent1ﬁed by the US EPA asa BDA e need for complete penetra—
tion of vords is not clearly deﬁned from a regulatory perspectwe Lower =
melt v1scosrty thermoplastics, such as sulfi ur polymer, might provide better.
penetratron, but would still tend to sohdlfy on contact with a large thermal
mass. Preheating the waste would 1mprove penetration of the polymer, but

*

‘reqmres additional energy and an add1t10na1 process step. Thermosetting -

resins, such as polyester styrene or epoxies, can be used to “flood” the con-
tainer and better penetrate the vo:ds Vacuum or pressure can also be apphed

to enhance or accelerate penetratlon "A vacuum enhanced delivery system

for thermosetting resins was demonstrated for macroencapsulating com-
pacted dry active waste at Brookhaven National Laboratory (Franz, Heiser,
and Colombo 1987). A gravity-fed dehvely process for macroencapsulation
using epoxy resins was developed by Rocky Flats Plant (Faucett et al. 1995)

UNIT SIZING Umt s1‘ ng and desrgn of processmg equlpment for
polyethylene encapsulatxon of waste depends on:

e
;. the type and volume of waste to be processed
. operatlonal con51derat10ns such as avallable space, stafﬁng for
‘operations and mamtenance, ne-ed for remote handhng, and stor-
' lage capac1ty, and '

‘. evaluatlon of capltal and operaung costs to prov1de an optlmal

S e jbalance in cost—effectwe operatlonal efﬁmency

[ i

Versatllrty to accommodate a broad range of wastes and mtra-waste vari-

ability is an important design consideration. . For example, significant
: . i ot e . | PR e, . - .

| .
|
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. . ‘ . .Figure 3.7 _
. Photograph of a Typical Bench-Scale Sample of .
' Lead Wool Macroencapsulated in Polyethylene
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savings and process srmphc1ty can be achleved 1f a smgle process is de-
signed to handle both aqueous liguids and dry incinerator ash residues (mi-
croencapsulat1on), as well as miscellaneous debris and lead scraps ‘

. (macroencapsulatron) Extruders and mixi ng equipment described are com-
mercially available in a wide range of s12es with potentral output ratmgs
ranging from several lb/hr to many tonlhr

Space requlrements can range from small bench—top units to large sklds
requiring several hundred square feet. The Brookhaven National Laboratory
productron»scale treatment system (rated at 900 kg/hr [2,000 Ib/hr]) is con-

- figured as a fixed-base system and occupres approximately 28 m? (300 ft2).
During the desrgn phase, all components ofa fully-mtegrated system must
- be consrdered Capacities and physrcal space requrrements for all ancillary
L equrpment such as pretreatment systems, materials handling systems, feed-
ers, processmg equlpment and momtormg and process control systems,
. must be compatrble :

-}
The need for remote handhng and processmg of waste materials prov1des

an additional challenge for system desrgners However, materials handling
" systems for waste and binder materials and remote drum handling equipment
_are readxly avarlable and have been used in the commercial nuclear power
industry for many years. Process momtonng and control equipment can
. easily be installed away from processmg areas to nnmrmze operator expo-
" sureto radroacttve and hazardous matenal -

Polymer encapsulanon processes are amenable to ﬁxed-base or mobrle
e - o ‘ skrd-mounted conﬁguratlons For mobile unlts, separate components (e.g.,
‘ ; ‘ e B pretreatment extruder ‘material handling, process control) could be mounted

“ in modules that are easrly assembled and dlsassembled for shlppmg
- hi] : \
‘ “ Umt s1zmg for macroencapsulatlon depends on the size of debris bemg

© treated and the volume of waste. As discus sed prevrously, extruders are
readily avmlable in numerous sizes with ou tput rates ranging from 9 kg/hr
20 1b/hr) to several tons/hr. Prototyprcal 208 L (55 gal) drums of debris
have been successfully processed to date. A typical production-scale 11. 4
cm (4.5 in. ) smgle—screw extruder, rated at 900 kg/hr (2,000 Ib/hr), can pro-
cess a 208 L drum of macroencapsulated waste in about 18 minutes.

R ‘ : Envrrocare has installed 2 11.4 cm s1ngle-screw extruder, as described, at

T B ‘ - their fac111ty in Clive, Utah to process DO]E') nnxed waste lead and debns

- 3.44
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A major advantage of SPC is the simple design required for stabilizing-
waste. A process-flow diagram for SPC is shown in Figure 3.8. A discus-
sion of the equipment required and its operation is provided below.

Figure 3.8

Process—Flow Diagram for Sulfur Polymer Cemem‘

Applicable Generic Wastes

Incinerator Ash
. (Fly/Hearth)

: v
Solids ———————» -
e l\s* N Volumetric Volumetric Volumetric
Shred Feeder - ceder Feeder
Large Solids (Waste) (Binder) (Additives)
Dryer .Off
gas
Pretreatment O
. (Baghouse)

" Wet Solids (Studges)

Aqueous Concentrates

" Final Waste Form

. Feeding the waste and SPC into the mixer must be done precisely in order
to ensure proper waste loading. Brookhaven National Laboratory has shown.
that either volumetric or loss-in-weight feeding (Kalb 1995b) effectively .
control material flow rates. The same type of feeders can be used to feed

-additives, 1f necessary.
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Bench-scale development work at Brookhaven Natronal Laboratory was
conducted using several types ‘of heated batch mixers including low- and
hrgh-shear blade mixers and double planetary orbital mixers. The latter
provxdes a highly-efficient mixing pattern at relatively low mixing speeds,
thus reducing air and gas entrainment in the molten mixture. Heating can be

. achieved by thermocouple—controlled electric resistance band heaters, steam,
. or hot orl c1rcu1at10n heaters (Kalb and Colombo 1985a, Kalb Hexser, and

Colombo 1991b Adams and Kalb 1996)
{

Two types of productlon-scale mixers have been evaluated by Idaho Na-
tional Engineering Laboratory (Damell 1993). One is a Holo-Flite mixer
produced by Denver Equlpment Company. The other is a Porcupine Proces-
sor. Both mixers use hot oil as the heatmg agent. They pump the oil through

“the hollow shafts, fhghts and external Jackct Both can be easily modified

to extend the heated jackets to heat the shafts. This will allow the re-melting

_ of solidified waste product w1thout damaging the mixer (Darnell 1993).

"The Holo-Flite mixer is shown in Figure 3.9 and has a dual shaft with 18
cm (7 in.) drameter fhghts Each of the shafts is approximately 4.0 m (13 ft)
long This horizontal mixer can place heat within 5.1 cm (2 in.) of every
waste partlcle, thus preventmg hot spots and allowing remelt after shutdown
Asa closed system the mixer 1s desrgned to confine dust and gases by oper- . .

E atmg ata negat1ve differential pressure (Darnell 1993). The Porcupine Pro-

cessor, as shown in Figure 3.10, has a single shaft with 30 cm (12 in.)
flights. The shaft is approxnnately 1.8 m (6 ft) long. Instead of having a
continuous screw this processor has hollow paddles shaped like beaver talls
(Frgure 3.1 l) Scientific Ecology Group, Oak Ridge, Tennessee, has con-
ducted pﬂot—scale testmg of SPC encapsulatron for mixed waste ﬂy ash us-
inga steam-heated high-shear mixer. They have reported successful results -
for processmg batches of approx1mate1y 1, 560 kg (1.5 ton).

Some rmxers allow processing under ne;ratlve pressuré condrttons Oper-
ating under vacuum reduces the necessary processing temperature and facrh—
tates capture of any offgases that are generated k )

L B

S 3.2 3 3 In Sl’ru Polymer Stobihzotion/oolidlﬁco’non

[ B
A number of technologres that have been used to place conventlonal grout
walls and curtams can be.used w1th in situ polymer S/S. These include deep

. soil rmxmg, jet groutmg, and permeatron groutmg Other methods, such as_
excavation or trenchmg and drsplacement/replacement techmques, involve -
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Figure 3.9
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removal of the s01l treatment, and replacement in the ground Stnctly
speaking, such technologles are ex-situ. Deep soil mixing relies on a verti-

cal auger to bore a large diameter hole i in the soil and mix the soil with the
polymer, which is injected under low pressure (~2.1 MPa [~300 psi]). Jet

‘grouting uses a rotating pipe that is drilled into the soil. The polymer is

. injected through a small orifice (1 mm [39 mil] diameter) at high pressure
- (~34 MPa [~5,000 psi]) as the pipe is gradually withdrawn from the soil.

" Penetration is typically 1.5 to 2.0 m (4.9 to 6.6 ft) in diameter. A recent

modification to jet grouting, known as “super jet-grouting” uses very high
- pressures (up to 170 MPa [25,000 psi]) to hydrofracture and inject the

. grout. This technique might be useful in treating sites where buried waste
in the form of drums and containers needs to be breached for complete
treatment. Permeation grouting injects low viscosity materials through a
series of m_]ectlon wells at low pressure (~0.69 MPa to 1. .38 MPa [~100 to
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= ‘ Figure 3.]1[5
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© 200 psi]j and relies on penneétfbn through ‘the soil for pélnetratioﬁ. A“‘r‘écuser‘l |

evaluation of these methods for use with emplacement of barrier walls

(McLaughlin et al. 1992) recommended permeation grouting and jet grout-
ing as the most effective methods for placing polymer barriers. These tech-
~ ‘niques are illustrated in Figures 3.12 and 3.13. Permeation grouting is sus--

. ceptible to hydrofracturing and short-circuiting which make it difficult to

control the flow of grout. Deep soil mixing is effective for contaminated

soils, butlmjight not be applicable for buried waste; penetration of the augers

might be hindered by the waste. .

- 3.48
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Flguré 3.11
Porcupine Processer Paddies.

Source: Darnell 1993

Figue3.12 ,
Subsurface Barrier Installation by Permeation Grouting

Source: Heiser and Milian 1994
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" feed mechamsm, feed rates, process rates, or zone temperatures. When
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To select the most appropnate in situ technology, the followmg factors

‘ must be conSIdered ‘the placement effectlveness, site soil conditions, pres-

ence of buried waste (other than soil), volume of soil to be treated; and eco-
nomic feasibility. It is also 1mportant to remember that treatment of waste -

contaminated soil is different than placmg a barner when extrapolatmg bar—
rier plaeement data

3.2;4 Protiess Moditicdtibns

A major advantage of polyethylene S/S is that it does not requrre a cherm-

~ cal reaction to solidify and therefore, is not usually affected by changes in
. waste chemlstry over time. Varymg the type of waste to be processed or the -
B physrcal characteristics of a g1ven waste stream might require mod1ﬁcat1ons

pretreatment requirements, waste loadmg specifications, polymer type ‘

350
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variations in waste types and/or conditions are anticipated, the System should
be designed for maximum flexibility. In some cases, modifications in the ex-

. truder screw design might provide optimal processing results. For example, one

or more alternative screw designs should be kept on hand in case they are
needed. Many varieties of polymers with a wide range of melt temperatures,

“melt viscosities, and mechanical properties are available both'as virgin materials

and as recycled feedstock. Varying the type(s) of polymers or the mix ratio of

several feedstock polymers can dramatically affect processablhty and final

" product performance. While the extrusion process is.generally forgiving, vary-

.ing waste loading specifications, feed rates, and zone temperatures is usually

required to optimally process a given waste stream. Additives might be incor-

porated to reduce leachability of contaminants. Several materials such as so-
dium sulfide and sodium hydromde have been used to reduce solubility of toxic

- metals and hence reduce leachability of the encapsulated final waste forms.

‘ 3.24.2. Sulfgr Polymer Cemem‘ Encapsulation

Depending on the type of waste and its chemical and physical characteristics,.
process miodifications might be required. For example, additives to enhance
‘mechanical mtegnty (e.g., glass fibers) can successfully mitigate the expansive
forces of soluble salts that can cause cracking when the waste form is exposed
to saturated conditions. Brookhaven National Laboratory added 0.5% (by '
weight) of glass fibers into SPC for ash wastes that were high in chloride salis
to eliminate cracking attributable to immersion in water (Kalb, Heiser, and
Colombo 1991b). High concentrations of toxic heavy metals can cause.the
encapsulated waste to.fail US EPA TCLP concentration limits. Additives have -
"also been shown to decrease leachability of toxic metals when excessive con-

. centrations of metals are present in the waste. Brookhaven National Laboratory -

has reported that the addition of sodium sulfide when mixed with the waste and
SPC can effectively stabilize the toxic metals. The sodium sulfide reacts with

- metal salts to form a Jow solubility metal sulfide within the microencapsulated
waste form.. A ratio of 0.175:1, sodium sulfide to fly ash was reported as an
effective ratio to enable the treated ash waste (which contained 7% [by weight]
soluble lead 'salts) to pass the TCLP (Kalb etal. 1991). - :

3 2. 4 3 N Situ Polymer STC(b!lIZGﬂOh/SOIIdIﬁCGﬁOh

. In situ"applications are, by’ deﬁmnon, more d1verse than ex-s1tu There-
fore, site-specific conditions including soil characteristics (composition,




- particle 51ze, permeabxhty, moisture content), volume and remedratron re-

kl ; ‘ “ ‘W‘
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qulrements will foster a need for process modifications from one application

| to another. In some cases, the type of polymer will need to be varied based .

on cost, v1scos1ty, chenucal compattbxhty, ete. In other cases, the placement
technology will requ1re tarlonng to the spemﬁc conditions of the site. For
example, if the site contains a hlgh concentration of low permeability clays,
a placement techmque that prov1des more active mixing (e.g., deep soil au-
guring) rather than one that relies on permeation through the soil, would be
preferred. Once a given technique and material are selected, modifications
can still be made to improve system performance For example, quantities
of catalyst and promoter can be varied dependmg on requirements of the

) "sorl Lower concentrations of catalyst and promoter may decrease peak
exotherrmc temperatures (reducmg volatthty), but will also decelerate setting

and curing times. Grouting pressures and drilling rates can also be adjusted

‘ to compensate for varymg site conditions. Higher pressures generally result

in mcreased ‘penetration and may prov1de nnproved homogenerty of the
waste-blnder mixture, ~

3. 2 5 Pretreatment Processes -

3 2 5. 1 Polye’rhylene Enc psuloﬂon

“To be efﬁcrently processed by polyethylene extrusron, waste materials ‘
must be dry and meet acceptable particle size speclﬁcatrons If as-generated
waste does not meet these processmg requirements, pretreatment processes,
including drymg and size reductton, is needed. Waste to be encapsulated in
polyethylene should not contain more than 1 to 2% (by weight) moisture.
Various commercral drying mechamsms 1n«:1ud1ng spray dryers, fluidized .
bed dryers, thin-film evaporators and vacuum dryers, have been investigated
for use w1th polyethylene-based systems. Vacuum drymg was selected at
Brookhaven National Laboratory because of its ability to meet both moisture
and minimum particle size reqmrements The commercially available:
RVR-200 vacuum dryer, supphed by MMT of Tennessee, consists ofa
honzontally-mounted stirred rmxer, steam Penerator condensate recovery

" “skid, and clnller (Frgure 3.14). It can dry up to 760 L/day (200 gal/day), but

larger systems are available with outputs up to 3,030 L/day (800 gal/day).
The dryer is controlled and monitored remotely and includes closed c1rcu1t
v1deo for observmg the condmon of the nuxture
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- Figure 3.14 ‘
.Flow Diagram for RVR-200 Vacuum Dryer
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Particlc size requirements vary according to the type of processor se-
lected. In general, the smaller the particle size, the more effective the mi-
croencapsulation of waste particles, and the lower the leachability of the
final waste form. Therefore, for paiticles >3 mm (0.12 in.), performance is

" improved by size reduction prior to extrusion. The Brookhaven National
Laboratory pretreatment system includes an in-line comminutator at the
dryer discharge. - It consists of a series of rotating knife blades that break up

. particles and force them through a mesh screen. A typical resulting
particle-size distribution is shown in Figure 3.15. ‘
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Flgure 3. 15
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Thermokmetlc rmxers are currently bemg, tested to pretreat wastes wrth low-
to moderate- moisture content. The advantages of this approach are lower en-
ergy requirements for drymg, lower capital ¢ osts, and enhanced homogenerty of
waste and binder. However, wastes ‘with hrgh moisture content reduce available

’ frictional heat energy and 1nhrb1t the mixer’s ablhty to drive off moisture. These
‘wastes requrre more conventronal dryer pretreatment

‘ \
3.25.2 Sulfur Polymer Cemen’r Encc:psula’rion

As'with polyethylene encapsulatron, sm. aller waste partrcles allow more
effective rmcroencapsulatlon of the waste and minimize leachability. Pre-

* treatment srze reducuon with a shredder or a crusher may be requrred to

achieve thls small partrcle srze 5 Unlike LDPE ‘however, SPC has no limit on

minimum par’ucle size, since itis a low vrscos1ty matenal and is processed
by batch mrxmg

| L

" Sulfur polymer cenient is also mcompatrble with water in the waste.
M01sture that is volatilized durmg processmg can become entrained, lower-
ing the product density and mechamcal mts.,grrty, and increasing porosrty and
leachabrhty Therefore, all waste should be dried prior to stabilization (<1% ‘
morsture) If wastes are heated and held at the process temperature prror to -
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mixing with sulfur polymer, residual moisture is liberated, and the waste/
_ - binder mixture remains in a flowable state for a longer period of time
. (Mayberry et al. 1993). Since SPC is compatible with a wider range of ac-
ceptable particle sizes than is LDPE, the choice of dryer for pretreatment is
less cntlcal :

3.2.6 Posttreatment Processes

- Since polymer encapsulation processes operate at relatrvely low tempera—
turés, most contaminants (e.g., radionuclides, such as Cs, Sr, Co, and toxic
metals, such as Pb, Cr, Cd) are not volatilized during processing, minimizing
. offgas posttreatment requirements. However, highly volatile metals, such as

'Hg, as well as sound health and safety engineering practices, require the use
of offgas collectlon and ventilation systems for extruders, dryers, or other

- process equ1pment that generate gaseous or particulate effluents. For
streams contdining small quantities of volatile organics, carbon traps can be

. used to absorb organic vapors prior to drscharge

The final waste form geometry can be determined to meet the needs of the
;parucular application. For example, final waste form products can be pro-
duced as standard cyhndncal or cubical monoliths that require less room for
storage. 'Leaching of the microencapsulated final waste form can be de-
creased further by surrounding the waste form with a clean layer of plastic

. . (double encapsulated). This can accomplished by co-extrusion or a plastic = -

liner. Altematrvely, encapsulated wastes can be pelletized and stored in
secondary containers or encapsulated within a larger waste form

_' 3.2.7 : ,Process Iristrumentation and Controls _

3.2.7.1 Polyethylene Encapsulation

Ames Laboratory has developed an on-line monitoring system for the
polyethylene encapsulation process (Wright et al. 1994). Based on Transient
Infrared Spectroscopy (TIRS), the system enhances quality assurance/quahty '
control (QA/QC) of the process by assuring that the preset mixture ratiois
being delivered and preserved throughout the process. The Ames monitor is
shown in Figure 3.16. The computerized monitor compares real-time pro- .
cess spectra with previously stored calibration data to produce instantaneous
and time-averaged waste loading data. Calibration data showing predicted
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waste loadmg usmg themTIRS momtor plotted agamst actual waste loadmg
(Figure 3. 17) demonstrate the accuracy of the monitor. Information is also
stored for‘a permanent QA record of the pr ocessmg run.

a “ Figure 3. 16"

Tronslent Infrared Spectroscopy (Tl IRS) On-Line Monitoring System Developed
by Ames Loborotorv for ’rhe“ Polve’rhvlene Encoosuloﬂon Process

The full-scale polyethylene encapsulatlon famhty at Brookhaven Nat10na1

Laboratory includes 1nstrumentat10n and process momtormg modules that
can be remotely located from the processmg equlpment to reduce operator
exposure to radiation and hazardous materials. The extruder module in-

cludes screw speed control,sol‘ld state monitoring, and control of heatmg L
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and cooling in five separate barrel and two die zones and digital and andlog s
process indicators for melt temperature, melt pressure, screw speed, and
current draw. The integrated process control unit is operated on a personal
computer using a customized program written for Windows™-based conirol
software. The controller receives a weight signal from a solid state drum
scale, integrates the information into a process rate and operates the feeder
master control unit to keep pace with the process. Thus, as the extruder .
screw speed is increased, the output increases and the feeder rates are in- -
creased proportionally to fnaintain the process rate (Kalb et al. 1995b).

. Figure 3.17 '
TIRS Monitor Plotted vs. Actual Waste Loading
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Source: Kalb..and Lageraaen 1994

3. 2 7.2 Sulfur Polymer Cement Enccpsulcmon :

‘Sulfur polymer is processed by stirred batch heaters, which are relatively
" simple mixing systems. Parameters to be monitored are melt temperature,

system vacuum, and mixer speed. A closed circuit vidéo monitor allows lhe
operator to observe the condition of the mixture. :
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~ 3.2.8.1 Polyethylene Encapsulation
. Worker exposure to radioactive and hazardous materials during pro-

= 3.2.7.3 In Situ Polymer Sfd5ilizdfion/S(blidiﬁcafion

. Combining the catalyst and promoter with the monomer is best accom-

plished by mixing the proper ratio of each co'mponent with half the mono-
mer and then pumping the two mixtures simultaneously through twin grout
nozzles. Flow rates of each mixture must, therefore, be carefully controlled

. and monitored to assure that the proper ratios of components are delivered
_ and mixed with the waste. Grouting pressure controls the extent of radial
penetration, and drill speed regulates how quickly the column can be placed.

Each of these parameters requires operator attention to ensure proper instal-
lation of the in situ polymer column. ‘

3.2.8 Safely lssues . |

dessing and maintenance operations is an important safety issue for any

... ‘treatment system. Because of relatively simple and reliable operation,
- polymer processing equipment generally requires less maintenance than

other types of S/S systems. For example, extruders can be readily
purged and cleaned by processing polymer that contains no waste or by

- using specially-developed, purging compounds. In the event of an un-

planned shutdown, polymer solidified within the extruder can be easily

' re-melted enabling the operator to rapidly resume processing. Remote

handling, ‘fhonit‘d‘;in‘g‘,f and process contrcls also minimize exposure to -
hazards. S‘tandard OSHA safety practices for operating equipment at
elevated temperatures (e.g., heat shields, protective clothing) ensure safe
operation of polymer processing equipment. o

. > |
~.3.2.8.2 Sulfur Polymer Cement Encapsulation

~ Airborne SPC dust éai; i)e rmldly éxpibé%ve so safety f;gébautiohé mustbe

exercised. The U.S. Department of Transportation does not consider SPC to
be flammable. When exposed to a direct flame, SPC will burn, but will self .

~ extinguish when the flame is removed (Mayberry et al. 1993). SPC will

emit hydrogen sulfide gas, sulfur dioxide gas, and volatile organic sulfur

, cqmpouqu if SPC is“melted above 160°C (320°F). These gases are both
poisonous and flammable (Mattus and Mattus 1994); therefore, precautions
- must be observed to avoid overheating SPC. ‘
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The ﬂash point of SPC as determined by the Cleveland Open Cup o e
method is 177°C (351°F), and the auto-ignition temperature is 232 to
254°C (450 to 489°F).

3 2 8 3 In Sh‘u Polymer S’rablhzchon/Sohdiﬁcc’non

Polymenzatlon reactions are exothermic and, depending on the types and’
quantmes of catalyst and promoter used, can be difficult to control. How-
ever, if monomers are stored without added catalyst or promoter, and the
combining of the catalyzed and promoted monomers takes place at the time
of placement in the ground, few dxfﬁcultles have been experienced.” Thermal
energy can also act in a similar manner as chemical promoters, so matenals -

- should be stored in a cool area pnor to use.

3.2.9 Specification De,velopmenf ‘

3.2.9.1 Polyethylene Encapsulation

In addition to the typical engineering requirements, specification should
take into account materials of construction, power requirements, and the
integration of ancillary components. Many waste streams are either acidic or
alkaline and can be highly corrosive. Process components that come in di-
réct contact with corrosive materials. should be of appropriate corrosion-
resistant alloys. Specification of each of the required auxiliary components
.should be coordinated with the overall system requirements. For example,
pretreatment equlpment must complement final waste form processing in
terms of production rates, product specifications (e.g., moisture content,
particle size), and physical layout. Handling systems must be able to supply
materials in either batch or continuous mode, as appropriate, at required
production rates. All equipment must meet appropriate engmeermg stan-
dards for safety. Vendors with experience in producing equipment for
* nuclear and hazardous materials should be able to demonstrate cotnpliance
with appropriate certification standards (e. g., American National Standards
Institute [ANSI]). Thermoplastic polymers are available in a wide range of
densities, melt temperatures, melt viscosities, and as either virgin or recycled
feedstock. Therefore, the type of polymer should be selected according to
the type of waste being treated and feedstock specifications written into the
waste treatment plan and operating procedures.
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.l . 8. 2 92 Sulfur Polymer Cemen’r Encqpsuloﬂon
‘In choosmg an appropnate m1x1ng syste‘m, the engmeer must cons1der

‘which method of thermal 1nput will be used (e.g., steam, hot water, oil, or

electric res“lstance heating) and which type ‘of mixing blade design is opti-
mal. The latter choice should consrder thé nature of the waste stream that is
anucrpated For dry powders with small partlcles, slow-speed orbital or
paddle mixers might be ideal. For wastes with larger particle size and/or
greater densrty, high shear mlxmg mlght be preferable Prior to selecting
the mixer design, bench-scale vendor testing to confirm apphcablhty is
often requlred Offgas treatment should include a carbon trap to redice
noxious (but harmless) odors that are associated with molten sulfur. To .

' expedrte batch processmg, the SPC encapsulation process can be desrgned
with a secondary heating tank to pre-melt the binder and introduce it in _
liquid form into the mixing vessel. Likewise, if the waste is preheated prior

" . tocharging mto the mixer, overall process time is reduced and mlxmg can

~ be nnproved Engineering desrgn specification requirements are similar to -

.. other polymer encapsulation technologles, such as’ polyethylene in that the -
_system must be able to w1thstand corros1ve condrtrons and meet mdustry

certlﬁcatlon standards

3 2 9 3 ln u Polymer Stoblhzoﬂon/ >ohdiﬁcohon |

" The key factors in selecting monomers, catalysts, promoters, and addr-
tives, if requ1red are the type and propertre s of the soil being remediated
(e g partrcle s1ze, permeabrhty, chemical (,omposrtron) and the contami-
nants of concern. Key engmeenng propertres of the polymer matrix, suchas
viscosity, settmg time, and peak exotherms can be tailored according to the
specific. so11 and contarmnant cond1t1ons present For example, the chorce of
catalyst and promoter and specrficatlon of rmxmg ratios can affect how
quickly polymenzatmn occurs. Settmg and curing times must be tailored to
ensure raptd solidification W1thout mterfermg with on-gomg drilling and
emplacement operations. Polymer/sorl mlxmg ratios are predetermined from
laboratory—scale testing to optnmze perforrnance of the solidified product
(e.g., leachlng), while provrdmg cost—effecf ive treatment (e.g., mlmmlzmg
the quantlty of polymers added) Desrgn specrﬁeatrons for emplacement “
equipment must consider i 1ssues of pumpmg and delivery pressure, nozzle
de51gn, penetratlon, mamtenan e/cleamng, etc .
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- 3.2.10 Cost Data - -

3. 2 10.1 Polyefhylene Encopsulahon

In general, capital and operatmg costs for polyethylene encapsulatlon sys-
tems are moderate to higher than those of conventional hydraulic cement grout

" processes but lower than high temperature vitrification systems. The cost of -

polyethylene feedstock varies between $0.99 to $1.32/kg ($0.45 to $0.60/1b)
depending on the type of polymer and the quanuty purchased. Use of recycled
polymer feedstock might reduce material costs in the future, but the availability
of well-characterized recycled polymers is currently limited. Material binder
costs can be estimated considering that microencapsulation waste loadings -
typically range from 50-70% (by weight). Typical capital costs and estimated
energy requirements for production-scale process equipment are summarized in
Table 3.12. Several equipment options are presented for comparison. It should
be noted, however, that the total cost of treatment is often influenced most by
storage, transportation, and disposal costs, which, in turn, are directly relatecl to
final waste form volumes produced.

. Table 3.12
Typical Caph‘al Cost Don‘a and Estimated Energy Requirements for
Production-Scale Polyethylene Encapsulation Process Equipmenta

Estimated Capital Cost Estimated Energy Reguirements .

Component . -(® : ’ (KW)
Single Screw Extruder . 200,000 o ) " 50
Twin Screw Extruder : 450,000 - ‘ . 100
Thermokinetic Mixer _ ' 150000 ‘ : 40
Vacuum-Dryer 550,000 7b
Material Handling Systcm : 30,000 . c
Feeder Systcm o . 35000 [
Process Control System ’ 157000 ’ c

*Based on unit slzing with approximate total output of 2,000 Ibr
bPer pound of salt produced -
‘Negllglble
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Design Devebpmeh’r

3.2.10.2 Suifur Poerﬁér Cement Encapsuqulon‘ ‘

' [T . PRI il W L L e PR .,
_ ' * ' Since processing is carried out using simple stirred melters, capital and oper-
- ating costs for sulfur polymer encapsulation are slightly lower than for higher

viscosity thermosetting polymers. Production-scale mixers can cost between o

‘ $100,000 to $150,000, while pretreatment and feeder equipment are similar in

" cost to those described in Table 3.12. The cost of the SPC raw material is cur- ~

rently about $0.26/Kg ($0.12/1b); slightly higher than conventional hydraulic
cements. SPC binder costs can be ?sﬁmated{ based on typical waste loadings
ranging from 40 to 60% (by weight). However, the cost of the material is just

" one factor in determining the life cycle cost of treatment and disposal. All as-
.pects of the cost formula, such as pretreatment requirements, energy, operation

and maintenance, and waste form storage/transportation/disposal costs must be
considered. Because SPC encapsulation can, in some cases, reduce final waste
form VQ]PII";C%I?}" a factor of up to 3 times as compared with Portland cement

concrete, SPC should prove cost-effective compared with conventional hydrau-

-lic cement technologies.

3.2.10.3 In Situ Polymer Stabilization/Solidification
Capital costs for in situ polymer S/S processing equipment range -
from around $550,000 to $2,000,000 for a typical jet grouting rig. -Ap- -

. proximately 200 kW of energy is required to operate drilling and high-

pressure pumping equipment.. Material costs for thermosetting polymers

“are relatively high and can range from around $1.74/kg ($0.79/1b) for
polystyrene and some acrylics to more than $14.33/kg ($6.50/1b) for
‘polysiloxanes and some epoxies. T ‘ : o

As w1th‘1 ophér S/s techoloéies, the applropriateness of Specifié éﬁéinégf-
ing system design should be evaluated for each new polymer S/S applica-
tion. Typically, this is done through pilot- or full-scale testing using Surro--
gate waste materials. Testing can be accomplished by technology develop- °

~ ers, but is most effective if conducted by or in conjunction with commercial

vendors that plan to market the technology. If competing designs or pro-

" cesses are being considered for a particular remediation project, treatability |

and pilotjécale testing of each system is recommended to provide sufficient

"

O
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" data to make an informed evaluation. Peer review of polymer S/S technolo-
gies have been conducted by tapping expertise within DOE, the regulatory -
community (US EPA and NRC), academia, and the comme;cial sector. -

- 3.2.12 Permitting Requirements

: Trca_afability studies for characteristic hazardous and mixed wastes are re-
-quired to demonstrate compliance with RCRA by 40 CFR 261 as administered
-under the US EPA or authorized state agencies with jurisdiction over environ-

mental issues. Treatability studies must include the TCLP test. US EPA ré-
cently proposed significantly reducing the allowable concentrations of toxic
metals in TCLP leaching (US EPA 1995b). Small-scale tréatability studies

(treatment of <10,000 kg/yr [22,000 1b/yr]) can be conducted without special -
permits as long as the appropriate authority (state agency or US EPA) is notified -

at least 45 days prior to initiating the study. For larger quantities, a RCRA Re- . -

search, Development, and Demonstration (RD&D) treatment permit is required.

For some listed waste streams, US EPA has established technology-based stan- '
. dards, ehmmatmg the requirement for treatability studies.

For commercial radioactive or mixed wastes, treatment must meet perfor-
mance based standards defined in 10 CFR 61 by the NRC (NRC 1983). The
. NRC requires the waste generator or treatment vendor to prepare a topical
report that documents results of specific final waste form performance tests
- for stability and leaching characteristics under a variety of simulated dis-

. posal scenarios (NRC 1991a). The stability and performance tests include

- compressive stréngth, water immersion, thermal cycling, biodegradation,
radiation stability, and leachability. Topical reports submitted to NRC are
. reviewed, and if deemed acceptable, the technology is licensed for commer-
cxal treatment.

- The DOE’s disposal requuement is based on a risk-based performance
" assessment analysis for a specific disposal site (DOE Order 5820.2A). Un-

der current law, DOE must comply with disposal requirements established
by US EPA, but is exempt from NRC requirements. However, some DOE

' sites are using NRC’s test protocol because DOE has not defined specific
testing requirements to support DOE Order 5820.2A (Mayberry et al. 1993).
Individual disposal sites or states can impose their own waste acceptance. -
criteria (WAC) for DOE low-level radioactive wastes. Currently, most site
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: j WACs are less slnnge t than NRC performan e cnterla For example,

cally they require no free water or they impose maximum radioactive con-

* centrations. As states and regronal state compacts (groups of states agreeing
"'to cooperate in the smng of new disposal facilities) continue to construct
new facrlmes, more ngorous standards mrght be adopted

T I
Regulatory issues associated with the use of polymers for in sttu bamer

- fnaterials have been mvestlgated (Siskind and Heiser 1993). They concluded
. that since polymers have been used extensrvely in the construction industry
" in full comphance with apphcable health, safety, and environmental regula-

tions, no difficulties are antrclpated for their use as in situ barriers. The

;. same set of regulations, with the possrble exceptlon of the Safe Drmkmg
- Water

subsurface bamers, or S

- mance of the remediated s1te must be in accord w1th all pertinent envrron- -

. mental regulatrons

' final waste form’s ability to retam contanunants over time. As with other

S/S technologies, processing efﬁcrenc1es are expressed as the quantity.of
waste ‘that can be effectively encapsulatecl per unit volume, while still main-
tamlng adequate performance, ie., ablllty to meet regulatory and disposal
site acceptance criteria. In order to make comparrsons ona equrvalent basts,

R these data are usually presented in terms of dry weight percent of waste.

Polyethylene encapsulatlon has been stcc essfully demonstrated at waste
loadings from 30 to 70% (by welght) dry waste, depending on the type of
waste, levels of contarmnants and the pe 'formance standards requrred “

Mechamcal 1ntegnty, durab1hty, an ‘leachmg charactenstrcs are e

"~ cal performance measures of potent1a1 ﬁnal waste form behavior under ~

long-term storage and d18posal conditions. Low-level radioactive and mixed .

' wastes generatecl in the commercial sector are subject to NRC licensing

requirements for treatment and disposal described in Section 3.2.12. The
.NRC has estabhshed mrmmum waste form performance requrrements for
‘durablhty and leachmg m support of 10 C‘FR 61.

| ‘
’Iyplcal performance test data for polycthylene encapsulated waste forms

are presented in Tables 3.13 and 3.14. The results of compression strength

~ tests for SPC are lrsted in Table 3 15 Sulfur polymer cement prov1ded a
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Table 3.13
Typlccl Durability and Leaching Data for Polyethylene
Microencapsulated Final Waste Forms Containing 60% .
Slmulcfed Nitrate Scl'r Was‘re by Weight

Minimum Standards

Final Waste Forml Pe'rfor,mance: i Test Protocol : v Results . for NRC Licensing
_Compressive Strength - ASTM D-695 ' . 2,200 psi .'60 psi
Water Immersion . 90:day; ASTM -695 2,310 psi _. 60 psi
 Thermal Stability . 30cycles, - 40+460°C, 19%0psi 60 psi
. _ ASTMD-695 = .|

Biodegradation ‘ ASTM G21, G22; 1,460 psi* 60 psi
. . _ ASTM D-695 ‘ '
Radiation Stability . * 10 rad; ASTM D~ 695 2420psi  60psi

Radionuclicic Lca'c.:hability ANS 16.1 ° ' .9 Leach Index 2 6.0 '

*Apparent loss in strength fol!owmg biodegradation was aﬂnbuted to test protocol rather than structural properties of the
waste forms;

Adapted from Kalb, Heiser, and Colombo 1991a; Franz. Haiser , and Colombo 1987 =~ . '

Table 3.14
Typicol ANS 16.1 Leach Test Data as a Function of
Waste Loading for Microencapsulated Final. Waste
Forms Containing Simulated Nitrate Salf Waste

Waste Loading . ,

(% by weight) Cumulative Fraction Leached . Leachability Index*
30 09 ) 11
s0 63 ' 97
60 C 15 9

70 ' ' 734 18

'Conducted as per procedures ouulned in ANS 16.1 Standard Leach Test Method. Minimum Leach fndex
. recommendad by NRC Is 6.0. .

' Adapted from Kalb, Helser, and Colombo 1991a

’
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“ | Table 3.15
Compressive Sfreng’rh Data for Sulfur Polymer/Ash
Wosle Forms Following NRC Performonce Tesﬂng

. cen Te‘st,Pro‘tocoli o Corrli)tessive Strength®b
. o R N N—— M

o Compressrve Strcngtix

Waterlmmersron N - 38
Thermal Cycling i ‘5,370 rnsi “
.. v Biodegmdstion 2620psi

"Dala for wasla forms contalnlng 30% ash by walght Blodegradallon and Radiation Slablllty lestlng conducted’ on neat’

sullur polymer spaclrnens (no waste)
comp ' recommended by NRC is 500 psl .

Source: Kalb, Helser, and Colombo 1991b

. i “ 6 ™ . n
ANS l6 l Leoch Data for Sulfur Polymer Final
Wos‘re Forms Com‘olnlng lncinero’ror Ash

" Ash Waste Loading _ ‘ . e ’
(% by weight) . Co-60 Leachability Index* Cs-137 Leachability Index*
‘ 20 o 14 : ) B R
KT . e Ju b e e ! ' o
40. 14.6 j B I8
- N ) 1
| [

*Conducted as por procedures outllned ln ANS 16 1 Standard Leat,h Test Melhod Minimum Leach Index
racommended by NRC Is 6.0. ‘

Source: Kalb ang‘l‘ Galombo 1984

'
'

| E I

: compressioﬁn strength performance of at least four times the minimum NRC
requuements of 3.4 MPa (500 psi) on all tests. Table 3.16 illustrates the

~ leach performance data for the ANS 16.1 leach test recommended by NRC

‘ (ANSI/ANS 1986; NRC 1991a) The SPC leachablhty indices are four to

eight orders of magnitude lower than those requu'ed by NRC. The perfor-

mance and durablhty of in sxtu polymer concrete sohdlﬁcatxon for treatment
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of buried wastes at Idaho National Engineering Laboratory are currently
under investigation. Preliminary data for in situ stabilized soils shown in
Figure 3.18, indicate excellent mtegnty and durability of treated surrogate
soil waste samples

' Figure 3.18 '
Compressive Strength of Polymer Soll Grouts After Resistance Testing

25
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Source: Heiser 1995

For hazardous and mixed wastes, US EPA’s TCLP criteria apply. The test
was designed for a traditional hydraulic cement S/S process and requires size
reduction of the monolith to pieces that can pass through 2 9.5 mm (370 mil)
sieve. Furthermore, the test is biased toward alkaline pH-based systems,
since solubility of most metals is limited under high pH conditions. . Given -
size reduction requirements and leachate pH conditions, processes that rely
primarily on microencapsulation are at a distinct disadvantage by compari-
son. Nevertheless, all potential S/S technologies must meet 40 CFR 261
TCLP leaching protocol. Typical TCLP leaching data for polyethylene en-
capsulated waste, compared with untreated baseline data, are presented in
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"Table 3.17. Table 3.18 provides pei'fonnance data from the TCLP for
SPC-encapsulated waste. The Idaho National Engineering Laboratory fly .
ash (untreated) leachate concentrations were well above the TCLP-allowed

- concentrations. Leachability of the fly ash solidified with SPC was consid-
erably lower, but was still above the allowable concentration levels. The
addition of small amounts of sodium sulfide with SPC encapsulation re--
duced TCLP leachability of the SPC solidified fly ash-below allowable con-
centrations. The sodium sulfide reacts with the metals salts fo form metal
sulfides that have low solubility within the solidified matrix (Kalb Heiser,
and Colombo 1991b). .

Table 3.18
USEPA's TCLP Performance

Results from US EPA Toxicity Characterization Leaching Procedure
. for INEL Incinerator Fly Ash Encapsulated in Sulfur Polymer Cement

Sample Tested Concentrations of Criteria Metals (mg/L)
" (by weighty - Cd . . ’ Pb
Jdaho National Engineering . 850" . 46.0
Laboratory Fly Ash . C . . )
5% Ash N ' 176
45%5PC
- 40% Ash ' 136 SR 120
60% SPC : S
40% Ash . - S ool ' 10
539 SPC .
7% Na, 8
43% Ash ' 0z L5
50% SPC
.. 7% Na,S
US EPA Allowable Limit 10 50

_Source:, Kalb, Haiser, and Colombo 1991b
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.1. Charactenze the waste stream to detemune moisture Conterit,
partlcle size, radioactive and hazardous contaminant concentra-
tions, and volatile orgamc concentratron

e : 2. Determine waste pretreatment requlrements (e.g., drymg, s1ze
‘ reducuon) .
‘ '3., Determine the waste constxtuen ts(e g mercury or volatile organ—
" jcs) that have the potentlal to be volatlhzed either during pretreat-
ment or encapsulatron processmg ‘Develop an offgas. system
~ capable of captunng potentlally volatile species. '
4.’ Optrmlze polymer use based on waste charactenstlcs volume to
" be treated, performance goals, and costs. Consider substitution.
“of recycled polymers for virgin matenals

- Slze system components to satr-sfy antrclpated production re-
L ‘ ‘ , quirements for treating as-generated waste as well as reducing .
o R "~ ‘the volume of stored 1nventor1e.> Assess cost-effectiveness of
‘ usmg multrple parallel processmg systems or a larger single unit.

| 6. Deﬁne the final waste form product performance criteria. Perform

. sufficient testing to conﬁrm product durablhty and performance

|
7. Define operating parameters to ensure cost-effectwe operatlon

8 Develop process QA/QC (QAPP) and confirm through adequate
prlot- and full-scale testrng and 1mp1ementanon of advanced ‘
momtonng techmques ‘

3 2. 14 2 ln Sh‘u Polymer S‘robﬂizahon/Solldlﬁcohon

1. Characterize soil in terms of porosrty, partlcle-sme dlstnbutron

o " and contaminant concentrations. ~
Ll T ‘w ' ‘ KR i
i L 2. Determme the waste constltuen ts(e g mercury or volatrle organ-

1cs) that have the potent1a1 to b£= volatilized either during pretreat—
‘ ‘ment or encapsulatmn processmg Develop an offgas systeni
e S capable of captunng potentlally volatlle spec1es

!
|
i
|
i

370
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3. ‘Op'timize the type of monomer based on the characteristics of the
. soil and waste, volume to be treated, performance goals, and
economic considerations.

4. Select the catalyst and promoter based on compatibility with
monomer and soil/waste characteris'tics. Conduct both bench-
and pilot-scale testing to prove reliability of each.

5. Develop ratios of monomer, catalyst, and promoter based on
consideration of processing (e.g., setting time) and cost.
6. Design system to avoid mixing components within delivery
pumips, piping, nozzles, and other equipment which would be
' damaged by inadvertent setting of the polymer.

7. Optlmlze emplacement design to minimize waste of materials
and ensure adequate coverage and resulting solidification of the
contaminated soil.

8. Define operatmg parameters to ensure cost-effective operation.

9. Conduct test bores in situ to confirm material compatlblhty and
QA/QC of the emplacement system.

3.3 Vitrification
'3.3.1 Remediation Goals

3.3.1.1 Ex-Situ Melters

- Vitrification technologies have the potenual to be widely applied to haz-
ardous and radioactive waste treatment. As an emerging technology, avail-
able performance data are largely based on pilot-scale demonstratiohs. A
‘majority of demonstration and testing results have been funded by federal
government agencies such as DOE, DoD, and US EPA. Demonstration tests
have evaluated the technology for treating many types of wastes, such as -

~ soils contaminated with heavy metals and organics, asbestos-containing

~ waste, industrial fly ashes and furnace dusts, sludges, and solids contami-
nated with radioactive or heavy metals.
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The application of vitrification to high-level radioactive waste has been

accepted worldwide as the preferred treatment option. Facilities in France,

'Russia, and Belgium have been operating since the laté 1970’s. Plants in the
U.S. and Japan became operatronal in 19"6 and 1997. These plants are ex-
. pected to operate anywhere from 3 years to 30 years, depending on the spe-

cific mission at the respective sites, Microwave melting of mixed wastes has

.been demonstrated at the DOE facrlmes in Oak Ridge, Tennessee, and
Rocky Flats, Colorado. However, large-soale productron has not yet been
unplemented by the DOE. ‘

' Vitrification has been deﬁned by the US EPA to be the BDAT for o
cadmrum-beanng wastes..

3.3.1.2 In Situ Vl’rnﬁcaﬂon | a
In situ vitrification (ISV) i 1s a versatile remedratlon technology that is

' capable of converting contamrnated soil, buned waste, radioactive

waste and mdustrral and munrc1pal waste to a sohd waste form that

~ for example, ISV was “used’ to treat contaminated soil containing pestr- ,
: crdes, mercury, and low levels of dioxins and furans (US EPA 1995¢).
- The work was conducted in association wrth Us. EPA’s SITE Program
The results showed that the vrtrxfied waste met US EPA Regron v
‘cleanup crrterra and that air emissions were below regulatory limits. A
thermal oxidizer was used i in the offgas’ tram to destroy an odiferous ~
(sulfur-related) nonhazar ous gas that had created public concern‘
Scrubber water from offgas treatment rf'qulred secondary treatment.
The work on the SITE Program test cell was completed in 10 days with
only mmor operatronal problems Durmg this time, approxrmately 540

 tonne (600 ton) of contammated s0il we-‘re v1tr1f1ed

: Ata Toxrc Substances Control‘Act (TS A) demonstratron prOJect sne,

.. ISV ‘was used to remedrate 2, 800‘ ‘OO‘ ton) of sodeontarmnated w1th
varying P("B concentrations up to 17,000 mg/L‘(Thompson McEiroy, and
~T1mmerman 1995). Some of the demonstratron cells contained srgmﬁcant

‘amounts of debris, including ruptured dru ms “asphalt, concrete, protectrve
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clothing, and other wastes. Dynamic compaction (see Section 3 3.5.2) elimi- -
nated major voids and breached drums containing water to prevent disrup-
tion of the melts. The results indicated that (1) 99.76% of the PCBs werz
destroyed by the melt; and (2) 99.98% of the entrained PCBs were removed
. by the offgas treatment system. Scrubber solutions containing PCBs were
treated and disposed at a permitted TCD facxhty ‘

. Geosafe Corporation recently applied the ISV technology to treat wastes
at the Wasatch Chemical Superfund Site in Salt Lake City, Utah. Approxi- "~
mately 5,400 tonne (6,000 ton) of soil and debris contaminated with dioxin,

. pentachlorophenol, herbicides, pesticides, and other semivolatile organic

compounds and VOCs were treated. Large amounts of debris, including
scrap metal, plastic, wood, and clay pipe, were present within the treatment -
volume. The project was successfully completed in November, 1995. -
Samples of vitrified product, adjacent soil, and offgases.indicated
non-detectable levels of the contaminants of concern (see Table 2.2 in Sec-
tion 2.3.2.2). A notable feature of this project involved the treatment of 650
- gallons of oil contaminated with 11 mg/L dioxin. . The oil was mixed with
soil and then staged within the treatment zone. This was the first large-scale
treatment of dioxin-contaminated waste within the U.S. using a
non-incineration technology. The technology is not considered to be an.
incinerator, even though an afterburner was-used for final destruction of
organics. This is because greater than 99% of the organics are destroyed by
pyrolys1s rather than by oxidation.

At Oak R1dge Ni; atxonal Laboratory, a pllot-scale test was conductedona =
simulated waste trench contalmng small quantities of *’Cs and *Sr (Carter,
Koegler, and Bates 1988). The results of the test indicated that the durability
of the glass waste form was similar to or better than glasses formulated for
high-level radioactive wastes. However, a higher-than-expected quantlty of

- P¥1Cs was deposited on the walls of the offgas containment hood. High ra-
dioactive doses to personnel were projected at the observed deposition lev-
els. Further testing is now underway at Oak Ridge National Laboratory to
explore methods of safely using ISV when '¥’Cs and **Sr are present. The
testing includes use of a prefilter to remove ¥’Cs before it enters the offgas
treatment system. Preliminary results indicate that retention.of *’Cs in the

. melt was very high (99.9987%) and that 78.6% of the volatile *'Cs was =

retained by the prefilter. The remainder of the volatile '*’Cs was found be- .
tween the prefilter and the final filter.




3. 3 2 DeSIgn Basns
To apply vrmficanon technologies, whether ex-situ or in sitn, ‘many of e "

3.3.2. 1 Ex—S‘itu Mel’rers

Design b‘e\‘/elopn‘ﬁent” .

same 1ssues must be cons1dered waste composrtron and characteristics, re-
sulting glass composmon, degree of heterogeneity, offgas treatment require-

" ments, and required production rate. Ex-situ treatment apphcatlons must -

also cons1der the volume of waste to be treated against the required treat-

‘ment per1od Additional considerations for ISV include certain site condi-

tions, such as the depth of waste and host soil characteristics. Specific de-
sign issues for vitrification technology optlons are discussed in the followmg

: subsectlons

Electnc Melters. Electnc melter systerhs produce a glass product any-
where between 0.45 kg/hr (1 lb/hr) to 180 tonne/day (200 ton/day); with
commercml glass melters representing the high end of the production rate
spectrum. These melters are designed according to the required production.
rate, the composmon and characteristics of the material to be processed,

‘ product requrrements ‘and required operatnng life. Many of the waste

streams under cons1deratron for v1tr1ﬁcat10n have never been processed be-

fore. For thls reason, itis necessary to evalua* the factors discussed below

Waste charactenzatmn should be complleted first to allow initial glass
development to be performed. This will also 1dent1fy the relative concentra-

 tions of “tronblesome” components that have limited solubility in glasses.
. These include sulfur, the hahdes phospha1 e, and carbon. The initial glass
- work can be done with surrogates and will identify the glass system, e.g.,

sodlum-alummum-sxhcate calcmm-alunnnum—s111cate, borosilicate, or phos-
phate, that will provide the necessary product performance and best accom-
modate the troublesome components Any glass-forming additives required
to achieve a processable and lngh quality grlass will be determined at this
time. An esumate of the waste loading that can be achieved in the glass will
also be made, often usmg laboratory- or bench-scale testing. Generally,
thher waste loadmgs can be achieved with glasses with higher processing
temperatutes such as wastes contammg a high proport1on of transition group

ox1des and refractory oxrdes hke sﬂ1con a]urmna, and zirconinm.
s
Waste charactenzatron is also 1mportant to estlmate the degree of compo—

sitional cons1stency within the waste volurme. It is preferable to establish a
smgle glass composmon and a fixed-glass former composmon When the
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composition is fairly consistent, the initial waste characterization and pro- -
cess sampling can be minimized. The size and complexity of the glass com-
positional field needed to ensure acceptable glass composition across the
range of waste variability can also be minimized. Finally, the physical con-
dition of the waste, such as water content, partlcle size, and viscosity (1f a

" slurry); can be determined.

Once a glass composition is defined melter construction matenals should

- be evaluated. The nominal compositions and relevant property data of sev-
eral refractories commonly used in electric melters are presented in Table
3.19. The glass industry predominantly uses an alumina-zirconia-silica
(AZS) réfra_ctqry in contact with the glass, because it will not color the giass
as it slowly corrodes. Large commercial furnaces can be operated for up to
two years before the wall refractories must be replaced. However, more o
frequent rebricking in areas of high glass flow, such as discharge throats, is
required. Durability is improved through refractories that contain a high
fraction of chromium oxide. The slow corrosion of these refractories results .
in small quantities of chrome oxide going into the melt. This has no effect

" on glass properties. Chrome oxide refractories are widely used in melters
treating hazardous and radioactive wastes. Where insufficient experience .

" exists, refractory vendors should be consulted to identify candidate refracto-

ries followed by laboratory corrosion testing to select preferred refractories.

. Refractories which back up the glass contact refractory are selected for
both chemical durability and insulative properties. The degree of heat loss
" that can be tolerated should be based on two factors. First, the glass tem-
perature at the refractory wall should be high enough (above the liquidus .
temperature) to avoid crystal formation. The second factor is cost. Higher
capital costs for initial melter fabrication reduces energy costs and outer
shell water cooling costs during operation.

Refractories in the melter lid will be exposed to high temperatures during
idling, extreme thermal cycling when feeding is started and stopped, and
corrosive offgas constituents such as acid gases, salts, and feed and glass
splatter. The selection of suitable lid refractories is based on the expected
- process conditions and required service life. Typically, high alumina’

" castable refractories, firebrick, and insulating board are used.

- Selecting the appropriate electrode material is also crucial. Graph_ite, tin
' oxide, and molybdenum metal are standard glass industry electrode materi-
als that have been adopted for use in radioactive and hazardous waste
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vitrification. Inconel-690 (INCO Alloys International, Huntington, West
- Virginia), a nickel alloy material, has been successfully used in
high-level radioactive waste melters operated below 1,200°C (2,200°F).

. A chrome oxide céramic has been evaluated recently for use in radioac--
tive waste processing at temperatures up to 1,550°C (2,800°F) (Lamar,
Cooper, and Freeman 1995). Inconel-690, as well as graphite and mo-

" . lybdenum have been used in electric melters that have been demon-

strated for hazardous waste vitrification. Significant studies have been
performed in the past two years to assess candidate electrode materials
(Freeman, Sundaram, and Lamar 1995; Sundaram, Freeman, and Lamar
1995). The best electrode material is highly dependent on the glass -
composition and oxidation conditioﬁs that exist during processing.

The initial process testing can be performed with small engineering-scale
equipment, typically about one-tenth scale. The test objective is to assess
the basic processability of the feedstock. Chief measurements are process-
ing rate, determination of any secondary phase formation, accumulation of
unmelted phase deposition of hard-to-melt components, offgas composition,
and extent of particulate, volatiles, and aerosol loss from the melter. The test
duration should be long enough to ensure that the system has achieved
steady-state operation and that the glass inventory in the melter has been
turned over at least three times. This will result in the melter inventory, as
well as the product glass, being approximately 97% derived from the feed-

- stock and the remainder being the initial start-up glass composition. Testing
determines whether the bas1c.process as defined will provide acceptable
treatment results. A pilot-scale system (one-fourth to one-third scale) is

' usually required to predict full-scale production rates and to obtain accurate -
offgas data. This is critical if the melter does not rely on mechamcal or other .
means of agitating the glass batch. - '

Combustzon Melters. Many of the design ba31s requirements for the
electric melter are also requirements for combustion melters. These incluide -
waste characterization and analyses and laboratory glass development.

- Waste characterization and-assessment of waste homogeneity are important
because of the small glass holdup or-inventory associated with combustion
melters. With a small inventory, it is more important that the instantaneous’

. feed compoSit_ion closely approximate the target or nominal composition.
Otherwise, glass quality could vary significantly. Troublesome components
include sulfur, halides, and metals having low vaporization temperatures,
such as arsenic, cadmium, and lead. - The chief issue is to determine the
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fractional loss during processing of“‘these \ponents and the ability to re-
. .cycle them back to the process for ultimate retention in the glass.

Refractones in combustlon melters must ‘withstand not only glass corro-
s1on, but also hrgh erosion, 'gmﬁc t thermal cycling, and gas phase acid
attack. Refractory ‘selection depends on the combustion melter type. Some
~ melters rely on refractories for thérmal insulation in the combustion zone,

" while others use a cold-wall design and allow for higher energy losses. An
B added trade-off is the balance between refractory costs versus more frequent
‘ was for replacement of less durable refractones

Combusnon melters are nol ed

:  pact units. Therefore, testing can be perfonned at pllot—scale in reasonably

. small equrpment Process testmg objectives are to establish production rate
. and obtain product quahty data under varymg conditions in order to define

optimum operatmg conditions. Test parame-ters include feed particle size,

' feed composition variability, feed injection rate, fuel/air mixture, production

. rate, matenal losses versus combustion/melting chamber temperature, and

chamber gas flow patterns.” Because combustion melters can attain

‘ steady—state conditions in a matter of a couple of hours, many tests can be

conducted in a short tlme - L

Inductzon Melters. Many of the desrgn lbasrs requrrements for the electnc :
‘melter are also requrrements for induction melters, These include waste
charactenza n and analyses and laboratory glass development Waste

‘ ”charactenza” on and assessment of 10 dgenelty are 1mportant due to

. . the smaller glass ‘holdup or inventory associated with induction melters.

. Those components that cause problems for electnc melters also present
'problems for mductlon melters -

out refractones Rather, a g-
channels forms the melter
~ vessel. A schem ter desrgned by Cogemais

- shown in Frgure 3.19. esults in a 2 to 5 mm (80 to 200
mil) layer of glass bemg frozen at the wall. This protects the wall from
glass COI‘I‘OalOﬂ However, s1gmﬁcant heat Iosses can occur, réquiring
srgmficantly hlgher energy input than would an insulated melter. Above
" the melt line, the metal is exposed to conosrve offgases which can con-

) dense onto the cool su ‘faces It is necessary, therefore, to conS1der thrs

phenomenon durmg ‘materials evaluatlon',

1378
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" Figure 3.19
Cogema Induction Meiter Schematic
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Presently, the largest hig emper ure induction melter tested for tre mg :

'hazardous or radioactive wastes has a me]t surface diameter of 1 m (3. 3 ft)
The majonty of testing and development has been performed in units rang-
ing in diameter from 27 cm (10 6in.) to 55 cm (21.7 in.). Tnitial process i
testing should be performed in such units. The primary test objectives are to

deterrmne process rate, effect of agrtatron on process rate, thermal efﬁcrency, ‘

~ losses to the offgas due to entramment or volatrhty, process characteristics,
© and rate as a function of feed charactenst1cs Regardmg the latter objective,
e is performed. Liquid feed-.

~ feed matenals should be relatrvely dry and reduced in partlcle size to opti-
‘mize reachon and meltmg :

1 also be treated. However, because only the top 5
; nng processmg, th
in the final gl
monolith. Requrrements fora hrgh quahtv product rmght impose additional

characten'ratton blendmg, and samphng requlrements

\
" Troublesome components, that restrrct the effectrveness of the rmcrowave “

5 melter include strictly organic wastes and lugh metals content. Orgamcs are
‘i‘ substantlally volatilized. H1gh metals content can lead to localized arcmg
which reduces efﬁcrency and, 1f next to the container. wall, could melt a hole
-in the contamer Slgmﬁcant concentratrons of salts, hahdes, and h1gh vola-
o tility metals, such as mercury, can be treated but could lead to poor quahty
‘ products or high offgas losses

Mrcrowave melters vrtrrfy thewaste du'ectly in the dlsposal drum There- 3

. ‘ fore, no srpmﬁcant matena s 1ssu The mrcrowaves are Mconducte to
the treatment drum through a wave guide. Isolatron wrndows in the wave
guide prevent matenal from gr tor.

b e

Process testing can be performed with small— and full-scale units. Imtra.l

testing in small scale (e.g.. 4 to 20 L [1 1 to 53 gal] capacrty) microwave -
units determmes basic meltmg charactensucs waste and additive composr-
tion, and ﬁnal product quality. Full-scale unrts employ 208 L (55 gal) drums

mmended option. Therefore,‘ .
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3.3.2.2 In Situ Vitrification.

- Each application of the technology requires sufficient knowledge of site
conditions to support design of an effective system. The overall oxide com-
position of the test soil and waste détermines key melting properties, such
 as fusion and melting temperatures, and melt viscosity. Soil to be treated
,r'nust contain sufficient quantities of conductive alkalis (K, Li, and Na) to

* - carry the current within the molten mass. Additionally, the soil should con-

tain acceptable amounts of glass formers, for example, silica. Most soils
worldwide have an acceptable composition for ISV treatment. Geosafe
Corporation determines the oxides present in the soil prior to treatment. A
computer-based model then determines the suitability of the site for vitrifi-
cation. The model can also identify solids and wastes that require modifica- =
tion before treatment (US EPA 1994a). .

The type of contamination present on-site affects the design of the
offgas treatment system more than it affects the design of the rest of the
© ISV system. For this reason, the offgas treatment system is modular in
configuration, allowing treatment of the offgases to.be tailored to
site-specific conditions. ' '

The limited ability of the current offgas equipment to remove heat
dictates that the organic content of the treatment media be less than 7 to
10% (by weight) thereby alloWing for adequate offgas quenching tem-
peratures. Very high metals content (estimated >50% by weight) and
1norgan1c debris (estimated >75% by weight) may be treated by ISV as
long as the arrangement of such materials within the soﬂ matrix aIlows
satisfactory performance

Previous experience has indicated that safe, effective treatment cannot be
assured if large voids and/or pockets of liquids in sealed containers exist
. beneath the soil surface. The gases released can cause excessive bubbling of
molten material, resulting in a potential safety hazard. For this reason, suffi-
" -cient site characterization is recommended prior to treatment if buried drums
_. exist or are suspected to exist beneath the soil surface. Uncontairied com-
bustible materials generally do not cause processing difficulties since they
decompose relatively slowly as the melt front approaches Full-scale dem-
onstrations have been successfully conducted on sites contammg significant
‘quantities. of combustibles, such as wooden timbers, automoblle tires, per-
) sonal protective equ1pment and plastic sheetmg '
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3.3.3. l Ex—Sh‘u Meh‘ers

The presence of large amounts of water in the medium requiring treat-
ment can hinder the rate of ISV, since electrical energy is initially used to

- vaporize this water instead of meltmg the ¢ ontaminated soil. The resultmg

water vapors must also be handled by the offgas treatment system. Treat-
ment times are thus prolonged and costs increased when excess water is
present. If ISV will be performed at depths below the water table, and the

- hydraulic conduct1v1ty of the surroundmg med1a exceeds 4 » 10“cm/sec, it

mrght be economically advantageous to use some means of dewatenng or
limiting the water recharge rate :

' The maximum acceptable treatment depth wrth the current equlpment is
6.1 m (20 ft) Below Ground Surface (BGS), however, full scale tests at
Geosafe’s testing facilities in thhland Washington, have demonstrated that
existing large-scale equipment can successfully melt to a depth of approxi-
mately 6.7 m (22 ft) BGS. Melts at the Parsons site typrcally reached depths
of 4.6 to 5. 8m(15 to 19ft) BGS

Site condltlons should also be evaluated for the sorl’s ab111ty to support a

, forklift and a 125-ton crane used for changmg containment hood posmons

Gravel, timbers, or other matenal can be used when the load-bearing charac--
teristics of the soil are not adequate Sufficient space for maneuvenng the
crane and posrtlomng equrpment 1s also requlred

3. 3 3 De.,ign and Equipment Selec.hon

Ex-srtu and in situ melters can generally be consrdered as smgle unrt
systems and, therefore are fa1rly simple in desrgn compared to more

.echanically complex, S/S processes The. electrlc melters are desrgned
-around standard 480V/60Hz/3¢ power sources. Dependmg on the melter )

and its design, the process engmeer specrﬁes transformers and power

- controllers to obtain the voltage, current, power and phase requrred for

the system. The followmg subsections descnbe addrtlonal mformatron
needed to des1gn the technology “ ‘

i

Electric Melters. Srzmg of electnc melters wh1ch do not use ag1tatron is

" based on glass surface area. Thrs value is strongly affected by the waste strearn o

bemg treated. ngh-level radloactlve waste slun‘y contauung about 50% (by
weight) solids can be processed at about 960 kg/m?-day (200 lb/ftz-day) Dry
solids, such as soils, can be processed at rates 50 to 100% hrgher Productlon
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rate also depends on the individual waste constituents. For instance, high con-

. centrations of nitrates, carbonates, or organic materials generate large quantities
of décomposifion gases which can interfere with the melting process by inhibit-
ing heat transfer. Therefore, it is important to obtain sufficient pxlot plant data

" . to support melter sizing.

Commercxally -available melter systems have incorporated active mixing h
using mechanical or pneumatic (i.e., gas bubblers) means. These systems, -
such as the Stir-Melter® system shown in Figure 3.20, negate some of the

*  effect composition has on melter sizing. Stir-Melter, Inc. has stated that they

can process equivalent rates in melters just 10 to 15% of the size of
. unagitated melters. However, verification testing is still necessary to prop-
- erly size and specify a unit. Numerical modeling is typically used to specify
refractory thicknesses and placement to meet thermal and mecharical stress
_requirements. These models can also analyze electric potential fields and
steady-state convection flow fields as functions of electrode placement,
power levels, temperature, and glass properties (e.g., viscosity and electrical
conductivity)(Eyler et al. 1991)

- 'Power, voltage, and. amperage requu'ements depend on melter size, glass
properties, and melter geometry. As a rule of thumb, it is assumed that
_roughly one kilowatt-hour of power will be required for every kilogram of

glass produced. This assumes little or no usable heat content exists in the
waste stream. Glass resistivity combined with melter dimensions will estab-
lish the electrical resistance by the following relationship:

R=g(l/A) X . ' @31
where: R = electrical resistance across qiecﬁo&es in ohms; ‘ ‘
" & = resistivity of the glass in ohms/cm;
1 = distance between electrodes in cm; and
A = area pérpendicular to electrodes in cm?.

The minimum electrode surface area is defined by the maximum current flux
-recommended to prevent “destructive heating” of the glass at the electrode-glass
interface (Yellow Book). It has been recommended that current fluxes be main- ;
tained less than 2 amp/cm? (13 amp/in.?) to prevent significant electrode con-
sumption rates. Transformers, power supplies, and controllers designed to
. operate at low voltage (e.g., 100 to 200 V) and high amperage (e.g., 1,000 to

~. 3,000 amp) are more economical. Therefore, melter geometry and glass resis-

. “tivity should be optimized according to these parameters.
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: . 'Figure3.20
~ Stir-Melter, Inc. Agitated Melter Schematic
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* Combustion Melters. No significant information has been identified in
. the literature to describe in detail the design process for sizing combustion
melters. It is assumed that proprietary engineering and empirical data re- "
. sides with the developers of the technology to support scale-up calculations.
In general, melter size is a function of the residence time required to heat, '
. react, and melt the waste stream. Two.combustion melter systems, the
Vortec cyclone melting system shown in Figure 3.21, and the Babcock:
. Wilcox cyclone furnace (Czuczwa et al. 1993) have been subjected to a sig-
- nificant number of tests to demonstrate their processes in waste treatment.




o Figure 3.21 . -
Schematic Layout of Vortec Corporation’s Cyclone Melting System
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AT used to desrgn melters for waste treatment

| Both systems were ongmally developed as compact, hrgh—efﬁclency erma

‘ combustron umts for supplymg heat to bo or proeesses. As such, srgmﬁ-
cant expemse in radiant and convective heat transfer analysis and modehng

- should exist. This understandmg, combrned w1th pllot-plant tests, would be '

LR

“ " The selectron of fuel source — natural gas, eoal or fuel 011 — detemnhes
: desrgn of the fuel and combustron air supphes ‘No strong emphasis has been
"placed on one fuel source over another For this reason, economics may be
~ the major factor. However, the pres e of inert substances in coal, particu-’
larly heavy metals and sulfur, must onsu:lered to ensure that offgas treat-
ment and ghss product quahty are not affect ed to an unacceptable degree

Iuductz r‘t and Mtcrowave Melters. Because of the compact s1zeo n- .
.~ duction and mrcrowave melters, desrgn and equlpment selection issues are
few. The key parameters are the characteristics and composition of the
waste matenal Equrpment supphers will most likely perform testing in
" smaller units and use these results to specify the commercial unit. Because
- these units process less than 100 kg/hr (220 1b/hr) they are most apphcable '
' to hrmted waste volumes or in cases for whrch ‘multiple process lines could ‘
be used. Inductron nmelfers are only now bemg built and tested with melters
up to1m(3, 3 ft) inside diameter. As melters increase in diameter, itis
v necessary to employ lower frequency ranges so that penetration into the
* bulk of the glass occurs. Dryer or calcination furnaces should be consrdered
" as a process step prior to the induction melter when treating liquid waste
streams, F01 solid waste streams, calcmatron should be considered as a ‘
‘ process-boostrng step. Mrcrowave melters can accept wet waste streams
. and even slurries. However, overall mrcrowave production rates can be. o

enhanced by dewatermg and dry1ng

- 3 3 3 2 ln Situ Vl’rnﬁco’rion

A predictive model of the ISV process ha been developed at Battelle
‘ hwest National Laboratory to as‘,rst engineers and researchers’ -
wrth the apphcatlon of ISV at dlfferent sites (U S EPA 1992a). The model
- conﬁgured ona personal computer, predlcts vitrification time, melt depth
.. and width, and electrical consumptron Predlctlons are based on data mputs
~ of electric operatmg parameters, sorl parameters, and molten—glass character—
. istics. The model’s predictions are useful for planmng operations, cost estl-
‘mating, and deﬁnmg melt locatrons "The depth and width predtctrons for o

[
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example, can be used to locate the melts to help ensure that the entire con-

taminated region is treated and that adjacent structures are not damaged by

ISV treatment. The model has been used to predict melt time, melt shape,

and energy consumption; the model has accurately predicted monolith ,
- shapes of a large-scale ISV melt. ‘

Luey etal. (1992) also reported that the important modelmg parameters

" appear to be scale, power level, power-to-surface area ratio (governed by
power level and/or electrode spacing), and, to a lesser degree, electrode
-diameter-to-spacing ratio. As the scale increases, the percentage of bottom

~ heat transfer and relative downward growth decreases. Increasing the power
supplied to the electrodes tends to produce a hotter melt region, higher flow
" speeds, promotes mixing, and consequently enhances the percentage of total -
heat loss passing through the bottom and the sides of the vitreous zone.

Power supplied to the system (typically about 4 MW for a large-scale
unit).is limited by current and voltage limits imposed on the equipment.
- Approximately 700 to 1,000 kWh are consumed for each ton of soil
vitrified. The system requires 12.5 or 13.8 kV, three-phase electricity. .-
. Eléctrode diameter (typically 30 cm [11.8 in.] for a large-scale unit)
must be sized for the power level to prevent excessive electrode tem- -
perature and oxidation. Electrode spacing depends on the electrical
conductivity of the melt and other factors, and typically var_ies‘betwecen (
3.4 and 4.6 m (11 and 15 ft), depending onsite-specific conditions. A
3.5 m (11.5 ft) spacing was recommended for a proposed large-scale test ..
at the Idaho National Engineering Laboratory. The gas containment b
hood is designed to contain potential bubbling of molten glass and to
direct offgases to the offgas treatment system. Seals are created be-
tween the hood and the surface soils, and the hood and electrodes, to -
restrict air m-leakage to about 99% of the total gas ‘collected at a nega-
tive pressure of about 1.3 cm (0.5 in.) water.

Offgas is drawn from the contamment hood at about 200°C (392°F) and is
usually cooled in a quencher. The quenched offgas usually is then scrubbed
in one or more scrubbers to remove particulates and some gases. The design
of the offgas treatment system depends largely on the contaminants expected
in the offgas and their concentrations. Geosafe’s large-scale unit can process
. 1,800 scfm (51 m*min) resulting in CO emissions below 0.5 g/hr (0. 001 I/

hr), NO, emissions below 500 g/hr (1 Ib/hr), and particulates below 9 ghr
~(0 02 lb/hr) The thermal oxidizer consumes about 880 kW of natural gas




i weeks A typ1ca1 melting trmelrs 10 days v‘vhen processrng 3.5t0 5.5 tonne/

' hr @to 6 ton/hr) The time requrred to move a containment hood and con-
nect electrodes at a new setting is about two days. Using two hoods, '
Geosafe has bee ‘able to perform the power—down/power-up transrtron be-
tween melts in less than 12 hours i

334 Process Modn tcdtioﬁs -

3.3, 4 1 ‘Ex-Sl’ru Melters :

Most potentlal modrﬁcatlons are dnven by the desrre to mcrease efﬁ-
crency and productron rate, or accommodate materials not generally thought
to be processable Electnc melter technology is based on the processing of
morgamc materrals, ie., glass makmg materials, such as silica, boric oxide,
lead oxrde, sodium carbonate, calcrum s111<.ate, etc. Process modlficatlons
~ would necessarily extend this basic pphcatlon to the complex physical and
‘chermcal charactenstrcs of hazardous and radroactrve wastes. ‘“The followmg ‘

desrgn o operatmnal modrﬁc ons can be consrdered for ex-srtu melte

boost production rate and mamtam space temperature above
000°C a, 800°F) to assure combustron of organics. Gas, elec-
‘tric, or plasma heatlng have been demonstrated

. increase plenum space volume i 3 commodate wastes with a |
h1gh organics content and promote pyrolysrs, combustlon and
¢yt e E I I T I R o decomposﬂ:lon of OrganlCS,

 incorporate mechamcal gas sp'lrgmg, or other means of mlxmg
the glass to increase heat transﬁ=r to the waste thereby i mcreasmg
the producnon rate and reducrn the relatrve ize of the melt ‘
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* introduce oxygen or air jets into the plenum space to aid in oxi-
" dizing organics (assuming'the air is mixed with the gases con-
" taining the organics at sufficient temperatures a separate after-
bumer nught be the best choice);

* introduce oxygen or air jets into the melt to aid in oxidizing met- -
als; and ‘ _

+ for wastes containing high concentrations of metals, a melter
should be designed to accumulate and drain a molten metal
stream separate from the glass stream. For electric melters, this
affects electrode design and placement, and refractory linings
should be replaced with a cold wall design. For induction .
melters, multiple zone heating would need to be designed to
account for the difference between glass and metal 1nduct10n
properues

3 3.4.2 In Situ Vl‘rrlﬁcc’non

Applications mvolvmg buried waste zmght result in vanable offgas evolu-
tion rates and excesswely high offgas heat loadings if a high fraction of com- 5
" bustible materials are present. Such applications might reqmre precondition- -
ing of the wastes, prior to ISV processing, to avoid or minimize these effects.
Site condltlons that may warrant preconditioning include:

¢ lack of necessary chemicals in the soil to ensure uniform rneltmg :
and attainment of a suitable vitrified product; ‘ '

* excessive void spaces; ,

* excessive liquid quanutles or hqulds in sealed containers;

e excessive heat generatlon related to the oxidation of the products

" of pyrolysis of waste components; and
e significant uncertainty regarding the materials and conditions

present. Such conditions may render the direct application of
ISV more challenging for a variety of technical, economic, and
safety reasons.

, In most cases, engmeenng means are available to effectively deal with
these concerns. The primary engmeermg means include:
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n;pth e materials such as .
" sives, and then re-stagmg the wastes ina manner acceptable for
‘ISV processmg

i N Dl e
The processmg rate can be mcreased usmg multlple ISV umts ora

“ second offgas containment hood. The use ‘of a second hood enables the -
" hood and electrodes to be 1nstalled at a new setting while ISV is bemg
completed at a current settmg Battelle has also studied the feasibility
of s1gmficantly larger umts as a means of 1ncreasmg processing rates
and concluded that units two to three tlmes the size of the present umt
| can, be bullt and operated (US EPA 1995()

3. 3 5 Pretreatmen

3351 ExSitu Melters

4 Industnally-supphed equ1pment s ould satxsfy the handhng, preparatlon

; and feedlng of materials to the melter for most applications. For hquld or
slurry systems, properties requmng definition include composition (to-assess
corrosion potennal and material hardness requlrements), percent dlssolved

- and undlssolved sohds, partlcle-s1ze dlStl‘lbIlthﬂ, viscosity of the mixture,

'_and reqmrements for homogenelty ‘Selection of equipment for size reduc-
tion and conveyance or pumpmg should be based on capacity requxrementSs s

and physwal and chenucal propertles of the feedstock ’ '
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When the waste material is received at the processing facility, a “macro” -
batch should be characterized to determine the amount of glass or chemical
additives. To assure the sample is representative, mixing equipment should
be used to dry or wet blend the material. Size reduction or classification
equipment should also be used at this point if the waste stream contains
rocks or other foreign matter. The material should be crushed or sorted and
the foreign material and large rocks removed and discarded or treated sepa-
rately.- Size reduction is also necessary to increase the surface area of the
material so that it will react and melt more quickly in the melter.

- Thermal treatment systems, such as melters, .are not efficient evaporators.
If a waste stream has a significant free water content, the cost benefits of =
installing a dewatering or evaporation unit prior ta the melter unit should be
analyzed. Equipment options to consider include mechanical dewatering,
thermal drying, microwave drying, and calcination spray or rotary furnaces.
Costs for the added equipment would be weighed against the benefits of a
smialler melter unit and reduced energy costs, since thermal efficiency should
be higher in an evaporator. The complexity or selection of offgas treatment
equipment in the absence of a large water load should also be considered.

As was stated in Section 3.3.3.1, induction melters require removal of free

* water. Radioactive production units have been designed to couple the dryer
or calcination units directly to the melter. A similar design configuration
might be optimal for hazardous waste treatment applications.

. ' Prior to feeding a melter, any necessary glass or chemical addltlves (as
~ determined by the waste characterization) should be blended with the waste
_ stream. These additives would be stored in large bins from which the re-
quired amount can be automatically transferred to a blending bin and then
blended with the waste. Pre-blending is an important step when using a
melter that does not have a means to mix the material once it has been fed.
If pre-blending does not occur, the waste and the additives can separate and

impede the melting fate.

Finally, solid waste and bulk chemical streams can generate apprecmble
amounts of suspendable solids. Liquid wastes can contain low vapor pres-
"sure organics that must be excluded from entering the workspace environ- '
ment. The design engineer has to consider these aspects and 1dent1fy appro-
priate ventilation, ﬁltratlon, and treatment systems.




* 3.3.5.2_In Situ Vitrification
. Tn some cases, it is necessary to add chemicals or soil of specific oxide
composition to the treatment zorie o obtain the desired properties of the melt
 and vitrified product. Materials can be added on top.of the materials to be
" treated. In sjuéﬁ cases, the melt is initiated in the added soil layer, and the
desired composition is attained when the target contaminated material melts -
* and mixes with the molten surface material. e o
It is possible to overcome deficiencies in chemical composition by inject-
/ ing the required materials directly into the volume to be treated (Luey et al. -
-+ 1992).. This option might be preferred if large voids exist. The materials to
""" be added should, in general, have a significantly lower melting point than the
" ‘Wwaste medium to be treated. o T o
""Large void volumes are of concern in ISV applications because they hold h
the pbt‘e‘ntiai to drain off a significant quantity of the melt, resulting in the
~lossof electrical continuity between electrodes. Moreover, release of the gas '
' | présent in large voids can cause undesirable melt disturbances when the gas
. tises through the melt. In such cases, compaction can reduce the size or
eliminate lar. evoids. . T T S e e

thod involves dropping very large weights from heights of about 15.3 m
(50 ft) onto the surface of the treatment zorie, thereby compacting it. An-

other method, known as dynamic disruption, involves vibrating a vertically
_ " oriented I-beam or similar structural member from the surface down through-
" - the treatment zone on a spaced grid to ensiire that the affected area has been

" " conditioned. Typically, dynamic disruption creates 2 0.9 to 1.5 m (3 to 5 ft)
radius of influence. Materials present within the radius of influence are
. shakén, compacted, and disrupted. Sealed containers within the treatment
zone are damaged and lose their sealing integrity. ’ ‘
- High concentrations of organics”(>10% by weight) can generate heat ‘
" loads that?:xceed the ability of the offgas treatment system to adequately
tire.” An exces

" quench the offgas temp céssive heat load could cause the

. equipment to malfunction or otherwise not meet p_erformaﬁce specifications.

Excc§sivq‘l‘1é‘:a‘t loads can also cause overheating and damage the offgas col-
atment equipment, although refinements in the hood

the past several years have reduced the

de31gnan ‘
poiic‘n“tia‘lr fbf damage “

392
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The primary method of controlling the rate that heat is generated by the
oxidation of pyrolysis products involves controlling the power applied to the
“electrodes, which in turn, affects the rate of melting and the corresponding
_rate of melt movement through the soil and combustible waste. For buried
waste applications in which significant void volumes exist, the site should be '
compacted, or the voids should be filled by injection of sohds to ensure '
proper control of melting rates.

Another method of controlling the rate of heat generation is to mix soil
that is highly contaminated with organics with soil with low organic concen- -
_ trations. Clean soil can be: added if needed to attain acceptable organic con-

centrations..

If a site cannot be made acceptable for ISV'processing using the .
pre-conditioning options presented above, then re-staging the buried wastes
for treatment should be evaluated. Re-staging wastes for treatment consists -
of the following steps: - s

*. excavation;
» removal of unacceptablé materials or conditions, if any;

» crushing, grinding, or shredding oversize materials, as necessary, |
to improve ISV processing; and ‘ :

» placement of the remaining matenals w1th1n the soil in an accept- .
able manner for ISV processing.

* Such re-staging is advisable when the site characterization information is -
inadequate to support decisions regarding pre-conditioning options. Re-
staging can also be required if potentially explosive materials (e.g.,
unexploded ordnance, pressurized gases, combusuble matenals present with
oxidizers, etc ) exist within the sxte 2

3.3.6 Posttreatment Processes

3.3.6.1 Ex-Situ Mefters

- 'The glass or glass and crystalline product of vitrification can be either
cast into monoliths using containers such as 208 L (55 gal) carbon steel
drums or converted to a cullet and handled as a bulk material. One of the
primary benefits of thermal stabilization/solidification treatment is that the
~ product has very good durability. If necessary, the glass composition can be




Design De\{elobhiént ‘

T T P T S R S

designed to ensure that the product wi 1 pass the TCLP test. Iis subseq
disposal or use depends on the original waste stream and US EPA regula-

- tions gove! 'ng the waste stream. Handling the product as a cullet elimi-
' nates the cost for the drums To produce a cullet, the molten stream can be
‘ either poured into a water trough or it can be poured through water-cooled

. rollers or snmlar devices designed to form small glass pieces. :

‘ The offgas stream treatment requrrement s depend greatly on the waste
" stream. 'Iyplcally, five components of the c»ffgas stream must be considered.
They are moisture, particulate, soluble gase s, noncondensable gases, and
non—combusted orgamcs

M01sture can : d from the offgas stream or passed
o though the treatment train and allowed to go out the stack. If
- condensing’ the water is requu‘ed quench spray systems such as
venturi scrubbers are typlcally used If the water does not need -
' to be condensed, the engmeer mtust pay attention to ensure that ‘
" the offgas stream temperature remams above the dew pomt T
. . T ~* ‘throughout the treatment train to prevent condensation. If con-
T CE R OF TS . i« oo . . densation and recovery are necessary, particulate matter and
condensable and soluble gases such as HCI, and some fraction of
densable gases, such as uO or NO,, are also co-recovered ‘
along with the water. : ' o

- gross p‘arttculate wi le diameters greater than 10 pm. It~
_— will also include submicron matenal that has volatlhzed from the
. glass surface and recondensed in the offgas stream. Both wet and

dry particulate scrubbers are commerc1ally-ava11ab1e to remove

- particulates. Common dry removal processes include fabric fil-
fers, e.g., baghouses, electrostatic precipitators, and cyclone sepa-
ratofs. Wet scrubbmg devices' 1nclude venturi and free-jet scrub-

* bers and wet electrostatlc preclprtators If necessary, pohshmg
scrubbers can be placed downstream of such devices to capture '
g any ‘bnucron parttcles wthat escaped the primary scrubber
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. Water soluble gases are predominantly halide acid gases ‘There
" are many commercially-available treatment methods that canbe |
apphed to halide acids.

. NO and SO, are typically the primary noncondensable gases
produced from waste processing when nitrate and sulfate con-
taining wastes are processed. Both of these are partially water
. soluble. Wet and dry scrubbing technology exist for SO, recov-
ery. NO scrubbmg can be performed wet or with selectlve cata-
lytic conversion to nitrogen and oxygen. -

* Organics can be effectively oxidized if held at a sufficiently high |
temperatuie in an oxidizing environment. Typically, a secondary '
combustion chamber is used. However, due to the cost of acti-
vated carbon, it is not normally employed unless the gas volume
and temperature are both low.

It should be remembered that besides the 1nd1v1dua1 constituents in the
offgas stream, the composite composition and the absolute concentrations of
- the constituents in the stream are of equal importance. This-affects both the
. sequencing of treatment devices and the selection of the devices themselves. '

3.3.6.2 In Situ Vl’rriﬁccn‘lon

"+ The major process residual of ISV operatlons is the v1tr1ﬁed waste mono-
lith. The glass and crystalline vitrified ISV product has been showntobe !
highly durable and resistant to leaching (Luey et al. 1992). It is possible that |
areas that have not been adequately melted between melt settings might be
. revealed during quality assurance evaluations of the monoliths. Core drilling
of the monolith can be used to verify waste treatment depths and product
consistency. Unmelted areas can be retreated using ISV and, where appro-
pnate, alkalis and glass formers can be 1n_)ected to facrlrtate melting.

A number of secondary process waste streams are generated by the ISV

" technology. These include air emissions, scrubber slurry, decontamination =
_'l.iquid,'spent carbon filters, spent scrub solution bag filters, spent HEPA
“filters, used hood panels, and discarded personal protective equipment (US’

" EPA 1994a). The amount of scrubber slurry and filter waste generated de-

_pends on the nature of the contaminated media before treatment. High par-

ticulate loadings in the offgas and high soil moisture contents can increase

the quantities of these wastes. The number of used hood panels to be
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. . disposed depends on the corrosiveness of the offgases generated during treat- .
" mént (as well as the corrosion-resistance of the hood panels) and the tem-

. perature and duration of treatment (US EPA 1994a).

. 'Some proéesstesiduals (é.g.,m!“‘ised scrub solution bag filters, spent HEPA

. filters, and discarded personal protective equipment) can be disposed by .

" vitrifying in subsequent ISV settings to reduce the amount of these wastes

 that require disposal off-site. Geosafe vitrified all process residuals in subse-

- quent settings at the Wasatch Site. Scrubber slurry generated during treat-

' ment may require special ndling, depending upon the types and level of -.

- ., €Or t‘a“ininz“mtg“;emoygaq“‘ n the scrubber (US EPA 1994a). _
' Typical treatment processes for scrubber sturry include activated carbon”
adsorption, neutralization, precipitation, coagulation, flocculation, and ion
. exchange. Granular activated carbon filters can be regenerated and reused.
" Metal HEPA filters, if used, can also be cleaned and reused.
. 3.3.7 Process Instrumentation and Controls

" _Electric Melters. EX olled by adjusting electrode ™
~ power based on temperature m fits of the melter tank. The glass can
“ " be measured directly using thermocouples placed in the glass, electrodes, or
 refractory. Based on these readings, the electrode power can be adjusted

- accordingly. The temperature is also measured in the glass discharge area,
* the plenum space, cooling water or air circuits, and in strategic areas within
the refractory, if desired. Electrical measurements include electrode amper-
age; resistance, voltage, and power; similar measurements are taken for any
resistance heaters used in the glass discharge area or plenum space. ‘

h l‘?"regs‘g;ﬁj yéildeé are plenum space anid pressure and flow
data are measured throughout the offgas treatment line. It s typical thata
- slight nggéﬁvé pressure (e.g., 5to 13 cm [2 to 5 in.] water), be maintained in
~ the melter plenum space to prevent offgases from leaking out of flanges into
" the general work area. Pressure and flow readings in the offgas treatment
. line betwéen equipment pieces are used to verify steady-state operation and
identify equipment or line sections that are developing a blockage.

- o L ] f e e e B e, — . e .
", Process flow rates of the feed to the melter and glass product are used to
measure production rate stability. Visual observation of the feed pile on the




Chapter 3

glass surface, either through a view port or camera is still a key means to
evaluate processing efficiency and whether the. melter is being overfed or
underfed. As experience with a particular waste stream is gained, production
efficiency can be inferred by plenum temperature and pressure readings, and
glass temperature, power, current, and resistance readmgs Flow rates of the
cooling services are also required to ensure they are maintained at set values.
. All of thiese'data can be collected using computer interface equipment fef
subsequent 1nspect10n, data archival, or for feedback control.

Combustwn Melters. This process requires measurements similar to
‘electnc melters. Noticeable exceptions are the measurement of fuel flow
rate to.the process, combustion air temperature and flow, oxygen concentra-.
tion in the exit gas stream, and temperature in the combustion chamber

. * Induction Melters. Induction melters are very similar to electric melters.
Unique instrumentation includes induction power generator readings instead
of electrode readings, and coil water flow and temperature and cold-wall
cooling circuit flow rates and temperature. o '

‘Microwave Melters. Microwave melters ate the least complex of all the
melters. Monitoring and control mechanisms are limited to the microwave
~ generator power level, microwave leakage detection, generator cooling water
‘flow rate and temperature, and container and product temperatures, which
are monitored using thermocouples or pyrometers.

3.3.7.2 In Situ Vitrification

The ISV process mstrumentatmn and control system mcludes ap-
" proximately 50 separate instruments used for tracking temperature, pres-
. sure, amperage, voltage, flows, gas concentrations, and other param-
eters. The system automatically logs all parameters and provides visual
displays of data trends. Operators evaluate trend data against operating
limits established in the permit and work plan as the pnmary basis for
ISV process control decisions.

"The ISV system is manually contrblled by operators with the exception of |
two control valves that control the flow of air into the hood and the offgas
system to maintain adequate negative pressure in the offgas hood. Auto-

_matic systems are used for certain important functions. For example in the
event of power outage, the system automatically starts a diesel generator that
* powers a backup offgas treatment system. The cost of ISV is minimized by
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"operaung‘asclose to design and permit limits as possible. Manual control of
the system allows for fine-tumng to optrmlze process performance.

3. 3 8. l Ex—Sn‘u “Melters

i g voltage or current and high Electrical components should

| be spec1ﬁed designed, and installed according to National Safety Code ‘
‘ specrﬁcatlons Safety requrrements should mclude ‘

e using enclosures wrth posrtlve- closure latches for exposed elec-
. trical sources, such‘ as bus bar connectrons, fuses, and power
! supply wire connecuons, ‘

‘unplementmg a lock-and-tag procedure to lsolate energy sources .
+ and protect workers,

\
. usmg personal safety equlpment such as rubber mats and

" rubber-lined gloves when inspe ctmg or troubleshootmg energrzed

~ systems;
\

* | using water coohng, msulatwn, or screemng on hot surfaces to
‘ ‘jj“j prevent contact; ) '

. usmg Personal protectrve ‘clothmg such as hlgh-temperature
' *clothmg, face sh1e1ds, and insulated gloves for use when sam-~

“pling the molten glass stream ]probmg the melter tank or han- :

dling the hot product and

« observing OSHA and National Industnal & Occupatronal § ty
E ' & Health (NIOSH) requlrements governing mdustnal plant
. worker safety '

" oy . e
Combu tion melters w111 use e1ther natural gas, fuel orl or coal. There

1
are special handlmg, momtonng, and storage requirements for safety using -

these fuels. Microwave melters must be mpmtored for microwave leakage

-during operatmn W1th a hand-held detectlon devrce

If the normal ventilation system fails due to mechamcal or operatronal

'. reasons, the hazardous gases, superheated gas and steam generated during '
“ processmg must be drscharged through an emergency vent outsrde the ‘
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“building. Othierwise, the melter would pressurize and a large amount of
.glass could be dlscharged or the gases would leak into the workers area

© from flanges or fittings.

If a waste stream being treated is a designated CERCLA or RCRA waste, the -

operating personnel must receive 40 hours of Hazardous Waste Health and
Safety Training and 72 hours of supervised on-the-job training to comply with
" US EPA and OSHA requirements, along with 8 hours of refresher training.

3 3.8.2 In Situ Vitrification

The design of the ISV system is based on OSHA, the Natlonal Electric
Code, and other applicable safety standards. An external water spray system
installed outside the offgas hood ensures that the hood does not overheat if

excessive bubbling of glass occurs. 'I,’hi.s condition can expose the hoodto

high radiant heat or high gas temperature if high fractions of combustible
materials are being processed. Fencing and other physical barriers are in-
stalled to prevent trespassing. Administrative controls and training are used
“to ensure operator safety. For example, power to the electrodes must be
disengaged and locked out when it is necessary to perform work on’the
offgas hood. ,

Al components are connected to a common electrical grounding grid
consisting of six-foot long copper rods driven into the ground and electri-
- cally connected. Personnel who require access to the site must complete 40
hours of Hazardous Waste Health and Safety Tralmng and subsequent re-
fresher training.

’ 3.3.? Specification Development

. 3.39.1 Ex-Situ Melfers

Melter equipment components are used routinely by industry, and are
- currently designed to meet rugged industrial standards. Manufacturers and
suppliers of refractories, electrical transformers, power controllers, and solid

and bulk handling equipment should be contacted early in the design process. .

to discuss the application to identify any special requirements. For instance,
refractories can be produced with a lower volume fraction of voids or cut

" and finished with different surface smoothness criteria than are standard.
However, additional delivery time and costs are likely to be incurred.
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dust loadmg., in the a1r
. ety of d1ff ent ¢ streams, a robust design that can be easrly disas-
P ssembled following mspectmn and repair should be an ob-.

N i
Al equlpment must meet apphcable safety and performance standards to

L mmgate ‘the electrical, mechanical, and therrnal hazards associated with the

- ISV system and the chexmcal physrcal and radrologrcal hazards associated

o > ISV design specifications must be based
- on limits defined in the operatmg permit and conditions of the site. Key =

condmons 1nclude orgamc content metal content void 31zes, m01sture con- .

. that must be used For example, a site contalnmg only heavy metal contami- ‘

_ nants would not require thermal ox1datron of the offgas, although scrubbing,”
o gas ﬁltratron and/or other treatment Units m.ay be required to ensure comph-
. ance with permlt conditions.

Geosafe Corporatron and ISV J pan, Ltd ‘ar

" " ISV, and the two entities are business partners. Geosafe’s scope is world-

wrde, whereas ISV] apan operates only wrthln the boundanes of Japan

3. 3 10 Cost Data

33101 ExSiuMefters

There are no known operatrng commercral treatment plants that hav
" published reliable cost data. The followmg information is based on
studies, US EPA SITE demonstrations, or vendor literature: A possnble

‘application of electric melter technology to treat. contaminated soils,
‘sludges, and debris was evaluated by Koegler et al. (1989). Capital cost
for a 180 tonne/day (200 ton/day) melter, power supplies, feed handhng,
offgas treatment equipment, and glass handlmg equipment was esti-

mated to be $5.5 million. Fac111ty design, constructron, and equrpment S

“mstallatlon were approx1mate‘l‘y twice the capltal equlpment «cost, For
 this apphcatron electric power cost, was 6¢/kWh and compnsed 57% of
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. the total estimated operating cost of $60 million. Labor cost Was only
7% of the operating costs. :

. Chapman (1991) estimated that municipal waste incinerator bottom ash-
could be processed at 45 tonne/day (50 ton/day) in an electric melter for
approximately $88/tonne ($80/ton) of ash. However, these numbers have not
been validated. In early 1996, GTS Duratek Corporation completed con-
struction of a vitrification facility to treat 2.54 ML (0.67 Mgal) of mixed
radioactive waste for a fixed price of $13.4 million: Costs include design,
construction, operation, radiological health and safety, and decontamination
and decommissioning of nine storage tanks. The vitrification process will-
operate in 1996 to process the wastes and produce approximately 1.1 Mkg
(2.4 MIb) of glass product at a ra:te of 300 kg/hr (660 Ib/hr).

Combustion melter operation and maintenance costs based on US EPA
SITE demonstrations of the Vortec Corporation’s combustion melter are $39 |
to $44/tonne ($35 to $40/ton) for contaminated soils (Shearer et al. 1992).

. The company estimates capital cosfs for a 23 tonne/day (25 ton/day) unit to :
treat hazardous waste dusts produced from arc furnaces and smelting pro-
.cesses, fly ash, and soils contaminated with heavy metals would be on the
order of $3.5 million to $4 million in 1991 (Hnat et al. 1991). Capital costs .
included the costs for feed handling equipment, offgas treatment, glass prod-

" uct handling, and process instrumentation and control. Annual operation and
maintenance costs were estimated to be $375,000 to $500,000. '

No microwave melters are known to be in commercial operation treating
hazardous waste. However, the capital costs for a 60 kW microwave genera-
tor, wave guide, tuner, and cavity enclosure are estimated to cost approxi-_
mately $1 million. '

3.3.10.2 In Situ Vitrification

The typical ¢cost of ISV is about $440/tonne. ($400/ton) of nonradioactive
material treated according to Geosafe Corporation literature. The US EPA
performed an economic analysis of ISV at a site with conditions similar to
those at the Parsons Chemical Works, Inc. Superfund Site where staging was '
reqmred (US EPA 1995c). The estimated cost of ISV was $470/tonne ($430/ ?
ton). This cost is likely higher than would be expected for the typical ISV
site where staging of the contaminated soil into separate cells would not be
required. The US EPA (1995c¢) defined ISV costs according to the 12
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Utilities
Efﬂuent Treatment and stposal

Site Demobilization

. Long-Term Monitoring

Nl not lncludod In cost analys!s
Adapted from Us EPA 1995c

categones shown in Table 3 .20." Each of the cost categones that represents
more than .)% of the total costs 1s d1scussed below.

-w Equlpment eosts are dommated by amortlzatlon‘of the ma_;or ISV« ‘

: eqmpmént costs ($4 ‘million pex ISV system)

. ‘.The cost of electricity is 99% of the utllmes cost and‘ about 2

of the total treatment cost.
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* Maintenance and replacement of hood panels are the most expen-
sive facility modification and maintenance activities. (Note that
hood panel replacement was a requirement at the Parsons'site due :
to conditions there; however, the need has been much less at '
‘other sites). Typically, only a few hood panels require replace-
ment per job at a cost of several hundred dollars each.

3.3.11 Design Validation

3.3.11.1 Ex-Situ Melters

.~ Any and all of the ex-situ melters might be applicable to a specific waste -
stream. Further complicating the decision-making process is the fact that
many options exist for each melter type. Therefore, it is important that an
~ objective evaluation method be developed for selecting a system. An assess-
_ ment could be done as part of a vendor proposal review or as a means to
identify and then procure a system. All sxgmﬁcant‘techmcal regulatory, and
institutional requirements should be identified and assigned weighting fac-
‘tors. The requirements should be further divided into two groups; those
which are absolute and the requiremenfs that can be met to varying degrees.
Experts that cover the field of application can then be asked to assess each
. requirement and provide a score to indicate how well each technology or
vendor met the requirement. A tally of the scores would indicate which
system best meets the requirements of the application. A broad base of tech-
nical expertise exists within the personnel of government, industry, and engi-
neering consulting firms who could perform these peer review activities.

3.3.11.2 In Sl’ru Vitrification

The number of individuals quahﬁed to contribute effectively to value

: engmeenng and peer review of ISV opuons is relatively limited. Most of the:
experts in ISV technology are employees of Battelle Pacific Northwest Na-
tional Laboratory and Geosafe Corporatlon This technology has been ap-
plied by Battelle at Oak Ridge National Laboratory and Idaho National En-

- gineering Laboratory. The greatest opportunity for increasing the robustness
of the technology is in developing methods for increasing the depth and
shape of the melt. Geosafe Corporation may offer certifications and guaran= _
tees that ISV will accomplish design objectives at a price that is commensu-
rate with the risks. ' :




' 3.3.12 Permiling Redilirements

33121 ExSitu Meters.

- General permitting requirements are well described in Section 3.2.12. "
Additional regulatory issues associated with ex-situ melters pertain to the

' treatmient and discharge of secondary waste streams. Federal, state, county,
. " and local requirements must be met for the degree of offgas and wastewater

. cleanup prior to discharge to the environment or municipal treatment system.

~ In many cases, treatment téchnology must use or be equivalent to BDAT
identified by the US EPA to gain regulatory approval. Additionally, process

performance data will be required. Data obtained from demonstration tests

. performed in pilot-scale equipment should be sufficient to gain approval to

. construct the process and reach agreement on the testing required for the

- . plantonce constructed. Work plans can then be prepared detailing the test-

" ing to be performed to validate that the pilot-plant data can be duplicated by
the full-scale plant. Following plant testing, permitting of the plant would

. occut and commercial operations could begin.

" The applcrion of 5V to hasardows wasles requies prmits o aprovals

' in accordance with federal, stats, and local requirements. For example, a -

- TSCA Demonstration Permit was required for demonstrating ISV at a
: ntaminated private site in US EPA Region X. Geosafe now has a
i tm PCB-contaminated media anywhere
qt  the Parsons Site included a
Nati lutant Discha n System (NPDES) permit to dis-
" charge diverted groundwater to a nearby waterway. A Michigan State air
. permit was also required (US EPA 1994a). The US EPA and state-approved
" work plans Constitute permits for projects governed by CERCLA/Superfund

koo w
process néwly-generated industrial wastes. The local air quality control

. re‘gi:dn‘ir‘ia)‘i‘hlsd restrict the quantities of air emissions, as well as the

types of equipment and fuels that may be used. Local agencies com-
.monly regqir@‘an excavation permit when the waste is to be dug up and
staged prior to ISV. Other local permits may be required to ensure safe

. ‘ ‘ -
- tanoa A
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operation of a treatment facility and to control discharges of water to a
sanitary sewer. Local permits at the Parsons Site were granted by the-
Department of Building and Safety and by the local fire department (US
EPA 1995c). A permit to transport ISV systems across state lines is
required because one of the mobile units is overweight.

3.3.13 Performance Measures

13.3.13.1 Ex-Sifu Melters

Production rate, reliability, and product quahty are the main performance

‘measures. Steady-state production rate is the single most important measure

of process performance. ‘This measure determines the economics of the
system since it affects energy efficiency, materials consumption, labor costs,

“and capital cost recovery. The production rate must meet original design

expectations and should be maximized to the extent possible. Reliability
refers to the on-line factor of the system and the replacement or repair fre-
quency of the subcomponents. As the operating time approaches and is
maintained near 100%, the cost per kilogram of waste treated is reduced.
Minimizing repair and replacement frequency improves the on-line factor

. and further reduces operating and maintenance costs. Product quality can be

achieved through proper operation of the process coupled to proper feed
stream characterization and batching with any glass or chemical addltlves
Product characterization to determine chemical durability and composition
analysis should be performed at a frequency determined necessary for main-
taining the processes within requx;ed operating parameters.

3. 3 ]3 2'In Sn‘u Vitrification ,
Implementablhty, effectiveness, and cost of the ISV process should be

-evaluated to support decisions regarding its apphcatl_on at a specific site.

Key parameters required to assess implementability include:
e mobilization and demobilization time; |
¢ total operating efficiency;
‘= equipment corrosion and failure rates;

» power and chemical consumption, and;

» rate of secondary waste géneration.
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1'mocouple
“ments where apphcable to venfy that the target volume has been

5 : . temperature and pressure drop data m the hood and offgas treat- o
ment train; and

oE W
' The latter two parametnc sets are requtred to measure effectlveness of the ‘
v offgas treatm nt system and comphance w1th perrmt c0nd1t10ns ‘

. The follow1ng key factorsh hottld be conﬁrme to ensure that the desrgn
Iias been properly developed Dependmg on the melter type being consid-

Define “the type of waste pretreatment such:as blendlng, crush—
mg, sifting, sortmg, and/or dewatenng requlred ‘

*- 3. Determine if any maJor or mmor Waste components will be lost
N from the melter during processing, such as mercury, or “have
srgmﬁcant volatthty, such as lead cadmlum, and halldes o

4, Deﬁne the requued processmg penod ‘or rate requ1red
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11.

12.

" Conduct laboratory. studles of waste samples to deterrmne how

the waste should be pretreated or if glass or chemical additives -
need to be added to the waste to achieve an acceptable product.

Ascertain if the glass will have acceptable conductivity and
viscosity properties at the planned operating temperatures.

Determine if the glass is compatible with the materials of con-

- struction to be used in the melter.
10.

Determine if a secondary combustion chamber is required to
treat organics, if present.

Configure the offgas system to maximize the recycle of second--
ary wastes back to the melter without allowing the bulldup of .
any constituents not compatible with vitrification.

Determine if the melter is compatlble with the required mode of|

ooperation, e.g., continuous, intermittent, or batch.

3.3.14.2 In Situ Viirification

‘The design pha'sé must determine that conditions are acceptable for vitri- .
ﬁcatmn in each melt setting or staged cell.

1.

Determine if the waste medinm requires compaction to elimi- '
nate voids and to destroy the integrity of sealed containers of
liquids. ' ‘

Ascertain if the waste medium contains at least 1.4% alkaline '

" oxides and if sufﬁcient silica is present to form a durable glass. -

. Determine the organic content of the waste medium. It should

be less than 10% by weight.

Determine the elemental metals content of the waste medlum
It should be less than 37% by weight.

Determme the fractlon of inorganic debris in the waste medlum

. It'should be less than 50% by weight.

If the site is below the water table, determine if the rate of re-
charge is acceptable or can be controlled. ,
Determine the depth of material to be- v1tnﬁed It should be less:
than 6.1 m (20 ft).
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[ \
11. Employ
o meltmg charactensucs, electrode spacmg, and oxide compos1-

T 13, Estabhsh offgas emi 1ons 11m1ts

o 14, S1ze e offgas blower to contain the air leakage and all gases -
eleased from the melt prov1de a negative pressure of 1.3
+cm (0.5 in.) water in the offgas ‘hood. The blower should be
‘ controllable so that these objectlves can be satisfied.

15 DeSIgn the OffgaS treatlnent System tO meet em]_sslons hmlts at v
the peak offgas flow rates and provide adequate public health
PR protectlon ‘ v ‘ L

o " : 16 De31gn the s1te to ensure adequab., run-on/runoff control and
. safe worker mgress and egress.
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" IMPLEMENTATION AND OPERATION f

The mformatlon in precedmg chapters constitutes the bas1s for selecung
appropriate technologles and initiating engineering demgn Each of the tech-
nologies covered in this monograph has matured to the point of potential or
actual commercial implementation. Current implementation status, as well
as issues associated with process startup and full-scale operation are re-
viewed in this chapter. Operational aspects of momtormg and QA/QC are
also covered. Each of the major categories of Stabilization/Solidification
(S/S) technologies are discussed in turn; first, Aqueous S/8, followed by
Polymer S/S, and Vitrification with ex-situ and in situ applications of each.

4.1 Aqueous Stabilization/Solidification

4.1.1 Implementation ,
Agqueous S/S processes have been implemented at thousands of remedial '
sites around the world. Phosphates and organo-clays have recently been
. used for stabilization alone or for cementitious S/S at a number of sites, and
rubber particulate has been used in at least one TSDF, but not yet in a
full-scale commercial operation. Cement-slag processes have occasionally

" . "been used commercxally for chromium reduction; most of these uses have

been in proprietary systems and formulations., The ProFix™ process has
been used as a combined fixation agent and filter aid. In situ S/S, using
. auger systems, is now a standard commercial operation, with successful

pro_'ects numbering in the dozens.




412 Start-up Procedures

‘ d1at1 n pro_)ects, startup of innovative aqueous S/S pro-
WS the same procedures as conventional S/S processes. Equip-
talled and tested com one -py-component for operation, Test

Tuns may be done at startup ut moré offen full-scale treatment is started
w1th any problems ‘worked out along the way. This is possible for ex-situ

processes because of the vast experrence avarlable and the operatlonal simi-

Auger—ty
*‘quality and uniformity of the waste to be treated is seldom known with any
degree of certainty. Frequently, it is necessary to modify the working “tool”
{to'achieve proper dnllmg rates and umforrmty of mixing.  Modification of -
mjectron arrangements might also be requlred The presence of debris can
.. bethe major workmg impediment in the systems. These modifications and

" adjustments are done on an expenent1a1 basis by operators skilled in this

‘ technology and are generally held as propnetary mformatron

RN S T 413 Opemhons Prachces

s Operatro s‘practlces in mnovatrve aqueous S/S pl‘O_]eCtS are taken du:ectly

~ from long-estabhshed practices in conventlonal S/S, since the only opera-
tional d1fference is the use of drfferent reagents The one exception is
auger-type in situ projects. Even these are bas ed on decades of experience in
constructing foundations and cutoff walls. Therefore, the reader is referred
to standard handbooks and case hrstones of conventronal S/S operatxons for -

“* . 'moré detarls

‘ Table 3 8 hsts ‘
. etersi inan aqueous S/S system Contmuous momtonng is required for feed
' rates of waste reagents and wate s usually fixed and re-

. o quires only penodrc momtonng to ensure that excessive buildup does not
" occur in the mixer. Overall s; ( clude waste input and out-
put rates and tests of incoming waste and treated product for the appropnate
parameters (Table 3 8), as well as lids content




. Table 4.1
Summary of Standard Methods and Procedures

Units

Method Title

Parameter Method Method Type Reference
Total Solids/Moisture Content % EPA 160.1; ASTM D2216-80 Water (Moisture) Content of Soil,  Drying ASTM
’ ’ Rock, and Soil-Aggregate  ~
. Mixtures )
Bulk Density glcm’i Tbvit3 Apparent Bulk Density Gravimetric/Volumetric
. Measurement
Free Liquid ~ " pass/fail - EPA SW846, Method 9095 Paint Filter Test Filter SW846
Penetration Resistance - psi - ASTM C-403-80 Penetration Resis"tance Pressure ASTM
Uﬁconﬁned Compressive Strength psi ASTM D-1633-84; D-2166-85;  Compressive Strength of Molded Compressive Strength ASTM
. - C-109-86 Soil-Cement Cylinders/of
Cohesive Soil
- Permeability . cm/s EPA SW846, Meéthod 9100 Permeability Hydraulic Conductivity SW846
pH pHunits ~ EPA SW846 pH H SWB846
Temperature Rise ' ‘C~ o Tempetamre Rise for Pozzolanic  Temperature ’ ’
- o : - Stabilization Agents
Binder and Additive Mix Ratios ratio Stabilization Formulation Method  Gravimetric
. Color Change ) color . * Stabilization Formulation Method - Visual
Total Constituent Analyses mg/kg. EPA, SW846 Methods, othey Analytical Methods Total Analysis 'SW8d6
L methods as appropriate (see :
Table 2.1)
Leachability
TCLP mg/L 8W846-1311, followed by Toxicity Characteristic Leaching ~ Leaching 40 CFR Part 268,
appropriate analytical method Procedure : - ’ ; Appendix I ’

7 JoydnyD
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oduc QA/QC in wet stabilization mvolv«.l,s any or all of the parametéfs” ‘
sted i e: 4.1 along with brief descriptions and references. Data quality
" objectives are determined by standard US EPA practices which apply to
s S/8 and need not be discussed further here. Methods for sampling,
“stofage, handling, chain-of-custody, and analysis/testing are also standard
~"US EPA and ASTM methods and practices. A good general description of
1 QA/QC requirements is given in the US EPA handbook, Preparing Perfect ‘
o' Project Plans (US EPA 1989b). | .
" . No overall performance standards exist for remedial projects because
. each project’s requirements are set by site-specific regulatory, environmen-
tal, operational, and future use considerations. However, certain benchmarks
are fairly common in aqueous S/S; a listing of these is given in Table 4.2.
An example of standards for one project, as well as the performance
- achieved in the project, are given in Table 4.3. ' :

o ‘“T‘Ypiéal‘”ﬂAqueous / Benchmarks

"+ . Parameter o "' Performance Standard

" Undonined Comprosive Seiogih " sops
 Pemeabity C 1410 cmisec
© o Tcipfeachabiiy’ 7T %7 RURA Toxielly Chioidcterstc Standard for Metals
I“cachébjl‘i‘:ty‘l‘rﬁdex;é‘n ' ‘ A

Modified ANS 16.1 Leachability

H . ] '
» +Thase parametars can vary greatly depending on the ifion of the waste
* products. | )
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7 Table 4.3
Performance Standards and Performance
Achieved in an Actual Aqusous S/S Project

Parameter i Standard

Performance Achieved

" . Lead Concentration in Waste

Lead Leachability of Raw Waste
) Bindei:Soil Ratio

© Water Addition Ratio

"Weight Increase

Volume Increase

Strength (Penetrometer) 2000 psi
Unconfined Compressive Strength '2000 psi

E Permeability . 106 cm/sec

© TCLP Leaching - | 50mg
EPT Leaching ' 50 mg/L
Modified TCLP Leaching

. Modified ANS 16.1 Leaching Te12
(Full-Term Test) ‘ S
‘Diffusion Coefficient . <1042

50,343 ing/kg _
EPT-35.8 mg/L; TCLP-355 mg/L
04:1, or4d%

0.23:1, or 23% .
40% without water, 63% with water addition .

\

37% including water addition,
189% due to chemical additives

>9,000 psi-
11,720 psi

.73 10"5 cm/sec

0.62 mg/L for lead :
0.35 mg/L for lead '
< 0.04 mg/L after filtration

13.8

<1074 for all intervals except the initial washoff

*Leach Index as defined in ANS 16.1 (ANSI/ANS 1986)

4.2 Polymer Stabilization/Solidification

4.2.1 Implementation

Research, development, testing, and demonstration of polyethylene en- :
capsulation has been supported by the DOE at Brookhaven National Labora-

. tory over the last twelve years and at the Rocky Flats Plant over the last four -
_ years. Several private sector vendors have expressed interest in commercial-

izing the technology. For example, Brookhaven National Laboratory com-
pleted a Cooperative' Research and Development Agreement (CRADA) with




" "MMT of Tennessee and negotiat ments with several other companies.”
. Recently, DOE contracted with Envirocare of Utah, Inc., to ‘commercialize
' 'polyethylene macroencapsulation. Their contract calls for processing up to
.. 226,800 kg (500,000 Ib) of DOE mixed waste Jead in exchange for develop-
ment incentives (see Section 5.2.2). Brookhaven National Laboratory has
provided technical assistance to Envirocare in their implementation effort.
1lfur pc : - has also been supported by .

- DOE, at Brookhaven National Lab
" application patent for the technology is pending. The Idaho National Engi-_
- neering Laboratory has conducted bench- and pilot-scale testing of sulfur
' polymer lation over the past five years. More recently, the process
"Has received atiention at Oak Ridge National Laboratory and other national
"' laboratories. Currently, Brookhaven National Laboratory is engaged in a
" . CRADA with Scientific Ecology Group, Oak Ridge, Tennessee, for the com-
- mefcial demonstration and application of the SPC encapsulation process and
... other compani‘es,ha\"‘e sign: Resear ‘ lopment license agreements
‘with Brookhaven National Laboratory. The Scientific Ecology Group has
< used the process to stabilize and sofidify mixed waste contaminated incinera-

tor fly ash from their commercially-licensed volume reduction facility.

. . In'situ polymer S/S has ( :
‘Laborafory for about four years. Recently, collaborative projects to develop,
test, and demonstrate this.technology have been launched with Sandia Na-
tional Laberatory, {daho National Engineering Laboratory, and Hanford. A
. 'small field test of in situ S/S was recently demonstrated at Idaho National
" Engineering Laboratory (Loomis, Thompson, and Heiser 1995). An acrylic
. polymer was used to stabilize a pit of buried waste that consisted of drums, .
metals, rags, and paper. The polymer was delivered via jet grouting at ~34.5
- MPa (5,000 psi). Excavation of the demonstration site proved the waste was
successfully stabilized. Examination of cored samples indicated homoge- .
' neous'mixing, absence of voids, and a monolithic solid structure. Additional
" testing work to characterize cored samples is planned. Several companies
‘have expressed interest in commercializing in situ polymer S/S, but no com-
" panies have implemented this technology to date. o ‘

. 422 Starh

o LI il e “j“‘jﬁv‘, Cohe ;;‘:‘ ;w“:“ ‘ O e [ R D g § .y Vo
-« As with any new treatment technology, startup of a full-scale polyethyl-
" ene encapsulation process requires integration and “cold” (i.e., ‘ ‘
. . w ‘: i :‘\H 4 . e | IR ' "
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" non-radioactive and nonhazardous) testing of all system components (e.g.,

pretreatment, materials handling, metering, extrusion, process control). -

~ Non-radioactive and nonhazardous surrogate waste materials should be used
“in testing individual components and overall system operation.

Following installation of dryer pretreatment equipment, all liquid lines
(especially high pressure steam) should be examined for leaks. Initial dryer . :
operational checks should be conducted using clean water. Pre-operational ..
checkout of the material handling system should include inspection of
vacuum pumps, lines, and gate valves prior to transferring actual materials.
Metering equipment should be calibrated on a volume and/or mass basis.
Extruder installation requires equipment leveling and bore-scoping of the

. barrel for proper alignment. Following installation of electrical wiring, shaft
- rotation should be checked to ensure proper motor polarity. The protective .
- corrosion coating applied to the barrel and screw should be removed with a

- - light solvent. Initial extruder operation should be conducted using 100%

polyethylene until troubleshooting is completed. Process control eqmpment
should be tested and optimized to maintain proper feeding rates within de-
fined operating parameters. On-line monitoring equipment should be cali-
brated at several known waste loadings and various process rates within -
prescribed operating specifications. Following installation and pre-opera-
tional checks of each subsystem, confirmation testing of the integrated pro- -
cess is recommended. '

Sulfur polymer cement encapsulation equipment should be thoroughly
tested using “cold” surrogate materials prior to hot testing. All steam, hot
water, or oil circulation lines should be checked to ensure leak-proof opera-.
tion. Thermocouples should be cahbr_ated and inspected for proper function--
ing. Successful operation of vacuum and venting systems, as well as process’
valves, should be verified. Mixer interlocks and other safety-related systems'
should be checked. -

For in situ polymer S/S, the selected resin should be compatible with the
waste types and geochemistry of the site. Selection can be accomplished by
consulting polymer manufacturers. The shelf lives of the monomer, cata-
lyst, and promoter should be noted. The manufacturer can provide data on
shelf lives for the resins and for the pre-promoted and pre-catalyzed mixes.

If the shelf life is long enough, the resin mixes ¢an be delivered to the site
: pre-rmxed by the manufacturer. If the'shelf life is only days for the pre-mix, -
then the catalyst and/or the promoter might have to be mixed on-site.




‘ ‘In most cases, it i}s‘Wis'e to hire experienced contractors and use their
" equipment.  Select a contractor who has previous experience in polymer
grouting and, in particular, two-part delivery using dual wall drill stems. To
_protect the equipment, the polymerization reaction should only occur after
‘ the grout leaves the drill stem. For this reason, the dual wail drill stem is
<& #pged to deliver the resin in two parts: (1) one part containing the resin
_ charged with catalyst and (2) the other containing the resin pre-mixed with
.. . the promoter. Mixing and pumping of the resins can be done with conven-
" tional equipment, 50 long as the compatibility of the parts (e.g., seals, dia-
-+ phragms, etc.) is ensured. The resin manufacturer should have a full listing
* of compatible materials and pumps/mixers. ' :

24231 Polyethylene Encapsulation

e ‘:th‘grg‘tion of the polyethyléne pfgéeés is désigned to minimize on-line
.., operator adjustments.” Overall process rate depends on screw speed, which is

. directly controlled by the operator by adjusting the speed dashpot. While

der output rate, the operator gradually increases screw speed
d output is attained. Feeder controls are automatically ad-
‘ atc demand. Alternatively, this operation
_can be tied intc em by means of a solid-state speed
" controller and appropriate modifi § to the process control software. In
" this way, process rate ca i mated control.
. As discussed in Section 3.2.4, a specific temperature profile can be set by
adjusting barrel and die zone temperature controllers. Optimal temperature
conditions will depend on the type of polymer (melt temperature, melt vis-
* cosity) or polymer blend (including the presence of recycled polymers),
.+ < waste type, and waste loading. In general, temperatures are maintained at
- - " minimal levels to ensure adequate melting while minimizing offgas poten-
.7, tal. Higher temperatures can be used to reduce melt viscosity, enhancing
- mixing and optimizing waste loading poténtial. ‘Usually, a gradually
“stepped” quperature profile is used in which the temperature in each zone
along the length of the extruder is increased from the previous zone. This
" ensures gradual heating of the polymer throughout the barrel. The tempera~
..., ture is kept lower in the feed zone to Maintain the frictional forces needed to .
.. convey the {x“tj‘dktu‘re forward. 7 T o
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Process startup should always be conducted without waste (100% poly-
mer) and at moderate speed (e.g., 25% of maximum speed) until steady-
state operation is confirmed. After the process is operating smoothly, the
waste feed is introduced gradually (e.g., increments of 10% by weight)
while the operator confirms proper feeding and continued steady-state flow -
at the extruder feed throat, inspection port, and output. Changing the waste

"loading from 0% (by weight) directly to the final waste loading (e.g., 60%
by weight) can cause the waste feed controller to overshoot the target feed’
fate, resulting in a temporary condition in which maximum processing lim- '

- its are exceeded. If this occurs, the extruder can become plugged with

waste, necessitating system shutdown and purging. Once the target waste
loading is achieved, the screw speed is gradually increased to maximum
output (determmed empmcally based on the type of waste and ponmer
waste loading, etc.). ‘

Routine maintenance is conducted according to equipment manufacturer s
recommendatlons Dependmg on the chemical and physical properties of '
the wastes being processed, periodic inspection of equipment directly in
qontact with waste (dryer vessel, hoppers, extruder barrel, and screw) should
be conducted to monitor corrosion and/or excessive wear. Extruder screws
are removed using a hydraulic jack to push the screw from the barrel, while .
supportmg and guldlng the screw with an overhead crane.

Standard OSHA safety practices should be followed for operatlon of
equipment at elevated temperatures and pressures. The extruder control
module can be equipped with temperature, pressure, and current load alarms
and automanc shutdown capability in the event of aprocess excursion. In
the rare event of an over-pressurization of the extruder barrel that goes un-
corrected, a rupture disk provides emergency pressure relief. As in any pro-
cess for hazardous or radioactive materials, appropriate ventilation and fire
protection systems are recommended.

4.2.3.2 Sulfur Pplymep Cemen’.r Encapsulation

- Sulfur polymer cement encapsulation proéessing is a batch process and, .
as such, is somewhat forgiving in terms of the actual steps of operation.
However, depending on the type and nature of the waste to be processed,
order of addition for the waste, binder, and additives, as well as the form of
SPC charged to the mixture, can affect processing success. For example, for
wastes considered difficult to handle and mix, preheating the waste mixture




“and pre-mcltmg the SPC before combining and mixing, expedite the mixing

~''. ' process. Slowly adding waste to molten SPC or vice-versa might help avoid
a rapid decrease i in the temperature of the mix and premature “freezing” of
‘the molten mlxture Small amounts of sulfur that volatilize during process-
ing can cool raprdly in ventilation lines, so care should be taken to mspect

~and clean lmes as necessary

hon/Solldlﬁcahon

Grout m_]ecnon holes should be carefully planned prior to operatron to ensure‘ o
'complete coverage of the contaminated site. Estimates of grout requrrements
must be made based on existing site void volume. Since ratios of monomer to
,catalyst and monomer to promoter are cntlcal to successful S/S, flow rates
ing other fluids of similar
/densrty (e.g., water). Test dri imilar soil Conditions should
- be conducted to optimize dnllmg paramcters, including vertical step (with-
‘ ‘drawal) rate rotatrons/step, jet onﬂce diameter, and polymer grout pressures.
" Optimizing ‘these parameters maximizes grout coverage and minimizes the
" "volume of sporls (rejected grout/soil mixture). The grout injection sequence
- should be planned so as to minimize cross-talk (breakthrough of one hole to
‘adjacent areas) and placement and setup time. Typically, injection holes are
. drilled jn an alternating sequence On completron of drilling operations, all
"~ resin delivery lines/pumps should be purged and flushed with appropriate sol-
o vents (e g detergent solutrons and/or dresel fucl) o

" .

| 4 2 4 Opelcmons Monntonné o

‘ 11 sy ‘parameters including output rate,
and waste feed rates, and waste/binder ratios, are monitored by

ed| process control system Actual waste loading is monitored

N 1constant1y In addition, the operator should track vacuum level, mixing -
speed, and motor load. A closed-circuit v1deo camera allows the operator to
. observe the mlxmg vessel at all times. ‘
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If in situ S/S is conducted in an enclosed area (e.g., tent), monitoring of
potentially hazardous constituents and/or nuisance odors emanating from
either the soil contaminants or the grout materials might be required. Injec-
tion flow meters should be checked on a regular basis to verify proper flow
and correct mixing ratios. Flow meter measurements ¢an be checked hy
monitoring the decrease in storage tank volumes over time. . i

4.2.5 Quality Assurance/Quality Control

For any S/S process, QA/QC activities are conducted for the process and
the final waste form product. To ensure the polyethylene encapsulation sys—
tem is operatmg within previously-defined processing specifications leading
to successful final waste forms, each of the key process parameters described
in Section 4.2.4 are monitored. Waste loading, one of the most critical pa-
rameters, is monitored in real-time to provide an on-line evaluation of QA/
QC. Since the polyethylene encapsulation process is not affected by changes
in waste chenustry, variations in the waste chemical composition do not
impact processing QA/QC. Melt viscosity can be confirmed for known
polymers or determined for polymer blends using a melt indexer and appro-
pnate ASTM standard test methods. ‘

Final waste form QA/QC can be monitored by evaluatmg grab samples

taken periodically from the output stream and core samiples taken from final -

waste forms at pre-determined intervals. Grab samples confirm output rates ;
and homogeneous mixing (by measuring product density). The latter is '
measured for small grab samples (<5 g) using a pycnometer. Fmal waste

form properties discussed in Section 3.2.13 should be confirmed on a regular. ,
basis by conducting the appropriate standard tests (ASTM, Nuclear Regula- .

tory Commission (NRC), US EPA, American Nuclear Society, etc.) on
cored, full-scale samples and comparing the data with prev1ous1y-generated

X . bench-scale data.

Process QA/QC for SPC involves monitoring key parameters (e.g., tem-
perature, mixing speed) as discussed in Section 4.2.4. Periodic observation
of the mixing process confirms successful operation. Material specifications
confirming that SPC meets applicable ASTM standards should be provided
by the manufacturer. Confirmation of final waste form propeérties should be
" conducted on a regular basis by taking a grab sample of each batch pro-

" cessed. Approximately two representative 1 L samples of the molten SPC/. '

. waste mixture should be collected and saved for archival purposes. One




sample should be used for mandatory QA/Q(, testing of product density.
This mformauon verifies proper waste loading and homogeneous mixing.
i j ‘The second set of grab samples can be re-melted and cast into suitable
- bench-scale test specrmens, as necessary, for penodrc confirmation of waste
form performance Testing should include compresswe strength and apph-
v cable leachablhty tests. . ‘

L For in situ polymer S/S, QA/QC confirmatxon 1nvolves momtormg ‘
and recordmg injection pressures and flow rates, as well as drilling
speed and depth. Samples of the catalyzed and promoted monomers
- should be taken for archival purposes. Followmg completion of one
“hole” or sectron, the sorl/polymer mix should be sampled for arch1v1ng
prior to sohchficatlon Once in situ polym:.,r S/S is completed, represen-
tative samples of the solidified soil can be cored for confirmation and
performance testing, including compressive strength and leachability.
Depth of penetration can be monitored d1r(>ctly for deep soil mixing and

ased on how deeply the auger or drill is extended. For
outlng, indirect confirmation. techmques, such as
ground—penetratmg radar or acoustic 1 sensors, are requlred

431 Imp ment tion

] um

he establishment of a -
mse 'within many of

Corporatlon and Vortec Corporatxon are aggresswely pursuing contracts to
apply govemment—developed and government-funded technologies. Still
other technologles such as the Babcock and Wilcox cyclone furnace, have
- been developed solely by mdustry without govemment support. Asa result,
Cx-Sltl.l v1tnﬁcatxon technologxes are avarlable from many dlft‘erent sources
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As a generalization, most any site can be remediated using any of the
ex-situ melter technologies, with the possible exception of microwave melt-
ing. However, there are certain wastes for which melter technologies are
best suited. It is important that the engineer responsible for implementing
the ex-situ melter technology understands the relative strengths and weak-
nesses of the technologies considered. Most vitrification technologies are
not offered as turnkey operations — nor are they offered by companies that
would provide operations as a part of the contract — rather, they are pro-
cured using the conventional design-build-operate method. If a turnkey ‘
operation is required, it should be expected that many melter vendors would .
team with consulting engineering companies, or remediation companies that .~
could provide the necessary skills. - It is also important to remember that
vitrification technologies have not yet been demonstrated for many of the

o potentxal applications. This dearth of data limits vendor claims regarding

process effectiveness and leaves uncertainty about design, construction, and
operation costs. As a result, the construction contract bid and award process |
should require demonstration tests of the waste stream at the vendor’s facil-
ity to verify process and product claims by the vendor

The preferred contract terms would provide payment to the remedlatlon

’ company based on treating all the waste within a specified period of time.
Such a lump sum contract has been awarded to GTS Duratek by the DOE to
treat radioactive solid and liquid waste at the Savannah River Site in Aiken,
South Carolina. In this case, the waste volume, composition, and physical
-and chemical properties are well-documented. GTS Duratek is in the pro-
cess of designing and constructing the vitrification facility, including tank
sluicing, feed preparation, and offgas treatment processes. :

If the waste is poorly characterized or heterogeneous it mlght be neces-
sary to negotiate a contract in which unit price payment is based on the vol-
ume or mass of waste treated. The-DOE is in the process of attempting 0

- apply this strategy at the Hanford Site in Richland, Washington. In this case, -
a down-selection process is used to select vendors to specify, design, con- ‘
struct, and operate vitrification facilities to treat low-level and high-level
radioactive tank waste. These vendors will not be paid until they begin to
_process the waste and produce a glass product.




-4, 3 l 2 In Situ Vi’rriﬁcotlon

.. The nghts to ISV technology are owned by the U.S. government under
~ thel DOE and by Geosafe Corporatlon, a company formed by the inventor
(Battelle Pacrﬁc Northwest National Laboratory) to commercialize the tech-
- nology. Battelle 'ﬁc Northw t National Laboratory is continuing to
~ develop the technology for a t federal sites. To date, Battelle
" Pacific Northwest National Laboratory has assisted in ISV demonstrations at’
. - several DOE sites, mcludmg Hanford (Luey et al. 1992), Oak Ridge Na-
tional Laboratory (Spalding et al. 1992), and Idaho National Engineering -
.. Laboratory (Callow et al. 1991). Battelle continues to offer ISV treatabtltty
testing and demonstration serv1ces at federal iacrhtres

Currently, Geosafe Corporatlon is the excluswe worldwide licensee for
' ISV in applications outside the federal government. In 1995, Geosafe li-
D ‘jcensed ISV-Japan Limited for apphcattons of ISV within Japan. ISV-Japan
s s a joint venture between Geosafe and five leadmg Japanese companies '
(Thompson McElroy and Timmerman 1995). .

To use ISV fo re ercial w te srte, itis necessary to exther o
~ obtain a license or contract the services of a licensee. The technology is ‘
" "available for use by anyone who plans to remediate a federal waste site. The
ISV services of both Battelle Pacific Northwest National Laboratory and
. Geosafe Corporation are available through a vanety of contractual mecha-
. pisms. The 't testmg ‘and demonstration services provided by Battelle Pacific
~"Northwest National Laborat bly best obtained through a
9 . cost-plus-fixed-fee/unit price contract due to ¢he high level of uncertainties
: # v associated with this type of work. Geosafe Corporatron can enter into
» 7 full-service, turnkey, and des1gn-bu11d—operate contracts under v1rtually any
B type of compensatlon method

4 3. 2 Start-up Procedures .

"+ Electric Melters. Melters contatmng castable and/or fused-cast refractories

are started gradually to allow the castable refractory to cure and the fused-cast

refractory to heat up without fracturing.” Prior to thls, a glass cullet or frit

. _should be placed in the melter fumace to serve as the start-up charge. The heat :
source is supplled by electnc or gas heaters suspended in the fumace
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. Refractory manufacturers publish temperature ramp and hold point data for
each refractory. Once the furnace refractories have been cured, the electrical
continuity between the electric wire connections penetrating the melter shell
and the melter shell should be measured to ensure that the electric isolation
‘designed into the system is intact. Once completed, the rest of the bake-out

. cycle can be completed. During the bake-out period, it is wise to circulate a
small amount of air through the furnace plenum space to facilitate.removing the
water vapor released from the castable refractory.

The furnace temperature is steadily increased until the minimum temper'l-
ture required for electrical conduction through the glass is achieved. With
the electrode transformer set at thé maximum voltage, a low amperage cur-
rent is conducted through the glass. Once conduction is achieved, the am- .

' perage rate should be increased very slowly. Otherwise, the glass will be

‘overheated along a very small cross-section and furnace damage could re-.

.sult. As the voltage drops between the electrodes, the transformer taps
should be adjusted to keep the voltage within the upper quartile of the tap '

© settings; this rmmmlzes phase instabilities in the electrical supply.

"Once the furnace is idling near its operating temperature, electrical isola-~
tion between the electrical connections and the shell should again be
checked. All bolts and fasteners securing the various components should be
* checked and tightened to compensate for the thermal expansion that oc-

curred during the startup. At this time, the “air tightness” of the melter can -
be checked to determine the amount of in-leakage that occurs when the
offgas system is in service. If excessive, operators should check all gaskets
and tighten all flanges and pipe connections. Some in-leakage can be toler-
-ated, but it should not be excessive. At this time, offgas process equipment,
e.g., pumps, valves, and filter blowback systems, and instrumentation, e.g.,

. flow, température, liquid level, and pressure 'momtors, should be checked for
proper functioning and operation. The followmg start-up items should be
completed next: : - :

* add remaining glass charge to bring melter level to 1ts full
inventory; .
* determine that all cooling jackets and channels are perfornung
properly,
¢ observe electrode power, voltage, and amperage to venfy proper
. operatlon,
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‘ connect feedmg Y.

feed melter at 25% capacrty to venfy feed and offgas system
performance is w1th1n expected operatmg ranges; and

‘ “ “gradually mcrease “feedmg rate to achreve max1mum des1gned
surface coverage

o Be aware at Iarge e ctnc melters mlght requlre one or more days to
‘“ach.teve steady—state mixing pattems. Therefore, do not increase the feed

ate more than a few percent per hour until the maximum coverage is -
‘ is actively mixed, this

note does not apply. At the end of the accepfance testing phase, =~ B

the glass tank should be probed to venfy that there are no regions in which
‘ ‘f“the glass “feels” srgmﬁcantly more viscous or that crystalline phases are
: accumulatmg If crystallme phases are present, the probe will feel like itis
- 'pushing through a sandy or silty layer. If such viscous or crystalline regions
 are observed the melter 1nsulat10n is either too low in that area, O, if mul-

“ “Wof the acceptanc st“ to \ enfy proper mixing of the glass tank. If no aglta-
Wt10n is used, the change in glass composmon should approx1mate the theo-

where: €.

the concentrahon of tracer in the feed entermg the melter
 time; :
. the glass feed rate to the melter; and
" the melter tank v ‘




Chapter 4

Once the melter has gone through initial startup and checkout itcanbe
idled at a temperature less than the operating temperature but above the
liquidus temperature of the glass. Prior to the start of routine feeding, the
glass temperature should be increased to the operating temperature; instru- |
" mentation readings should be checked to verify that operating parameters are
within limits and that the instrumentation.is functioning. The offgas ventila-
tion should be started and adjusted to achieve the proper negative pressure
within the melter plenum, and the glass discharge area temperature should be
. increased to the operating temperature. Then, waste feeding can be initiated.

Combustion Melters. A benefit of a combustion melter is the fact that
they can be idled in a cold state and attain operating temperatures withina
matter of hours. Depending on the furnace design, initial startup following
installation includes the curing or drying of the refractory lining. This would
be similar to the process described for electric melters. Initial startup will
cover the applicable items described above, e.g., leak tightness, secondary
heaters, glass discharge, ventilation control, etc. Additionally, the combus- ,
tion melter fuel system and combustion air supply and preheater must be .
inspected to verify leak tightness. Optimal efficient operation of a combus- |
tion melter relies on “tuning” the fuel, primary, and secondary air param-

. eters. If the furnace unit or the waste stream are significantly different than
‘past experience, testing is required to optimize the set points. Routine op-
eration is straightforward and follows the start-up sequence described for
electric melters, )

Induction Melters. Induction melters follow a simplified version of the
electric melter startup. Lacking refractory in the melter tank mmphﬁes the
initial startup. A glass.charge is placed in the melter, and start-up heaters
heat the charge. At a certain temperature, the glass couples to the induced .
current and the start-up heaters can be removed. Once operating tempera-
ture is achieved, the power should be turned off to allow close inspection of
* the induction coils and cooling circuits to verify that none have warped and
that water is flowing through each one. Following'this step, the glass dis-
charge system can be tested to verify proper operation. Several tank vol-
umes of test feed material should then be processed to verify proper tank
operation as was described for the electric melter. Routine operation also
duplicates the electric melter start-up sequence.

Microwave Melters. No special start-up activities are required for micro-
. wave melters. Once construction is complete and electrical and control '




) systems have been checked the microwave generator and furnace can be
. started. At startup, staff should mspect the microwave generator, wave
: gmde, tunet, and furnace for any microwave leakage with hand- held detec-
tors. Initial process tests would then be conducted to determine optlmal

. power mput rates and feed rates.

4, 3 2 2 ln Sh‘u Vi’rriﬁcc’rion |

“ Startup of the ISV process‘ begins with insertion of four graphite ele
. utrodes ab ut one foot into the ground in a square array at the required spac-

X mg -She ow trenches are dug between each of the electrodes. The trenches
ntly filled with a mixture of glass frit and graphite powder to
provide h1gh1y condu “paths. The offgas hood is installed over
.the electrodes and then sealed to both the ground and the electrodes to limit
ingress of air when the hood is operated under negative pressure. The hood
is connected to the offgas treatment system, and all electncal mstrumenta-

‘ tlon, and control crrcults are completed ‘

tional and management oversrght chiecklists are completed before.

}per

power is apphed to the system ' Pre-start-up checks include bumping motors
*  to ensure operatlon and proper rotational direction and calibrating instru-
‘ments where necessary. “The offgas system is started first and, when proper
g performance has been verified, power is applied to the electrodes. Electrode
power is gradually increased to the limits of the equipment and the regula-
tory perrmt untrl steady-state power 1nput 1s reached after about 24 hours. -

- stable and easy to operate ”Generally, the glass temperature is maintained.
w1thm an operatmg range by a controller thaf automatically adjusts the elec-
trode current based on a temperature feedback signal. The temperature can
e ‘be measured d1rectly w1th thermocouples or. a pyrometer, or, the temperature
can be mferred by measurmg refractory wall temperatures. The latter two
ey preclude the need for malntammg a set of
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be performed. Alternatively, if the waste stream and resulting glass compo- N
sition are consistent over time, the electrode power can be controlled by '
maintaining constant power or current beiween electrodes; or the calcuTated
resistance between the electrodes can be used as a control parameter. This
control measure is possible because glass resistivity is inversely proportional
to glass temperature. Therefore, very reliable temperature control can be
maintained without infrusive temperature measurements. :

Secondary heaters can be controlled using continuous or periodic tem-
perature measurements in the heated zone. Plenum space pressure, feed and
offgas line flows and pressufes are measured and controlled by standard
industrial devices. Level sensors, such as-bubblers, have been used to moni-

. tor glass level in'the melt tank; however, they are prone to rapid erosion and
- must be frequently replaced.

The primary control parameter for electric melters is the feed rate. The
feed rate can be steadily increased until the glass surface is nearly covered
by the cold cap — the optimal situation. The melting and spreading proper-
ties of the feed stream determine whether optimal coverage can be achieved,
and periodic visual observation is the best means to monitor processing con- :
ditions as a function of feed rate and coverage. Processing stability can also
be tracked by monitoring the plenum space temperature and offgas composi-
tion if an offgas product, such as NO,, is generated. -

Process upsets result if overfeeding oc_cﬁrs, cooling water enters the
melter, or if ventilation is interrupted. When a melter is overfed, the cold
-“cap can form a rigid bridge between opposite walls of the melter. As feeding
continues, the feed accumulates on top of the cold cap. At the same time,
the cold cap material contacting the molten pool melts, creating a }_/apor
_space between the bridged cap and the glass pool. When this happens, heat
transfer to the cold cap drops significantly, and the feed accumulation rate
increases. As this occurs, the plenum space temperature drops quickly. I
the glass temperature is maintained using temperature or resistance feed- .
back, the electrode power drops in response to the drop in heat transfer to the
~ cold cap. If a constant current or power input is used for electrode power,
.the glass temperature increases. If a slurry is being fed to the melter and a
crack forms in the bridge allowing slurry to pour onto the glass surface, a
steam surge occurs which could pressurize the melter. This pressure can
- blow out gaskets, and a glass surge into the overflow could occur, damaging
heaters or plugging the discharge area. In an extreme case, the melter itself




C could be damaged Partly to preclude such an
‘ “emergency or secondary ‘vent line that would open ‘automatically if the ple-
.~ num pressure increases above a set point. When overfeeding or bridging is

observed the feed stream should be stopped and restarted only after the cold

" cap has returned to a normal stat

 steam surges can occur, which disrupt normal operation. Usually the pres-
sure of water supply lines that could fail and leak water into a melter are set
- at only a few pounds pressure to avoid the situation whereby a water jet
could be forced into the glass pool and create a vigorous steam surge. The
" . only response is to stop the water leak and allow the melter to vent unt11 1t
*  has boiled off all of the steam.

rThe“l S of offgas ventrlatton can result from a fa11ed valve, trlpped
in the offgas line between the melter and first scrubber.

s would hap en w1thout warnmg If this occurs, melter -
op and the ency or secondary vent opened to allow
eed to react and ‘melt mto the glass pool. A plugged offgas

the blockage“ls nearly comp ete. When it is apparent that a blockage is oc-
curring, the feed to the melter should be stopped and the plug located and
removed ' S v

" acterize the combustion melter, its operatlon is stra1ghtforward and reliable.
' The primary control parameters are feed rate, thermal load, primary and

secondary combustron air flow rate, and temperature. The process is prima-

‘nly controlled by steadrly mcreasmg the feed, fuel, and combustion air rates

Jaximum rate is reached at which an acceptable glass product is

produced For feed strearns conta.mmg hrgh concentrations of alkali metals,

an upper temperature Jimit could be based on rmmmrzmg vaporization

losses Form feed mat ial that‘ls pneumatlcally conveyed into the furnace, the

“arr pressure and flow rate can be adjusted to increase or
ntrol consists of momtormg

furnace chamber and exit temperatures and the glass product consistency.
On-line offgas analyses of oxygen, NOX, and mtrogen ‘also indicate whether
the process 1s operatmg optlmally over trme

< If coolmg water were to enter the melter due to a leaking cooling line,” ~ "

S EE N

decrease the disper-
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No significant upset conditions have been identified for combustion
melters. Assuming stable air and fuel supplies and reliable feeding systems,
no major events could be considered upset conditions. Feed line blockages
are readily observed from feed flow rate measurements. If they do occur, the
fuel and combustion air are simply reduced until the feed system is restored..
Should either the fuel or combustion air flows become unstable, the sy stem
can be quickly shut down and the problem corrected. s

Induction Melters. Induction melter systems behave similarly to electric
melters. Although induction melters are considerably smaller, their through- :

put is greater on a glass surface area basis. Therefore, they can change oper- .

ating behavior more quickly (e.g., cold cap coverage or average bulk glass
temperature). As a result, reliable process monitoring and operator surveil-
lance become more important. The temperature of the glass can be mea-
sured with thermocouples or pyroreters. Cold cap size should be observed
through a view port.. Upset condmons are similar to those described for
electric melters. : :

i
'

* Microwave Melters. As a batch melting process, microwave melters are

- . simple to operate. Melt rate is controlled by the microwave power level and'

the feed rate into the container. The batch fill rate is controlled based on

visual observations, process knowledge, and thermocouple or pyrometer

measurements. For maximum processing rates, power levels should be

"+ maintained as high as possible whrle stlll maintaining even heatmg thrcugh-
out the meltmg zone.

A potentlal upset is an event descnbed as “thermal  runaway” (White,

" . Peterson, and Johnson 1986). Thermal runaway occurs when the local heat- -

ing rate in the material exceeds the rate at which heat diffuses through the

- material. These hot spots subsequently absorb more energy than the sur-
rounding material because microwave absorption increases with temperature
in most materials.. Thermal runaway can be prevented by:

. carefully controlling the rmcrowave power while continuously
monitoring the temperature of the material; and

« providing a uniform microwave 111ummatlon of the process
material.




4.3.3.2 In Situ Vitrification .
" Performance costs are minimiz ed when the ISV system is operated at the
maximum power levels that still conform to all design and permit lisits.
This speedé the rate of remediation, resulting in lower personnel costs and '
lower he?tﬂ;lo§ses to the offgas system. Several factors limit the ability to
: maximum power levels, including combustion of pyrolysis products in

the offgas hood, which might cause excessive offgas temperatures: In this

e ‘éaéc, power to the electrodes should be recuced to slow the generation of
- pyrolysis products. o SR o

-+ A high water table can also limit performance by requiring higher energy
" input to evaporate the excess water. This limitation can be minimized at
- 'some sites that are amenable to draining or lowering the water table, and
~ thereby reduce energy demands. Limits imposed on emissions of constitu-
. ents of concern in the offgas also impede optimal performance if the offgas
system is not adequately designed to remove or destroy the concentration of

. hazardous offgas constituents produced at maximum power levels.

! Potential process upsets include the formation of a hot cap within the
hood, pressurization of the hood due to excessive gas generation rates, and
excessive agitation of the molten glass inside the hood. The appropriate
eSp ch e upset conditions is to curtail or reduce power to the
ff switches ensure rapid response, if nec-
ning in an emergency to ensure continu-
or an adequate time after power to the

 electrode sections and other forms of maintenance requiring access to the
offgas hood are accomplished after power to the electrodes is cut off.

Fonk
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4.3.4 Operations Monitoring

43.4.1 Ex-Sttu Melters
All ex-s1tu melters rely on momtormg and controllmg
. feed rate and dlstnbutlon,
" * energy mput and
e temperature

If each of these variables is adequately momtored the process can Operate
optlmally — a state best achieved by directly measuring, rather than infer-
ring by indirect measurement, each variable. Process optimization assumes.
that the combination of waste, glass, and chemical additives has been care-
fully determined to optimize (1) reaction and melting of the batch, and (2)
glass processmg properties, such as viscosity, electrical conduct:mty (when
important), and phase stab1hty The critical importance of this initial work
cannot be too strongly stressed. In addition to these key variables, process
parameters that should be routinely measured to allow the process engineer .
to “see the whole picture” include plenum and offgas system temperatures
and pressures, feed, glass product and offgas composition, and energy supply
measurements. Key parameters should be displayed and logged continu-
ously ina graphlc format to allow historical trending analyses

4.3.4.2 In Situ Vifriﬁca’rion

Approximately 50 system parameters are momtored during ISV opera-

. tions. Alarm levels and responses are established for each of the parameters.
Visual alarm indicators are color-coded to aid in defining the appropriate

response. Trends in parametric data are monitored to aid in fine-tuning elec-
trode power levels. Offgas sampling and analyses are also conducted to
verify that emissions of specific constituents of concern are w1thm accept-
_ able limits. A limited set of offgas data is logged on a continuous basis as an
+ indication of the effectiveness of the overall system in destroying or remov- .
ing organics. Typical offgas parameters that are continuously nionitored are
levels of carbon dioxide, carbon monoxide, ‘o.xygen, and total hydrocarbons.




uality Control |

4 3 5. 1 Ex-.:ltu Mel’rers
Quahty assurance is apphcable to three areas of ex-s1tu melter operat1on ‘

accuracy and preclsron of measunng mstrumentatlon, '

- The ision and th frequency of calibration
for each 1nstrument should be defined by the intended use of the data.
N j‘;‘;w: Critical operatmg parameters should be measured by instrumentation
‘ cahb ; te according to in ustry standards and procedures Accuracy
- and precision should be 'within 1 to 2% of the true measurement. Cali-
ion shpuld be performed at least annually Samples should be ana-
lyzed using approved procedures, cahbratcd instruments, and chemical
- standards traceable to national standards Laboratory performance
a ng statistical control charting techniques to
" Maintaining a vis-
ible } onstrates that opera-
' tions, operz tor training, and roles, responsibilities, authorities, and ac-
countabrhtres are clearly defined and communicated. Certain sampling
and analysis procedures must be traceable to US EPA protocols. For
boratory physical and chemical methods should follow

‘US EPA ‘manual SW—846 (40 CFR 60). Offgas aerosol and

ssary to meet QA/QC and data quahty ob_]ecnves often include”™
gas samphng data, scrubber solution analyses, glass sample leaching results,
. and glass monolith conng/excavatlon ‘observations. Gas, glass, and scrubber
pled and analyzed 1n accordance with established US EPA
protocols Conng in the overlap area between melt settings and excavation -
ed site ve fies completeness of the melt overlap
‘width ives have been met
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' CASE HISTORIES

This chapter presents an evaluation of case histories deemed pertinent for
- each of the innovative stabilization/solidification technologies addressed in
this monograph.

5.1 Aqueous Stabilization/Solidification
Pilot- and .full-scale projects have been completed using several of the
innovative aqueous S/S and stabilization processes described. Most S/S
applications, however, have relied on conventional equipment designs and
operational methods (US EPA 1986b; US EPA 1989c), and so the value of

~ case histories is primarily in the technical results and properties of the
treated wastes, which have already been described in this monograph.

There is one area, however, where case hlstones are especially in-
structive — auger-type, in situ stabilization and solidification. A small
number of pilot- and full-scale projects have been completed using this
system (US EPA 1991c; Morse and Dennis 1994). One of special inter-
est is a demonstration project conducted on mixed waste (radioactive
and RCRA hazardous) at the DOE Gaseous Diffusion Plant at Ports-.
mouth, Ohio, in 1992 (Benda 1992). This site had soils contaminated
* with VOCs and low levels of uranium. A full-scale demonstration was

performed by Millgard Environmental Corporation for Rust Remedial
'-Serv1ces Inc: (then Chemical Waste Management, Inc., ENRAC Group),
under the supervision of Martm Marietta Energy Systems. ‘

The project included a number of discrete i in situ operations — VOC de-
struction, VOC removal, and stabilization using the MecTool® auger system
described in Section 2.1.1.3. Tests were conducted within a 10 m (33 ft) by
29 m (95 ft) area of the contaminated site. Twelve soil columns were treated




~ ... in situ to depths of 4.6 m (15 ft) and one colamn to a depth of 6.7 m (22
" "Uft)."The treatment procéss took from one to four hours per column, de- .
- pending on the treatment used. Initial VOC concentrations in the soil |
- ranged from 300 to 1,800 mg/L. Fach treatment was successful and
. conferred specific advantages.
.. The mamcpntamm  trichloroethyle: TCE) in concentrations upto
100mg/L, vith other halocarbons present, along with trace- to low-levels of
lead, chromiu, uranium 235, and technicium 99 (Siegrist et al. 1993). While
' there wére corisiderable variations in strength due to non-uniform mixing, so-
- _lidification was rapidly accomplished and acceptably low TCLP leaching levels *
et C ftained. "~ T 0T

er Stabilization/$ lidification”

521 P ne Microencapsulafion Using Single-Screw
Extrusion “ o S

© 'L Single-screw extrusion for polyethylene microencapsulation of radioac-

. . tive, hazardous, ixe > has progressed from
bench-scale p e demonstration. A

. . production-scale technology demonstration, sponsored by the of DOE’s

L Oi]f‘i‘ceof Te&hno}ogy Development, was conducted at the Brookhaven Na-

“tional Laboratory’s Polymer Encapsulation Demonstration and Test Facility
. " (Kalb and Lageraaen 1994, 1996; Kalb et al. 1995b).

de n i n integrated process nccessat}“' o
"to process “inder actual planit conditions. A schematic of the process
‘components is shown in Figure 5.1 and a photo of the facility is shown in
~'Figure 5.2. An aqueous salt waste surrogate containing 35% (by weight) '
© - dissolved solids was pretreé;ted to dryness using an indirectly-heated, stirred
" ... vacuumn dryer and particle size reduction sysiem capable of processing 757
:L/day (200 gal/day). The pretreatment system was discussed in Section
~3.2.5. Pretreated waste and polymer materials were remotely transferred to
' storage “h‘opptjsrs by a HEPA-filtered pﬁeumatic transfer system. - ‘
'Production-scale loss-in-weight feeders metered waste to the extruder.
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) Figure 5.1
Schemcﬂc Diagram of the Integrated Polysthylene Encclpsulcﬂon Process

Prat
Pretreatment

Material Transfer

= I'Dry;, _' | E @

e . o 'Material Feed

On-line Monitor. .
. B -

Single-Screw Extruder .
Process Control Loop -1

These feeders are capable of extremely precise metering, with accuracies
typxcally around +0.5%. A 11.4 cm (4.5 in.) single-screw, vented extruder
with a maximum output rating of 907 kg/hr (2,000 Ib/hr) was used for pro-
cessing. Extruder output rates were monitored, and data were fed to & com-
puterized process control system that automatlcally coordinated feeder input
rates with extrusion cutput. A real:time, on-line monitor, developed by
Ames Laboratory determined actual waste loadings of the product as it
exited the extruder. Process monitoring and instrumentation is described in.
" Section 3.2. 7. 'I‘yplcal production-scale processing data for polyethylene
nncroencapsulatlon usmg a single-screw extrusion process are provided in
Table 5.1. ’

5.2.2 POIyethylené Macroencapsulatibn

Envirocare of Utah has been engaged by DOE to commerc1ahze polyeth—
ylene macroencapsulatxon and treat up to 226,800 kg (500,000 Ib) of mixed
waste lead currently stored throughout the DOE complex. Envirocare is a
NRC-licensed disposal facility. for naturally-occurring radioactive materials -




' Figure 5.2 )
Full-Scale Polyethylene Encapsulation Facilt
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' Table 5.1 '
Production-Scale Process Data for Polyethylene Microenccpsulaﬂon
of Nifrate Salt Wastes Using a Single-Screw Extrusion Proce°s°

Parameter : ' Data
Zone 1: . 280°F
i , . Zone 2: 25F
Heat Zone Temperature Settings: Zone 3: 295°F
Zone 4: . 325F
Zone 5: 1 350F
Vacuum Pump: . 15 mm Hg
Maximum Screw Speed:’ ) 80 rpm
* Maximum Output Rate: ~ 54kg/min
) Waste Loading Range: . ; .. 30,40, 50, 60% (by weight)-
Drum Fill Times (55 gallon drum; - 50mpm - | 3.5 kg/min , 80 min
- 60% (by weight) waste loading):' 80 pm . 54 kglmin 50 min
*Data from BNL Production-Scale Polysthylene Encapsulation Technol _,; D

Source: Kalb and Lageraaen 1994

and low-level radioactive wastes. It is the only licensed disposal fac1hty in .
the U.S. for mixed radioactive/RCRA hazardous wastes. Envirocare con- '
ducted a technology demonstration of the polyethylene macroencapsulation
‘process on November 28, 1995, for members of DOE and the local commu-
. nity. Both nonradioactive and radioactive lead brick samples were success-
fully treated. The lead bricks were packaged in steel cages and suspended in
five-gallon metal buckets. A 11.4 cm (4.5 in.) Davis-Standard smgle—screw
plastics extruder was used to extrude clean plastic around the lead to form a
layer 25.1 cm (2 in.) on all sides. A schematic of the macroencapsulation
process is shown in Figure 5.3 along thh a schematm of the waste form in

Figure 5.4.
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523 ISquur Polymer Encapsulation

Idaho National Engineering Laboratory has conducted several pilot-scale
tests of sulfur polymer cement (SPC) encapsulation of ash and debris waste (see
Section 3.2.3.4). Scientific Ecology Group is using SPC encapsulation to treat
incinerator ash residues resulting from their commercially-licensed radioactive
waste volume-reduction incinerator facility. Because of the large concentration

* of contaminants, the ash residues contain significant concentratlons of toxic
metals in addition to radlonuchdes

. Scientific Ecology Group modlfied a high-shear mixing vessel, w}uch is
heated by steam for the process. Typically, about 900 kg (2,000 1b) of SPC
is heated and melted and approximately 340 kg (750 Ib) of incinerator fly -
ash is added and mixed to form a homogeneous mixture for a waste loading
of about 28% (by weight). Currently, Scientific Ecology Group is working
with Brookhaven National Laboratory as part of a Cooperative Research and
Development Agreement to optlmlze and demonstrate process apphcabﬂlty
to other waste streams

5.3 'Vifriﬁcaﬁon

5.3.1 Ex-Situ Melfers

. Babcock & Wilcox (B&W) part1c1pated in a US EPA SITE soil treatment
"demonstration of the B&W cyclone vitrification furnace (Czuczwa et al.
1993). The pilot cyclone furnace was operated between 1990 and 1992 to
treat wet and dry contaminated soils (i.e., synthetic soil matrix). The syn-
- thetic soil matrix (SSM) was combined with known quantities of heavy met-
' als, organic contaminants, and nonradioactive isotopes of strontium, bis-
muth, and zirconium. The goals of the testing were as follows:

* determine SSM properues,

» establish cyclone operablhty with dry soil processing (e.g., feed—
ing, meltmg behav1or, operational data);

"= determine slag leachability and volume reduction;




determine preliminary heavy metals mmass balance for the cyclone
o P PR e L e

system and ator‘nizﬂ_ér;‘ana o

ability with wet soil processing.

- The pilot Cycloﬂé test facility s shown in Flgufg 5.5. The furnace is a e T

MBtu/hr pilot cyclone furnace, which is water-cooled and simulates the
' 'geometry of B&W’s front-wall fired, cyclone coal-fired boilers. The furnace

d single, scaled-down version of a commercial coal combustion

 cyclone ce. Both the primary and secondary air were heated to ap- -
- proximately 437°C (820°F). For the SITE demonstration, natural gas and
' preheated primary combustion air entered tangentially into the cyclone
' bufner. -In dry soil processing, preheated secondary air, the soil matrix, and a
- portion of the natural gas entered underneath the secondary air and parallel
' to the cyclone barrel axis. For wet soil processing, an atomizer sprayed the

paste directly into the furnace.

conducted in two phase's.‘ InPhas‘e I,“dfy SSM was pfocessed
, wet SSM was processed. Test conditions are shown in Tables

The B&W system is capable of processing different waste streams -

‘ arying ¢ tions of fuel type, water content, and feed rate. The soil
was spiked with 7,000 mg/L lead, 1,000 mg/L. cadmium, and 1,500 mg/

L chromium. Spiked SSM samples were subritted wet and dry for TCLP

' testing to verify that the starting soil failed the TCLP. The leachability of the

, lead averaged 81 mg/L; cadmium, 40 mg/L; and chromium, 2.8 mg/L. With the
_exception of chromium, the spiked solid exceeded US EPA limits for lead (5

mg/L) and éédxiﬁdm (1 mg/L). Based on feed and product sample composition

analyses, test resuits showed 95 to 97% of the noncondensable portion of the

" feed was incquorated within the slag product. At processing rates of 23 to 68
- kg/hr (50 to 150 1b/hr) dry feed and 45 to 136 kg/hr (100 to 300 Ib/hr) wet feed,
- the heavy metals were retained w1th1n the release limits defined under the US

'~ EPA TCLP leaching protocol.

During Phase I testing, the cyclone operation remained very stable. Soil

_ ' input was increased from 21 to 64 kg/hr (46 to 141 Ib/hr) with test durations
. of 3 to 6 hr, The slag tapped well, and no buildup of deposits was observed
" in the furnace. For Phase II tests, the cyclone was operated at a nominal

and 1% excess oxygen. The SSM input varied between ~

Ll

LAl Lyl il

1). Cyclone operation was characterized
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.» _ Figure$5 - .
B&W Pilot Cyclone Test Facliity

" Furnace o
Stack

t

’ Continuous Emissions
Stack Particulate Monitor (CEM) :
‘Sampling Location Sampling Location

SSM Feed System

Samplihg
Location Slaker (Notin Use) , '

Natural Gas Injectors

Reproduced courtasy of Babcock Wilcox {1997)




. Case Historles

‘Table 5.2
~.-Phase | Test Malrices

-, Cyclone k % ‘ "Fly'As Secondary Air
Load SSM Feed Rate  Excess  Temperature Temperature
(MBtufln‘) © (ib/r) Oxygen (P (P

Pmlu'mnary Vnnf catmn Tcsts (ny. Clean Sonl)‘ “

o HcavyMctals Tests (Dry, Spnimd Soii)
L ul !

‘2350 ‘

Ieavlng the fumaee as ash, preliminary asumata

. **Tests usad for TCLP and heavy metals mass balance.
*Includes estimate of amount of particulate deposlted in the convecﬂon pass.

‘th:;m about 1 cm (0. 4 in.) could be “expected'tso melt. Larger particles stay in
the cyclone untll they melt or are carned out by the slag and are encapsu- ”

‘:‘pa‘rticles, the extent of en

" essentially determines the maxlmum processmg rate of the melter unit.

Fluxmg agents that cause the s01l to melt and ﬂow at lower temperatures

E y
~_ one of the Phase II tests.- After borax was added the cyclone load could be
“ ‘reduced to 4.1 MBtu/hr without any problem w1th slag dlscharge With the
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added borax, the slag temperature was reduced from 1, 332°C (2,430°F) at an
SSM feed rate of 91 kg/hr (200 Ib/hr) to 1,271°C (2,320°F). NO, levels
decreased 20%. Fly ash production increased slightly by 3.5% of the mput
SSM, presumably due to vaporization of sodium and boron.

Table 5.3
Phase Il Test Matrices
A - . . Primdry and
. Cyclone Stack % Slag_ . Fly Ast/ . Secondary Air
. Load SSM Feed Rate  Excess  Temperature Slag Temperature
Test (MBtu/hr) (lb/hr) ,O_xygen P (%) (F) - ¢
Preliminary Vitrification Tests (Wet, Clean Soif) *
8/20191 51 100 077 2455 L7 814
8121/91. 53 . 100 . 076 2420 201 794 )
8127191 50 100 062 . 2370 173 - 814
©BRI/L T - 49 150 0.56 2410 - 04 814
8/28/91 49 200 0.58 2370 191 810
8/28/91 - 49 300 0.53 2390 149 813
8/29/91 49 300 " 056 " 2405 1.89 810
0/03/91 . 5.1 300 0.47 1.94 807
Heavy Metals Tests (Wet, Spiked Scil)**
9/09/91 48 200 12 2430 232 823
9/09/91 49 200 10 - 2420 263 825
91091 a9 100 06 2470 ' 813
o~ on0m1 49 300 07 2400 822 .
91191 41 200 47 2320 35 - .80 .

*Atomizer alr 90 to 130 Ib/hr, 15 to 100 psig static prossure. .
**Atomizer air flow rates of 128 to 134 ib/hr were used . ' . !
***10% Borax was added to the SSM. . : ’ . .

Source: Czuczwka et al. 1993




e WETE reduced between 25““and 35% (dry bas1s) through vrtnﬁcatron

g results mdlcated that ess would be well-suited for the
of ] low volatxllty contarmnants, ‘such as many radionuclides. At
2 1 least 95 to 97% of the mput 'SSM was mcorporated into the slag. The heavy
‘metals partitioned between the Vitrified slag and the stack fly ash. The cap-
. ture of heavy metals in the vitrified slag from all tests ranged from 8 to 17%
by welght) for cadrmum, 24 to 35% (by weight) for lead and 80 to 95% (by
- weight) for chromlum The capture heavy metals in the slag increased
wrth mcreasmg feed rate and wrth decreasmg metal volatility. Stable cy--
‘ e peratlon was achieved h phases of testing. Concentrations
.+ of CO and NO in the offgas were within acceptable ranges. Soil volumes

~ Asa result of the SITE demonstratron, several recommendatrons for

_t ‘technology apphcatlon were made. It is believed that the combustion
“‘meltmg technology is best suited for treating soils contaminated by or-
 ganics and either very high or very low volatility heavy metals.” The

. .- high heat release rates and turbulence make the ¢yclone vitrification

process well-suited for orgamc destruction. Vitrification of very

o ‘hrgh-volauhty metals or radionuclides could tend to concentrate those

“ elements i in the relatlvely small fly ash stream, from which they could be-
eco red V1tr1ﬁcat10n of very low volatlhty metals or radionuclides

f the Geosafe Corporation

: ‘ n (ISV) nder the US EPA SITE
rogram in conjunction with remediation activities associated with an US
EPA Region V removal action. The technology was assessed for its ability .
to reduce pesticides (specifically chlordane, dleldrm, and 4,4-DDT)and -
. mercury to below Region V-mandated limits. 1t was evaluated agamst the
_ nine criteria for decrsxon—makmg in the Superfund Feasrblhty Study process
" Table 5.4 presents the results of this evaluatlon : )

As part of the Regron V Temo ““] actnon Geo afe performed a total of

lght melts that Covered ntne pre—stag"ed treatment‘”cells at the Parsons™ =~~~ T T
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. Program studied one of these treatment settings (Cell 8) in detail to deter- -
. Inine the technology s ability to meet the Region V removal criteria and to
obtain cost and performance data on the technology. :

“Results for the treated soil are based on posttreatment sampling just below
the surface of the melt alone. Complete postireatment sampling of the solidi- .
fied melt could not be safely performed until at least one year after treatment, at
which time sampling of the melt core will take place. Because the technology'

' is already being used in commercial applications, a report (Geosafe 1995) has
been published prior to obtaining treated soil samples from the cénter of the - .
‘study area. In this manner, the community is provided with the information
currently available regarding the operability and effectiveness of the technology.
Results of the posttreatment soil samples collected from the core of Cell 8 will

be reported at a later date in a published addendum.

Conclusions Based on Critical Objectives. The studies conducted by the
SITE Program suggest the following conclusions regarding the technology’s _
performance at the Parsons’ site based on the critical objectives stated for the
demonstration. ,

* The treated soil met the US EPA Region V cleanup criteria for . .
 the target pesticides and mercury. Dieldrin and 4,4'-DDT were
reduced to levels below their analytical reporting detection limits
(<16 pg/kg) in the treated soil. Chlordane was below its detec- | -

" tion limit (80 pg/kg) before treatment commenced. Mercury, .
analyzed by standard SW-846 Method 7471 procedures, was

_ below the specified cleanup level before treatment began, averag-’
ing 3,800 pg/kg. It was reduced by volatilization to an average of
less than 33 jig/kg in the treated soil.

* Stack gas samples were collected dunng (he demonstration to
characterize process emissions. No target pesticides were de- "
tected in the stack gas samples. During the demonstration, mer- :
cury emissions averaged 5.4 « 10* ug/hr (1.2'« 10* Ib/hr). The
emissions were below the regulatory requirement of 2.7 » 10° ug/

" hr (5.93 » 10 Ib/hr) at all times. Other metal emissions in the
stack gas (particularly arsenic, chromium, and lead) were of
‘regulatory concern during process operations, but were found to .
be in compliance with Michigan’s applicable or relevant and.
appropnate requxrements (ARARs)




Table 5.4
Evaluaﬂon Crl'rerlo for the Geosafe In Situ Vitrification Process

Overall Protection of Human
Health and the Environment

Compliance with ARARs

Long-Term Effectiveness
and Performance

Sﬁort—'I‘erm Effectiveness

Provides both short- and long:term
- protection by destroying organic material.
Developer also claims the technology can

7 treat radioactive compounds.

Remediation can be performed in situ, -
% thereby reducing the need for

. excavatlon

Offgas treatment system reduces
aitborne emissions. System is flexible
and can be adapted for a variety of
contaminant types and site conditions.

Technology can simultaneously treat a
mixture of waste types. Technology is
applicable to combustible materials, but
the concentration of such materials in the

* treatment zone must be carefully
controlled and treatment prudently
planned.

Requires compliance with RCRA
treatment, storage, and land disposal
regulations (for a hazardous waste).
Successfully treated waste may be
delisted or handled as nonhazardous
waste.

- Operation of on-site treatment unit may

require compliance with location-specific
applicable or relevant appropriate
requirements (ARARS).

Emission control may be needed to-
ensure compliance with air quality
standards depending upon Jocal ARARs
and test soil components.

Scrubber water will likely require

- secondary treatment before discharging

to publicity owned treatment works
(POTW) or surface bodies. Disposal
requires compliance with Clean Water
Act regulations.

Effectively destroys organic

contamination and immobilizes inorganic
material. Developer also claims the
technology can treat radicactive
compounds.

Reduces the likelihood of contaminants
leaching from treated soil. ISV glassis
thought to have a stability similacto
volcanic obsidian which is estimated to
remain physically and chemically stable

for thousands to millions of years,
. Allows potential rense of property after

treatment.

Treatment of a site using ISV destroys
organic compounds and immobilizes
inorganic contaminants, .

- Vitrification of a single treatment setting

may be completed in approximately ten
days. This treatment time may vary
depending on-site-specific conditions.

Presents potential short-term chemical
exposure risks. to workers operating
process equipment. I-hgh voltage and
high temperatures require appmpnate
safety precautions.

Some short-term risks associated with air
emissions are dependent upon test
material composition and offgas .
treatmem system design.

Stagmg, if required, involves excavation
and construction of treatment areas.

. A potential for fugitive emissions and

exposure exists during excavatmn and
oonstmcnan.

0
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Reduction of Toxicity, Mobility,

" higher overall cosis.

or Volume through Treatment Implementability Cost . Community Acceptance State Acceptance
Significantly reduces toxicity Equipment is mobile and can be The cost for tredtment - Technology is generally State ARARs may be
and mobility of soil contaminants brought to a site using conventional when the soil is staged accepted by the public more stringent than
through treatment. shipping methods. Weight restrictions into 15 ft deep cells is . because it provides a federal regulations.
. .- on-tractors/trailers may vary from approximately $770/yd3 permanent solution and .
Volume reductions of 20 to 50% state to state, - ($430/tom). - because it is performed in State acceptance of the
are typical after treatment. - sita. technology varies
i . 5 Support equipment includes earth “Treatment is most . ’ depending upon ARARSs. .
Some' Inorganic contaminants, moving equipment for staging - economical when tredting Potential reuse of land .o
especially volatile metals, may treatmient areas (if required) and large sites to the after freatment provides The ISV system
be remrioved by the vitrification covering treated areas with clean soil. maximum depth. an attractive alternative {especially the offgas
process, and require subsequent A crane is required for offgas 10 property owners. treatment portion) is
treatment by the offgas containment hood placement and Electrical power is somewhat modular, such
treatnient system. movement. generally the most A public nuisance could that it may be modified to
Co sigmificant cost associated |  be created if odorous meet state-specific
Some treatment residues may Chemical characterization of with ISV. Other factors emissions from the soil criteria. N
themselves be treated during contaminated soil is required for. (in order of significance) constituents are not
the next vitrification setting. . proper offgas treatment system include labor costs, . properly controlled by the
Residues from the final setting, “design. startup and fixed costs, offgas system.
including expended or equipment costs, and
contaminated processing A suitable source of electric power is facilities modifications
* equipment, may require special required to utilize this technology. and maintenance costs.
disposal requirements. -
* Technology not recommended for Moisture content of the
" Volume of scrubber water sites which contain organic content’ medium being treated
generated is highly dependent greater than 7 to 10% (by weight), directly influences the
upon soil moisture content. . metals content in excess of 25% (by " cost of treatment since
: weight), and inorganic contaminants electric energy must be
greater than 20% (by volume). Sites used to vaporize water
with buried drums may only be treated before soil melting occurs.
- if drums are not intact or sealed, ’
Sites that require staging '
and extensive site
preparation will have

g Jeydoyo
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ide are regulated at 100, pprh and 50 ppm,, respectively.
oughout the demonstration, vapor emissions of these gases
(measured downstream from the thermal oxidizer) were well

wthe regulatory guldehnes ’lotal hydrocarbon and CO

Concluswns Based econdaiy Objectwes The studies conducted by -
the SITE Program suggest the followmg conclusions regarding the
i ‘Parsons’ site based on the secondary ob_]ec-

» The technology successfully in Cell 8, ¢
T the test cell melt in ten days with only minor operational prob-
~lems. Durmg this tlme, approxxmately 252 m?® (330 yd?) (ap-
pn‘oxrmately 540 tonne [600 ton]) of contaminated soil were vitri-
ed, accordmg to Geosafe ‘melt summaries. Approximately 610 .
‘ ,080 MBtu) of energy was apphed to the total soil vol-
. utie melted (estlmated to be 367 m3 [480 yd®]) durmg vitrifica-
tion of Cell 8; power apphed to the actual contaminated soil
could not be dently measured because clean fill
urrounding uncontaminated soil were vitrified as part of
’ ‘each melt. Based on the total soil treated in Cell 8, the energy
~consumption was approx1mately 0.72 MWhr/ton (2.5 Btu/ton).
“ystem operatxon was occasmnally interrupted briefly for routine
‘ h “‘t“addmon and adjustment

“cated that no target pestrcrdes were detected in the posttreatment
‘ leachate Chlordane was not detected m e1ther the pre- or post—

m both pre- and posttreatment soil leachates were well below the
. regulatory limit of 200 pg/L (40 CFR §261 24) Several other
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secondary treatment before ultimate disposal, and data suggest
that secondary treatment of this waste stream will probably be
required in most cases.

*» Pretreatment soil dry density averaged 1.8 tonne/m? (1. 5 ton/yd3),
while posttreatment soil dry density averaged 2.5 tonne/m?® (2.1
ton/yd®). Accordingly, a volume reduction of approximately 30%-
was observed for the test soil on a dry basis.

* The cost for treatment when the soil is staged into nine cells is .
' approximately $815/tonne ($740/ton) or $1,300/yd? for 1.5 m (5
" . 'ft) deep cells, $474/tonne ($430/ton) or $770/yd?® for 4.6 m (15 ft)
* deep cells (like those at the Parsons’ site), and $407/tonne ($370/
ton) or $660/yd? for 6.1 m (20 ft) deep cells. The costs presented
are calculated based on the number of cubic yards of contami-
nated soil treated. Because clean fill and surrounding uncon-
taminated soil are treated as part of each melt, the total amount
of material treated is greater than the amount of contaminated
soil treated. Costs per cubic yard based on total soil treated -
would, therefore, be lower than the costs per cubic yard based on
“contaminated soil treated presented in this report.

o Treatment is most econormcal when treating large cells to the
maximum depth. The primary cost categories include ut1lmes,
- labor, start-up, and fixed costs. :

The site studied during this demonstration was Geosafe’s first large-scale
‘commercial project. Valuable lessons learned at this site have been put mto

practlce in subsequent applications.
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