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ABSTRACT

The main immobilization technologies that are available commercially and have been demonstrated

to be viable are cementation, bituminization, and vitrification. Vitrification is currently the most
widely used technology for the treatment of high level radioactive wastes (HLW) throughout the
world. Most of the nations that have generated HLW are immobilizing in either alkali
borosilicate glass or alkali aluminophosphate glass. The exact compositions of nuclear waste glasses
are tailored for easy preparation and melting, avoidance of glass-in-glass phase separation, avoidance of
uncontrolled crystallization, and acceptable chemical durability, e.g., leach resistance. Glass has also
been used to stabilize a variety of low level wastes (LLW) and mixed (radioactive and hazardous) low
level wastes (MLLW) from other sources such as fuel rod cladding/decladding processes, chemical
separations, radioactive sources, radioactive mill tailings, contaminated soils, medical research
applications, and other commercial processes. The sources of radioactive waste generation are captured
in other chapters in this book regarding the individual practices in various countries (legacy wastes,
currently generated wastes, and future waste generation). Future waste generation is primarily driven by
interest in sources of clean energy and this has led to an increased interest in advanced nuclear power
production. The development of advanced wasteforms is a necessary component of the new nuclear
power plant (NPP) flowsheets. Therefore, advanced nuclear wasteforms are being designed for robust
disposal strategies. A brief summary is given of existing and advanced wasteforms: glass, glass-ceramics,
glass composite materials (GCM’s), and crystalline ceramic (mineral) wasteforms that chemically
incorporate radionuclides and hazardous species atomically in their structure. Cementitious, geopolymer,
bitumen, and other encapsulant wasteforms and composites that atomically bond and encapsulate wastes
are also discussed. The various processing technologies are cross-referenced to the various types
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of wasteforms since often a particular type of wasteform can be made by a variety of different
processing technologies.

7.1 Introduction
7.1.1 Legacy Wastes

Most nuclear nations have generated radioactive HLW from nuclear weapons programs and/or
commercial nuclear power generation and most store waste materials from a variety of reprocessing
flowsheets. The Plutonium and URanium EXtraction (PUREX) process' is the baseline for spent fuel
reprocessing for most countries with active fuel cycle programs. France and the UK reprocess spent fuel
for electric utilities from other countries using the PUREX process to recover uranium (*°U) and
plutonium (**Pu). Slight modifications to the PUREX process can be made to recover 2°U, ?°Pu, #'Np,
and **Tc (if desired) and a number of countries (e.g., France, Japan, China, etc.) are developing solvent
extraction processes to recover the minor actinides (Am and Cm) from spent fuel. Elimination of these
actinides and fission products from the HLW reduces the long-term radio-toxicity and heat generation
from an immobilized wasteform once it is entombed in a geological repository.

Most HLW is in either one of two forms: a) used nuclear fuel that is destined for direct disposal, or b)
waste from the reprocessing of commercially generated spent nuclear fuel (SNF or commercial wastes) or
from the reprocessing of fuel used to generate ?°Pu for weapons (defense wastes). The SNF retains a high
inventory of transuranium elements (~1 atomic %) in its uranium matrix, and the waste from reprocessing
is depleted in actinides, mainly U and “°Pu (~99% removed), having been recovered during chemical
processing.

Liquid HLW streams are stored either as neutralized nitric acid streams in mild steel tanks (U.S. and
Russia) or as nitric acid streams in stainless steel tanks (France, UK, Japan, Russia). Although
borosilicate glasses have become the preferred wasteform for the immobilization of HLW solutions in the
majority of the nuclear nations, the chemical variability of the wastes from the different reactor and
reprocessing flowsheets coupled with the additional variability imposed by neutralization vs. direct
storage or processing of acidic wastes has led to a diverse HLW chemistry, e.g. HLW contains about three
fourths of the elements in the periodic table.

Vitrification is currently the most widely used technology for the treatment of high level radioactive
wastes (HLW) throughout the world (Table 1). In the United States, more than 3,496 canisters of
borosilicate glass contain vitrified, high-level waste from the Savannah River Site (Defense Waste
Processing Facility) and 250 canisters at West Valley, New York. In France, approximately 14,000
canisters of HLW-glass have been produced at the La Hague facility (Table 1).

A variety of other radioactive wastes have been generated during the fuel rod cladding/decladding
processes, during chemical separations, from radioactive sources, radioactive mill tailings, medical
research applications and other commercial processes such as radium for watches and clocks. Many of
the sources of radioactive waste generation are captured in other chapters in this book regarding the

" The PUREX process was developed in the United States in 1950 and the world's first operational full-scale

PUREX separation plant, began radioactive operations at the Savannah River Plant in 1954. The process has run
continuously at SRP since start-up for defense materials only.
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individual practices in various countries (includes legacy wastes, currently generated waste, and
anticipated future wastes).

In countries where the HLW waste is neutralized before processing, the HLW has segregated into a Low
Activity Waste (LAW) fraction which is an alkali rich supernate and a viscous HLW sludge fraction over
time. The LAW fraction of HLW and other medium and low level wastes (MLW and LLW) can be
immobilized into a variety of wasteforms, i.e. cements, Ceramicrete, glass, hydroceramics, high
temperature ceramic/mineral wasteforms (made by a variety of technologies discussed below), glass-
ceramics, and geopolymers and land disposed in safe and specially engineered facilities.

The concept of conditioning waste in order to immobilize it in solid nuclear wasteforms is over 60 years
old.[1] Wasteforms can chemically incorporate waste species (glass, GCM’s, crystalline ceramics or
mineral analogs, and metals), encapsulate waste species in a matrix (cement, geopolymers,
hydroceramics, bitumen), or be a combination of both. Wasteforms can be amorphous (glass, bitumen,
geopolymers), or crystalline (crystalline ceramics including minerals and zeolites, metals, cements,
hydroceramics), or a combination of forms (glass ceramic materials, GCM’s; glass beads in a metal
matrix; granular crystalline mineral wasteforms in a geopolymer or cement). In particular, GCM’s can be
formed by controlled cooling, melting above the solubility of certain waste constituents and letting them
crystallize out on cooling, or by allowing homogeneous glasses at the melt temperature to cool naturally
where some portion of the cooled glass crystallizes.

7.1.2 Future Wastes

At the turn of the 21% century, the interest in sources of clean energy has led to increased interest in
advanced nuclear power production, often referred to as the “nuclear renaissance.” The development of
advanced wasteforms is a necessary component of this new strategy. Therefore, advanced nuclear
wasteforms are being designed for robust disposal strategies. Implicit in the ceramics and glass ceramic
wasteform development is the idea of using additives to “tailor” the waste chemically so that the desired
host radionuclide phases are produced after consolidation. Implicit in the cements and encapsulant
wasteforms is to “design” the encapsulant to retain radioactive and hazardous constituents while being
effective in adverse environments.

7.1.3 Overview of Wasteforms and Conditioning Technologies

A brief summary of glass, glass-ceramic, crystalline ceramic (mineral), cementitious, geopolymer,
bitumen, and other encapsulant wasteforms is given below and in Chapter 5. There have been many
comprehensive reviews of wasteforms and their properties [2,3,4,5,6,7, 8,9,10,11] and this will not be
elaborated on in this chapter except as examples of the different classes of wasteforms discussed in
Section 7.4 of this chapter.

This chapter will focus on the various technologies available to create the various types of
wasteforms and provide a cross-reference between the various processing technologies and each
wasteform. For example, a glass wasteform can be made by Joule heated melting (JHM),
advanced Joule heated melting (AJHM), plasma hearth melting (PHM), Hot Isostatic Pressing
(HIP), microwave heating, and cold crucible induction melting (CCIM). Thus processing
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technologies will be related to conditioning technologies that immobilize radioactive species
either by atomic bonding or by encapsulation or a combination of the two (composite
wasteforms). The wasteform and technology data is presented in tabulated form for brevity.

7.2 Definitions

For consistency, the definitions given in Chapter 5 of this book, which are from the IAEA, [12,13] are
adopted here except for the definitions of encapsulation vs. embedding where examples have been used to
make the distinctions clearer.

7.2.1 Conditioning

Conditioning includes those operations that produce a waste package suitable for handling, transport,
storage and/or disposal. This may include the following:

e conversion of the waste to a solid wasteform
e enclosure of the waste or wasteform in containers
e providing an overpack if necessary

The wasteform is the waste in its physical and chemical form after treatment and/or immobilization prior
to packaging. Thus the wasteform is a component of the waste package.

7.2.2 Immobilization

Waste immobilization is the conversion of a waste into a wasteform by solidification, embedding, or
encapsulation. The wasteform can be produced by chemical incorporation of the waste species into the
structure of a suitable matrix (typically a glass, GCM, or ceramic) so that the radioactive species are
atomistically bound in the structure (chemical or atomic incorporation) or encapsulated.

Chemical incorporation is typical for high-level radioactive waste. Cementation or other
encapsulation/embedding technologies are typical for low-level or intermediate-level waste.
Immobilization reduces the potential for migration or dispersion of radionuclides during handling,
transport, storage and/or disposal.

7.2.3 Encapsulation and Embedding

Encapsulation of waste, on the other hand, is achieved by physically surrounding the waste with or in a
material (typically considered a flowable material such as a grout or cement) so the waste particles are
isolated and radionuclides are retained. Encapsulation may or may not include some chemical
incorporation if the encapsulating phase reacts with the waste, i.e. if hydrating calcium-silicate-hydrates
(CSH) incorporate waste species during hydration. The IAEA definition [12] of encapsulation is
“immobilization of dispersed solids (e.g. ash or powder) by mixing with a matrix material in order to
produce a wasteform,” but also includes emplacement of a solid wasteform (e.g. spent fuel assemblies) in
a container.
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Embedding is the immobilization of solid waste (e.g. metallic materials) by surrounding it with a matrix
material in order to produce a wasteform. Embedding is similar to encapsulation when no chemical
interaction is observed between the waste and the encapsulation medium (typically bitumen or polymers).

7.2.4 Wasteform

The IAEA defines a wasteform as “Waste in its physical and chemical form after treatment and/or
conditioning (resulting in a solid product) prior to packaging.” The wasteform is a component of the
waste package.

A wide range of materials are potentially suitable for immobilizing radioactive waste in a wasteform. For
simplicity of describing the types of wasteforms in terms of chemical or atomic incorporation vs.
encapsulation/embedding and the various technologies by which these wasteform materials can be made,
the wasteforms have been grouped into ten classes:

e Single-phase (homogeneous) glasses

Geopolymers and organic polymers
Hydroceramics
Ceramicretes

e  Multi-phase glass-composite materials (GCM’s; heterogeneous glasses)
e Single-phase crystalline ceramic/mineral analogs

e Multi-phase crystalline ceramic/mineral assemblages

e Bitumen

e Metals

e Cements

[ )

[ )

[ ]

Some wasteforms are considered composites as they both atomically incorporate radionuclides and then
these radio-phases are embedded or encapsulated in a secondary matrix.

Each class of wasteform will be discussed in more detail in Section 7.4. Each waste class will have two
tables associated with it. One table to discuss the manner in which the radionuclides are sequestered
(including a schematic), advantages and disadvantages of the wasteform, and the variety of
immobilization technologies by which the wasteform can be made. The second table provides the
examples of the wasteform, the technology by which it is made, and references.

7.3 Types of Immobilization Processes and Pre-Processes

Various thermal and non-thermal processes can be used to make various types of wasteforms. The cross-
referencing of the various processing technologies that can be used to produce various wasteforms is
given in Table 2. In Table 2 the technologies are designated as continuous processes which are more
applicable to large volume wastes or batch processes which are more applicable to small to medium
volume wastes. Table 2 provides a crosswalk of the processes/technologies (rows) that can be used to
form various wasteforms (columns). A list of advantages, disadvantages, and types of wasteform that can
be made with a particular technology are given in Table 2 Further discussion of the individual
technologies (rows) can be found in Chapter 4 of Reference 11.

The processing and pre-processing technologies by which a wasteform can be made are briefly described

below as thermal or non-thermal technologies in keeping with Table 2:
e Thermal Processes
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Calcination — heating at elevated temperature to convert all cations to the oxide form
(removes waters of hydration, hydroxides, nitrates in the presence or absence of air,
i.e. rotary pyrolytic calciners). May be coupled with other high temperature
processes

Drying — heating at 110°C to remove bound water in preparation for solidification,
embedding or other high temperature processes

Vitrification — the process of solidifying a liquid, sludge, solid, thermal residue,
granular wasteform, or calcine in a glass (borosilicate, iron phosphate,
aluminosilicate)

Metal formation — melting a metallic waste with or without other metal additives
Pyrolysis — process of destroying organics in the absence of air (more
environmentally compliant than Incineration which destroys organics in the presence
of air). Pyrolysis can be carried out in calciners, drums, or by Fluidized Bed Steam
Reforming (FBSR)

Hot Isostatic Pressing (HIP) - a manufacturing process used to reduce the porosity of
metals and increase the density of many ceramic materials by subjecting the
waste/additive mixture to both elevated temperature and isostatic gas pressure in a
high pressure containment vessel

Cold Isostatic Pressing (CIP) and sintering - a manufacturing process used to reduce
the porosity of metals and increase the density of many ceramic materials by
subjecting the waste/additive mixture to isostatic liquid pressure in a flexible but
impervious form such as a balloon before sintering at high temperature

Hot Uniaxial Pressing (HUP) - a manufacturing process used to reduce the porosity
of metals and increase the density of many ceramic materials by subjecting the
waste/additive mixture to uniaxial mechanical pressure from above and below in
containment form while simultaneously subjecting the form to elevated temperature
Cold Uniaxial Pressing (CUP) and sintering - a manufacturing process used to
reduce the porosity of metals and increase the density of many ceramic materials by
subjecting the waste/additive mixture to uniaxial mechanical pressure from above
and below in containment form before sintering at high temperature either with or
without the containment form

e Non-Thermal Processes

(0]

Cementation — the process of solidifying a liquid, sludge, solid, thermal residue,
granular wasteform, or calcine in cement matrix of crystalline calcium silicates,
aluminates, and ferrate

Geopolymerization - the process of solidifying a liquid, sludge, solid, thermal
residue, granular wasteform, or calcine in an amorphous sodium aluminosilicate
matrix

Bituminization - the process of solidifying a liquid, sludge, solid, thermal residue,
granular wasteform, calcine in bitumen

Forming — mixing a waste with cementitious, geopolymeric, bituminous,
hydroceramic, or Ceramicrete type additives and mixing in a form, i.e. can, vault,
canister, and allowing the material to set or age

Pouring — similar to forming but the waste/additive mixture can be poured, extruded,
or emptied into a form to set or age

Compositing — using metals, glass, cements, geopolymers, etc to encapsulate a waste
that has already been solidified for special reasons such as heat dissipation, control of
respirable fines in calcined or granular wasteforms, and/or compressive strength
requirements.
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Often processes are coupled. For example, in France and the UK waste is calcined to remove excess
nitrates before vitrification into a final wasteform. This allows free flowing oxides to enter the melter
without nitrates being off-gassed or causing the particles to adhere to one another. Organic bearing
wastes are often pyrolyzed to remove organics, if needed, before vitrification. [14,15]

Calcining is often performed before HIP, CIP, HUP, or CUP processes are performed so that volatile
species are not given off during the hot pressing or during the subsequent sintering. This ensures that the
pressed wasteform retains its integrity and form and does not crack during processing from off-gassing of
hydrated or nitrated species.

7.4 Immobilisation processes and technologies

The major types of wasteforms will be described in regard to the manner in which the radionuclides are
immobilized and the methods by which each can be made. Different wasteforms give different durability
tests responses. Single phase wasteforms (glass and single phase oxides or crystalline ceramics
(minerals) have only one source of radionuclides that can leach during a durability test. In multiphase
wasteforms the distribution of the radionuclides amongst the phases present becomes important as each
phase has its own rate of leaching for the specific elements that it sequesters. Each wasteform given in
Table 3 through Table 10 will be described in terms of the radionuclide immobilization achieved and
references given as to which conditioning technologies can be used to make each type of wasteform.

The immobilization of HLW is always achieved by its atomic-scale incorporation into the structure of a
suitable matrix (typically glass, a GCM, or a crystalline ceramic (also sometimes referred to as mineral
analog wasteforms) so that the radionuclides are incorporated into durable structures by any combination
of short range order (SRO)®, medium range order (MRO)" or long range order (LRO)’. Glasses
incorporate radionuclides and hazardous species into their atomic structure by SRO and MRO. [16]
Recent experimentation has shown the existence of large cation rich clusters in glass, e.g. clusters of Ca
in CaSiO; glasses and clusters of Na,MoQ, in simulated waste glasses (Table 4). These more highly
ordered or polymerized regions of MRO, often have atomic arrangements that approach those of crystals
and are often referred to as quasi-crystalline species or quasi-crystals. Crystalline ceramics incorporate
radionuclides and hazardous species by a combination of SRO, MRO, and LRO. The LRO defines the
periodic structural units characteristic of crystalline ceramic structures. In glass, glass-ceramics, glass
composite materials (GCM’s), and crystalline ceramics the radioactive and hazardous constituents are
atomically bonded by a combination of SRO, MRO, and LRO. In GCM'’s there is additional
encapsulation of the ceramic components in the glass matrix.

SRO; radius of influence ~1.6-3A around a central atom, e.g. polyhedra such as tetrahedral and octahedral
structural units

MRO; radius of influence ~3-6A encompasses second- and third-neighbor environments around a central atom.
The more highly ordered regions, referred to as clusters or quasicrystals, often have atomic arrangements that
approach those of crystals.

/" LRO extends beyond third-neighbor environments and gives crystalline ceramic/mineral structures their
crystallographic periodicity.
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7.4.1 Solidification by Chemical Incorporation

7.4.1.1 Vitrification (Table 3 and Table 4)

Vitrification is currently the most widely used technology for the treatment of high level radioactive
wastes (HLW) throughout the world (Table 1). Development of glasses for the solidification of HLW
began at different times in the US, Canada, Europe, and the USSR.[17] Different glass formulations
(borosilicate, aluminosilicate, and phosphate glasses) and processing strategies were developed. [18]
Currently, most of the nations that have generated HLW are immobilizing in either borosilicate glass or
aluminophosphate glass. One of the primary reasons that glass has become the most widely used
immobilization media is the relative simplicity of the vitrification process, e.g. melt waste plus glass
forming additives and cast. There is >50 years processing experience® with commercial borosilicate
glasses and borosilicate glasses have favorable systems evaluations in terms of both melting and product
behavior.

Melting homogenizes the mixture and so this process is easier to perform remotely than a ceramic
wasteform process that requires powder handling, e.g. mechanical mixing of waste and ceramic additives
and grinding for particle size control, followed by cold pressing and sintering or hot pressing at elevated
temperatures. A second reason that glass has become widely used for HLW is that the amorphous and
less rigid structure of glasses (SRO and MRO) compared to ceramics (SRO, MRO, and LRO) enables the
incorporation of a very large range of elements that are atomically bonded in the flexible glass structure
(see Table 4). Thus glasses can accommodate larger waste composition fluctuations than most ceramics.

The glass forming SRO structural groups are usually tetrahedral Si, B, Al, Fe, P surrounded by
four oxygen atoms (tetrahedral coordination) or B surrounded by three oxygen atoms (trigonal
coordination) and glasses are named for the predominant tetrahedral species, e.g. borosilicates
have primarily B and Si with some Al, Fe, and P and aluminophosphates would have primarily
Al, P, and Si. See Table 4 for the attributes of various types of glasses that have been used for a
variety of HLW wastes and pertinent references that can be consulted.

The tetrahedra and trigonal species in glass link to each other via bridging oxygen bonds (BO).
The remaining non-bridging (NBO) atoms carry a negative charge and, in turn, ionically bond to
positively charged cations like Cs™ Sr*?, Ca*and positively charged waste species. These
linkages create the MRO structural groups such as (Cs,K,Na,Li)AlO,, (Cs,K,Na,Li)FeO,,
(Cs,K,Na,Li)BO,, and (Cs,K,Na,Li)SiO4 [19] or (Cs,K,Na)AlSiO,4 [20] which form sheet-like
units, chain-like units, and monomers [21] that further bond the waste species ionically.

The tetrahedra define the network regions, while NBO define percolation channels or
depolymerized regions (DR) shown in Table 4 that can act as ion-exchange paths for elements
that are less well bonded to the NBO. Such percolation channels are also found in rare-earth
(lanthanide) alumino-borosilicate (LaBS) glasses as well (see Table 4). Thus, the molecular

5 Phosphate glasses (aluminophosphates and iron-phosphates) are not used commercially as frequently as the

borosilicates and hence are not as well studied in HLW stabilization applications.
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structure of glass controls radionuclide/contaminant release by establishing the distribution of
ion exchange sites, hydrolysis sites, and the access of water to those sites through the percolation
channels and the mechanisms are similar to those observed in natural analog glasses (basalts) and
in mineral analogs.

Moreover, HLW glasses melt at lower temperatures (1050-1150°C) compared to higher ceramic
wasteform processing temperatures which minimizes the volatility of radioactive components such as
%Tc, B¥Cs, and 1. While ceramics are often credited with having higher chemical durability than
glasses, if the radionuclides are incorporated in an intergranular glassy phase during processing (see
discussion in the next section), they leach at about the same rates as those from glassy wasteforms.[22]

Lastly, nuclear waste glasses have good long term stability including irradiation resistance and excellent
chemical durability. In addition, the ease of modeling the durability of a homogeneous rather than a
heterogeneous material in terms of having only one radionuclide source term is also an advantage.

A basic assumption in all glass dissolution models is that the solid being modeled is comprised
of a single phase and so the durability response has only one source term (see Table 3).
Therefore, phase separated glasses (with two source terms) with two distinct glass compositions
are avoided as their durability cannot be modeled. Often the two immiscible glass phases have
different compositions, e.g. one phase is often boron rich and has a poorer durability than the
bulk and/or the matrix phase. Having a poorly soluble second phase is not desirable for HLW
glasses where the distribution of the radionuclides in the two glassy phases would have to be
known for every waste glass fabricated. Since the volume fraction of each phase is also related to
the thermal history of each canister of glass, each canister would be different and this
complicates durability modeling to the point that it is virtually impossible.

To ensure that HLW borosilicate glasses are homogeneous (not phase separated), a minimum
Al,O3 limit is applied in the US. The effect of insufficient Al,O3 was first reported by French
researchers [23] who determined that many glass durability models were non-linear, e.g., glasses
had release rates far in excess of those predicted by most models, in regions corresponding to
low Al,O3 and in excess of 15 wt% B,03. The phenomena was independently discovered by US
researchers and found to exist in natural basalt glass systems as well. [24,25,26]

Additional durability source terms can occur if crystals are present in a glass because crystals
create grain boundaries that can (1) selectively undergo accelerated dissolution while the crystals
themselves may have a different dissolution response [27] or (2) have compositions not
representative of the bulk glass.[28] This will be discussed more in the section on glass
ceramics (Section 7.4.1.2)

Glass formulations are generally homogeneous allowing only a few weight percent crystals to
form on cooling in the canister. Certain crystals such as iron spinels have little impact on glass
durability as they are themselves very durable and cause minimal grain boundary dissolution
[27,29]. However, for other phases such as nepheline, acmite, and lithium silicates that are less
durable than iron spinels and not isotropic, the impact on glass durability from the crystal and the
grain boundaries can be pronounced. This is especially true if the crystal sequesters
radionuclides as this gives a secondary source term for radionuclide release. Therefore,
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durability testing must be performed to confirm that any crystallization that might occur during
canister cooling has minimal impact.[30,31,32,33] This ensures that the last 3 terms in Equation
1 approximate zero and that glass dissolution has a single source for radionuclide and hazardous
species release

Equation 1

z Durablllty = durabi"ty(homogeneous) + durablllty (‘amorphous phaseseparation ) + durablllty (crystallization )

1st term 2nd term 3rd term

+ dU rabl I Ity (accelerated grain boundary )

4th term

This durability equation will be discussed in more detail in reference to other wasteforms where the 3"
and 4" terms in Equation 1 may become important.

Glasses can be made by JHM, AJHM, CCIM, and HIPing (see Table 3). Extensive reviews on
vitrified wasteforms can be found in the references cited in Section 7.8 and in Table 4

7.4.1.2 Glass Ceramics and Glass Composite Materials (GCM’s;
Table 5 and Table 6)

The distinction between glass-ceramics (a glassy matrix which is allowed to form crystals during cooling)
or glassy matrices where controlled cooling is used so that certain crystalline species known to sequester
radionuclides are encouraged to form and a Glass Composite Materials (GCM’s) [34, 35] is sometimes
difficult to determine. In glass-ceramics the precipitating phase may not host any radionuclides and be
inert or a radionuclide may be partitioned between a crystalline ceramic (mineral analog) phase and the
glass. GCM’s are considered a composite material where the long lived radionuclides are atomically
bonded in the ceramic (mineral) phase and the glass is an encapsulating matrix phase. The glass can have
little or no retention of radionuclides or act as the host for the short lived radionuclides.[36] Glass-
ceramics and glass composite materials (GCM’s) include glass ceramics where a glassy wasteform is
crystallized in a separate heat treatment, GCM’s formed by melt crystallization (controlled or
uncontrolled), and GCMs in which a refractory waste is encapsulated in glass.[34] Glass ceramics and
GCM’s offer increased waste loadings, increased wasteform density, and thus smaller disposal volumes.
One such example of a GCM in Table 6 is the glass bonded sodalite as the radionuclide of concern, 1291 s
in the ceramic phases and not in the glassy phase. Other examples of GCM’s include the following [36]:
(1) glass ceramics in which a glassy wasteform is crystallized in a separate heat treatment[7,37]; (2)
GCMs in which, e.g., a refractory waste is encapsulated in glass such as hot-pressed lead silicate glass
matrix encapsulating up to 30 volume percent La,Zr,0; pyrochlore crystals to immobilize minor
actinides[38]; (3) GCM formed by pressure-less sintering of spent clinoptiloite from aqueous waste
processing[39]; (4) some difficult wastes such as the French HLW U/Mo-containing materials
immobilized in a GCM termed U-Mo glass formed by cold crucible melting that partly crystallize on
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cooling [40]; (5) “yellow phase™” containing wastes are immobilized in Russia in a “yellow phase GCM”

containing up to 15 volume percent of sulfates, chlorides, and molybdates [41]; and (6) GCM that
immobilizes ashes from incineration of solid radioactive wastes.[42] Note that alkali-rich wastes at the
Hanford site that were made by in-container vitrification (ICV)? produced an immobilized glassy
wasteform with high crystal content that characterize them as GCMs.[43]

Note that yellow phase is composed of species that are poorly soluble in glass such as Na,SO, which can
sequester Cs and Sr, [44] (Na,K,Cs)ClI, (Na,K,Cs),Cr,07, and (Na,K,Cs),MoO,. Yellow phase is either (1)
prevented from crystallizing (Figure 1) or (2) the glass is heat treated to encapsulate the soluble phase(s)
as GCM’s. One such vitrification process given as example 5 in the previous paragraph produces a
sulfate-chloride-molybdate GCM by using vigorous melt agitation followed by rapid cooling of the melt
to the upper annealing temperature to fix the dispersed “yellow phase” into the host borosilicate or
aluminosilicate glass. The sulfate—chloride-molybdate containing GCM (see yellow phase GCM in Figure
1) have only a slightly diminished chemical durability compared with sulfate—chloride-molybdate free
aluminosilicate and borosilicate glasses.[36]

In many cases, until a wasteform is made and analyzed for the distribution of radionuclides amongst the
crystalline and glassy phases one cannot discern if a glass composite material has been made (see Table
5). In either case, glass-ceramics and GCM’s offer a useful compromise between glasses and ceramics,
being easier and less expensive to prepare than conventional ceramics, but offering higher durability than
glasses.

Depending on the intended application, the major component may be a crystalline phase with a vitreous
phase acting as a bonding agent, or, alternatively, the vitreous phase may be the major component, with
particles of a crystalline phase dispersed in the glass matrix. Glass-ceramics and GCM’s may be used to
immobilize long lived radionuclides (such as actinide species) by incorporating them into the more
durable crystalline phases, whereas the short lived radionuclides may be accommodated in the less
durable vitreous phase [36].

Historically, crystallization of vitreous wasteforms has been regarded as undesirable as the crystallization
has the potential to alter the glass composition and hence the durability of the remaining continuous glass
phase could eventually be compromised when it comes into contact with water. However, there has been
a recent trend towards higher crystallinity in vitreous wasteforms so that they are more correctly termed
glass-ceramics or GCMs depending on whether the glass or the crystals contain the radionuclides (Table
5).

Table 5 also shows glass ceramics where significant quantities of crystals (arising from higher waste
loadings) form, such as in the SRS high iron bearing glasses where spinel crystallizes [27] and the
crystals do not incorporate the radioactive species but act as benign or inert “stones” in the glass.

Historically silicate glass-ceramics were developed in the mid 1970’s in Germany. [45] Silicate and
phosphate glass ceramics were also developed in the USSR [46], silicate glass ceramics were developed
in Japan, [47] and titanium aluminosilicate glass ceramics were developed in Canada.[48] GCM’s
represent a second generation, more sophistacted approach to the production of glass-ceramics where the
long-lived radionuclides are forced into the more durable crystalline phases by tailoring the waste-

% This is not the baseline AJHM process that will produce a homogeneous glass with minimal crystallization.
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additive mixture and/or controlling the crystallization. More recently GCM’s such as the glass bonded
ceramic wasteforms containing sodalite and alkali halides in a borosilicate matrix have been developed
for electrorefiner wastes, specifically the stabilization of *°l in sodalite and Nal.[49,50,51] while rare-
earth oxyapatites, powellite, celsian, and pollucite [52] have been developed for rare-earth lanthanide and
Cs, high Mo containing wastes. Excellent reviews of other GCM’s, such as SYROC glass ceramics,
muratitie, and other Ti-based glass ceramics can be found in Stefanovsky, et. al. [3] and Donald, et. al.
[4,8,34].

In terms of modeling the durability of glass-ceramics and GCM’s the distribution of the
radionuclides amongst the crystalline and glassy phase becomes important. Referring back to
Equation 1 which gives the needed durability vectors for each phase we see that the second term
drops out since the glassy phase should not have glass-in-glass phase separation leaving terms 1,
3, and 4 (Equation 2):

Equation 2

Z DU rabl I Ity = du rabl I Ity(hom ogeneous ) + du rabl I Ity (crystallization ) + du rabl I Ity (‘accelerated grain boundary )

1st term 3rd term 4th term

If the glass contains no radionuclides then the 1% term in Equation 2 also drops out. If there are
multiple types of phases present and each hosts a different radionuclide then there will be
durability vectors for the each phase that hosts that radionuclide as shown in the Table 6 example
for the *#1 in glass bonded sodalite wasteforms. If there are no radionuclides in the crystals then
the 3" term drops out and it may be possible to demonstrate that the 4™ term is negligible. If a
given radionuclide is present in both the glassy phase and a crystalline phase then the durability
response from the glass and the crystalline phase and the grain boundary are additive as shown in
Equation 2.

7.4.1.3 Ceramic/Mineral Wasteforms (Table 7 and Table 8)

The concept of immobilizing the radioactive elements of nuclear waste in an assemblage of mineral
phases was originally introduced by Hatch [1] at Brookhaven National Laboratory in 1953. The
feasibility of making a ceramic of natural mineralogically stable phases was demonstrated by McCarthy
[53,54] and Roy [2,55] at the Pennsylvania State University between 1973 and 1976. Since that time, a
number of other mineralogic-ceramic assemblages have been developed. Among these high temperature
(1000-1500°C) processes are the Sandia titanate-based ceramic [56], the Australian titanate-based
ceramic “SYNROC” [57,58,59], the silicate-phosphate supercalcine ceramics [60], the alumina based
tailored ceramics [61,62], the Pu pyrochlores [63]. Often in ceramics made by cold pressing and
sintering or hot isostatic pressing, an intergranular glassy phase is produced during liquid phase sintering
on the ceramic grain boundaries and the radionuclides preferentially migrate to the glassy phase(s)
[64,65,66,67,68,69,70,71,72]. If the radionuclides are incorporated in the intergranular glassy phase(s),
they have been found to leach at about the same rates as those from glassy wasteforms.[22]

Crystalline (ceramic/mineral) wasteforms made by moderate temperature (700-750°C) thermal treatment
have not been as intensely investigated as those formed at high temperatures as discussed above [61].
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However, crystalline wasteforms made from clay have also been studied almost continuously since the
work of Hatch in1953 [1,61]. Often the high temperatures used for sintering of supercalcine ceramics
created sodalite-cancrinite mineral assemblages. In 1981, Roy [73] proposed low temperature
hydrothermally processed low solubility phase assemblages consisting of the micas, apatite, pollucite,
sodalite-cancrinite, and nepheline, many of which could be made from reaction of various clays (kaolin,
bentonite, illite) with waste.

Clay based crystalline (ceramic/mineral) wasteforms were not pursued in the late 1970’s and early 1980°s
because there was no continuous commercial technology available that could process the waste/clay
mixtures in a hydrothermal environment [61]. A commercial facility to continuously process radioactive
wastes by pyrolysis at moderate temperatures in a hydrothermal steam environment was built by Studsvik
in Erwin, Tennessee in 1999 [74,75]. This facility uses a Fluidized Bed Steam Reforming (FBSR)
technology to pyrolyze **’Cs and ®°Co organic resins from commercial nuclear facilities. This technology
has the capability to process a wide variety of solid and liquid streams including wastes containing
organic ion exchange resins, charcoal, graphite, sludge, oils, solvents, and cleaning solutions at radiation
levels of up to 400R/hr. When clay is added as a mineralizing agent, the feldspathoid minerals
(sodalite, nosean and nepheline) are formed by nanoscale reaction with the clay. The phases
formed act as hosts for high CI, I, F, **Tc, and SO, alkali (Na, K,Cs) bearing wastes
[76,77,78,79,80] and organics are destroyed creating steam and CO,. The mineralization occurs
at the moderate FBSR temperatures because the FBSR operating temperature is in the range in
which most clays become amorphous at the nanoscale level, e.g. kaolin, bentonite
(montmorillonite), and illite. The clays lose their hydroxyl (OH") groups at the FBSR
temperatures which destabilizes the octahedral (6 nearest neighboring atoms that form an
octagon) AI** cation in their structure (Figure 2) and they become amorphous as confirmed by X-
ray diffraction (XRD) analysis. The alkali in the waste, “alkali activates” the unstable AI**
cation to form new mineral phases and the fluidizing agent, steam, catalyzes the mineralization.
In the absence of steam many of these mineral phases only form at temperatures of >1200°C.

Ceramic wasteforms can be single phase, i.e. UO, or single phase solid solutions like (U, Th,Pu)O, (Table
7). Multiphase ceramics are formulated so that each radionuclide can substitute on a given host lattice in
the various phases (see Table 8).

Of great importance when relying on the LRO (size and coordination of the crystallographic site which
will act as host to a given radionuclide or its decay product upon transmutation) is that the crystal-
chemical substitutions must be electrically balanced. [81,82] When a monovalent cation transmutes to a
divalent cation, the substitutions must be coupled to retain the electrical balance of the host phase without
destroying the integrity of the phase: the lattice site must be of suitable size and bond coordination to
accept the transmutation. The bonding in crystalline ceramic or mineral phases can only maintain charge
balance in one of two ways: (1) if sufficient lattice vacancies exist or (2) if a variable valance cation like
Fe or Ti is present in a neighboring lattice site for charge balance. Both scenarios assume that the
variable valence cations do not change lattice sites and that the charge balancing cations are in the same
host phase in nearby lattice sites. The lattice site must be of sufficient size or flexible enough to
accommodate the transmuting cation. It is advantageous if the lattice site of the desired host phase has
irregular coordination or is distorted as will be shown in some examples below:

The solubility or flexibility of a ceramic or mineral phase(s) as hosts for a substituted cation of a different
valence can be studied by performing coupled substitutions on the phase pure mineral host phase. If the
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number of cations changes during the substitution, a vacancy is either created or consumed and the
substitution must maintain electrical neutrality. These types of substitution are most often seen in
polymorphic substitutions [83] of the type

1+ Ba* — 2K*, or [+ Ca?* — 2Na*, or [1+ Na* + 2Ca? — 3Na" + Ca**

where [] denotes a vacancy. Implicit in these coupled substitutions is the fact that the exchanging cations
occupy the same lattice sites, have the same coordination, and thus the crystallographic symmetry is
maintained. Therefore, substitutions as described above should be written with roman numerals that
designate the number of oxygen atoms that coordinate around a given cation, e.g. ¥'"'Ca designates the
octahedral V111-fold coordination for the Ca*" lattice site in oxyapatites:

3V|I| Ca2+ N 2V|I| Nd 3+ + 1]

—
host phase substituted phase

Calcium-neodymium coupled substitutions have been successful [81,82] in the oxyapatite (Cas[SiO4]s)
structure forming completely substituted Nd,J, [SiO4]; where 2/3 of the lattice sites have Nd** and 1/3 are
vacant. In the oxyapatite structure the Ca?* is normally in VIII-fold coordination and has a 1.12A
[84,85,86] atomic radius. The Nd** cation in VIl1-fold coordination also has an atomic radius of 1.11 A
[86] very close to the Ca?* atomic radius in VII-fold coordination. Felsche showed that the rare earth
elements La** through Lu®" can substitute for Ca** and form oxyapatites, RE. 70 33[Si04]50.[87]; see
Table 8] McCarthy and Davidson [54], showed that even more complex, but coupled, substitutions were
possible in the oxyapatite structure such as

6V|||Ca2+ _)1.7VHIINd3+ +1.7V”“CS+ +0.86V””C64+ +V“”O.865I’2++0.88D

host phase

substituted phase

where the atomic radius, r, of Cs* in VIII-fold coordination is 1.74A, Ce*" in VIII-fold coordination is
0.97 A, and Sr*" in VIlI-fold coordination is 1.26 A. In this case small radii cations such as Ce** are
mixed with large radii cations like Cs" so that individual lattice sites can distort without perturbing the
entire crystal structure. Note that the exchanging cations are always in the same lattice site of the same
host phase [54,81,82,87].

The substitutions such as given above for the oxyapatites were also demonstrated [81,82] to be possible
in many other Ca-bearing cementitious mineral phases such as larnite (Ca,SiO, or B-C,S), alite (calcium
trisilicate or CazSiOs or Cs5S), C3A (CazAl0g), and C,AF (CasAl Fe,040). This allowed Jantzen, et. al.
[88,89] to make substitutions for Ca?* in each phase (up to ~ 15 mole%) and the following additional
substitutions/:

Ca* +(—» 2Cs*

v —
host phase substituted phase

2Ca® [1— Cs" + Sr,,"" + Nd*017 + Ce* 025 + 0.08L

host phase

substituted phase

/ Note that the number of lattice sites have to be equivalent on the left hand side and right hand site of the equation.
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1.5Ca?" + Si*" — Sr®" + Mo®*" + 0.5

host phase substituted phase

ACa® + Fe* + Al* — 0.66Nd>* + Zr*" + Mo*" + Sr*" + Ba®" +1.33]

host phase substituted phase

4%Ca™ +2V"Fe™ —» 2.66"Nd ™ +0.38"Ce™ +0.56"Zr™ +0.75" Fe™ +1.65|
— e

r~1.18A r=0.65A r=1.16 A r=0.87 A r=0.72A r=0.65A

host phase substituted phase

These types of crystal-chemical substitutions have been studied in (1) SYNROC (SY Nthetic ROCk)
titanate phases such as zirconolite (CaZrTi,O-), perovskite (CaTiOs3), and hollandites (nominally

Ba(Al, Ti),TisO16) [90] and (2) in high alumina tailored ceramic phases such as magnetoplumbites (Table
8). The magnetoplumbites (discussed below) are also found as a minor component in SYNROC when the
waste being stabilized is high in AL[91]

In the SYNROC phase assemblages, the hollandite phase is the Cs* host phase. The structure can be
written as BaxCs,(Al,Fe)axsy Tis.2xyO16 Where x+y must be <2.[92] There are two types of octahedral sites.
One accommodates trivalent cations like AI**, Ti**, and Fe** while the other accommodates Ti**. The
Cs" is accommodated in tunnels that normally accommodate the Ba®* cation. The Cs-Ba lattice sites are
VI1I1-fold coordinated [90, 92]. The substitution is ordered upon fabrication and incommensurate
superstructures result when Cs* substitutes for Ba**.[91]

Cesium has been experimentally substituted for Ba when Fe** is substituted for Ti®* in the VI-fold sites of

hollandite. The species "' Cs 028" Ba® 100 "' Al*"146" Fe* 0 ' Ti, ,, O, has been fabricated by
Asite Bsite Csite

sintering in air at 1320°C.[92] A Ba-Al hollandite (Bay 16Al3,Tises016) Was electron irradiated (1-
2.5MeV) and B-irradiated (4x10° to 7x10° Gy) and found to contain Ti** centers and O, superoxide ions
which confirmed the mechanism of charge balance during transmutation.[92] Theoretically, the limiting
y value in hollandite is 0.81 Cs which corresponds to a 9.54 wt% waste loading of Cs,0.[93]

Single phase and multiphase ceramics can be made by many of the thermal treatment technologies given
in Table 2. Examples include melting in smelters instead of melters, cold pressing (CIP or CUP) and
sintering, hot isostatic pressing (HIP), or hot uniaxial pressing (HUP). Mineral wasteforms made from
clays can be made by FBSR. The clay minerals act as a template: kaolin templates the feldspathoid
minerals (sodalite and nepheline) while illite clays template the micas (see Table 8).

In terms of modeling the durability of multiphase ceramics the distribution of the radionuclides amongst
the crystalline phases and in any intergranular glassy phase is important. Referring back to Equation 1
which gives the needed durability vectors for each phase we see that the second term drops out since the
glassy phase should not have glass-in-glass phase separation leaving terms 1, 3, and 4 (Equation 3) where
the 1* term should have a minimal durability impact unless large concentrations of the intergranular glass
exist or large amounts of radionuclides have been sequestered in the glassy phase compared to the
ceramic phase.
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Equation 3

Z DU rabl I Ity = du rabl I Ity(hom ogeneous ) + du rabl I Ity (crystallization ) + du rabl I Ity (accelerated grain boundary )

1st term 3rd term 4th term

If there are multiple types of phases present in the ceramic and each hosts a different radionuclide then
there will be durability vectors for the each phase that hosts that radionuclide as shown in the Table 6
example for the 1 in glass bonded sodalite wasteforms.

7.4.1.4 Metals

A metal wasteform (MWF) has been under development for stabilization of the metallic fuel hulls from
spent nuclear fuel processed pyrochemically. As the spent fuel is chopped and the fuel materials are
removed by the pyrochemical processing and a stainless steel shell (called a hull or cladding hull) is left
in the basket of the bath system. The process removes uranium, actinides, and most fission products,
leaving behind the hulls, fuel alloy material (generally zirconium), and any noble metal fission products
(like technetium) in the basket.[94] The noble metal fission products remain somewhat adhered to the
surface of the stainless steel hulls and the hulls are coated with salt from the salt bath.

The basket is processed to remove the salt and solidify the hulls, alloy, and other metals into a
consolidated wasteform. The hulls are solidified by melting the metal into a uniform, homogeneous
wasteform (1,560°C). Once homogeneous the metal alloy should cool to a single phase. Typically, some
zirconium (in addition to that remaining from the alloy) is added to bring the metal to about 15 wt%
zirconium and lower the melting point of the mass. With the exception of the zirconium to control melting
temperature, very few additives are made to the primary waste (cladding hulls), and the overall waste
loading is typically above 90%.[95]

The metallic waste seems to be a simple wasteform with little development necessary. It has high waste
loading, durable, and fairly straightforward to process. The only development that might make a
difference would be an evaluation of whether the cladding could be removed from the process before
electrorefining and disposed of separately as a low-level wasteform that is potentially greater than Class
C. However, the cladding is the host form for the noble metal fission products (notably technetium), and
separate disposition would probably require developing a different wasteform for those radionuclides.

Likewise, MWF are under study by ANSTO for applications in the United Kingdom by HIPing.
In this case metal encapsulation is to be used for immobilizing debris waste streams that are
uneconomic to handle separately, e.g. cermets, SiC, graphite, broken fuel pins, fuel hulls etc.
The process is the same as that used to make glass-ceramic and full-ceramic wasteforms and so
the processing method is multipurpose.

In spent nuclear fuel (SNF) epsilon metal (e-metal) which is composed of Mo-Tc-Ru-Pd-Rh is
generated from the fission process and heat. The e-metal phase in SNF forms in the same
manner that e-metal formed in the natural reactors in Gabon, Africa some 2 billion years ago and
has survived largely unchanged except for the decay of ®Tc. Therefore, e-metal has shown long-
term stability in nature. This metal does not dissolve during the acid dissolution of SNF but
forms solid particles with dimensions of ~10 um in the dissolver sludge. This sludge was formed
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into a monolithic wasteform, by arc melting at 1800°C into an alloy pellet containing Ru, Re
(standin for **Tc), Mo, Pd, and Rh in the appropriate masses of each metal. [96] Dissolution rates
of 4-10° g/(m?.d) and 4-10 g/(m?-d) were reported for synthetic e-metal phase and e-phase
harvested from SNF under reducing and oxidizing conditions in static durability testing. [97,98]

7.4.2 Solidification by Encapsulation

This section primarily discusses non-thermal methods of encapsulation. The thermal
encapsulation by glass is covered in Section 7.4.1.2 in the section on Glass Ceramic Materials.

7.4.2.1Cements Including Grouts

Stabilization and solidification with cement-based binders has been used to immobilize radioactive wastes
since the beginning of the nuclear age. The process has been used to encapsulate solid waste, solidify
liquid waste (including tritiated water), stabilize contaminated soils, stabilize tank-heel residues after
tanks are emptied, and as low-permeability barriers. Cements have also been used as binders and to
encapsulate granular or cracked wasteforms.

Cements microencapsulate wastes, although there is recent evidence that during hydration three binding
mechanisms can also occur between the cement and metal ions in the waste [99,100,101]:

e Precipitation of metal ions into the alkaline matrix as an oxide, mixed oxide, or as another
discrete solid phase.

e Adsorption or (co-)precipitation of metal ions onto the surface of cement minerals.

e Incorporation of metal ions into hydrated cement minerals as they crystallize.

Both these mechanisms are shown as examples in Table 9 with the binding mechanisms (reaction of the
waste with the cement or grout particles) which are shown as encapsulation and without the binding
mechanism which are shown as embedding.

These processes are not mutually exclusive (so both encapsulation and embedding both take place) and
the above classification partly reflects slow kinetics; previously adsorbed species may be incorporated as
cement pastes mature. Nevertheless, it does allow some generalized guidelines to be formulated. The
solubility of discrete heavy metal solid phases is a limiting factor with regard to the second and third
mechanisms [102], so that only ions that do not precipitate as basic oxides tend to be incorporated in or
surface adsorbed to hydrated cement minerals to a significant degree.

The principal minerals available in the hydrated Portland Cement matrix are calcium silicate hydrate (C-
S-H, 50 wt%), portlandite (Ca(OH),, 20 wt%) and Ca aluminates. The most important Ca aluminates are
ettringite (3Ca0.Al,03.3CaS0,.32H,0, 4 wt%), calcium aluminate monosulphate
(3Ca0.Al,03.CaS0,.12H,0, 7 wt%) and Ca carboaluminate (3Ca0.Al,03.CaC03.11H,0, 7 wt%) [103].
Together they make up almost 90 wt% of the mineral suite in hydrated Ordinary Portland Cement (OPC)
paste and thus, have the greatest potential for metal(loid)-ion binding. The relative importance of the
above processes for selected metals can be found in a recent review [104].

OPC is the most common type of cement used for immobilizing liquid and wet solid wastes worldwide
[6]. Composite cement systems were developed in the UK for ILW encapsulation using additional
powders as well as OPC such as blast furnace slag (BFS) and pulverized fuel ash (PFA). These offered
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cost reduction, energy saving and potentially superior long-term performance. BNFL e.g. use a 9:1 ratio
of BFS to OPC to reduce heats of hydration which for OPC cements would otherwise limit container
volumes. Large containers (e.g. Figure 3) can therefore be safely used without concern over heat from
setting reactions causing water to boil off.

Modeling has shown that cements can be “designed” to retain radioactive and hazardous constituents
[105]. In fact, much research has focused on improving the effectiveness of grout in adverse
environments associated with the disposal of radioactive waste [106,107,108]. As discussed in these
references, a variety of cement-polymer composites have been investigated as a means of making grouts
more compatible with the radioactive and chemical constituents in waste.

For example, the addition of blast furnace slag to the Saltstone cement® being used to solidify Cs-
decontaminated salt supernate at the Savannah River Site (SRS), provides a chemical reductant [iron(11)]
and a precipitating agent (sulfide) that chemically binds contaminants such as chromium and technetium
as insoluble species, thus reducing their tendency to leach from the wasteform. Experimentation has
shown that leaching of chromium and technetium was effectively reduced to levels that would allow all
projected future salt solution compositions to be processed into Saltstone [109]. Long-term lysimeter
studies have shown that the addition of slag essentially stopped technetium-99 leaching, although it did
not reduce nitrate leaching [109]. Because the SRS Saltstone admixture that is blended with 45% liquid
waste is only 10wt% OPC, 25 wt% fly ash, and 25 wt% slag, it is a geopolymeric cement as the alkali in
the salt supernate reacts with the fly ash in geopolymer like chemical reactions.

The water in the hydrated cement blends may generate H, by radiolysis in high radiation fields and
require vented canisters [110] when containerized. While this study concentrated on Transuranic (TRU)
wastes containing *®Pu oxide which is primarily alpha radiation there are other studies that demonstrate
the radiolysis of concrete with ®°Co (gamma radiation) and *H (beta radiation) [111,112,113].

A recent comprehensive review of cement systems for radioactive waste disposal can be found in Pabalan
et al.[114,115] Long-term cement durability comparisons have been made using ancient cements,
geopolymers, and mortars [116,117,118,119,120,121,122, 123], some of which may also serve as natural
analogues for geopolymer wasteforms. [124,125]

The cements and grout formulations are too extensive to list as examples. The durability response is
complex due to the relative response of encapsulation with some chemical reaction and embedding.
Therefore, the durability is usually modeled as a diffusion rate with respect to the element(s) of interest.

7.4.2.2 Geopolymers

Forming geopolymers is a process that is very similar to cementation. Geopolymers are inorganic
ceramic polymers made from aluminosilicates and cross-linked with alkali metal ions. [126,127,128]
During fabrication a low water content is used (H,O/M,0 ~ 10-25 wt%) so that an amorphous
geopolymer forms instead of crystalline zeolites which would technically form hydroceramic wasteforms
discussed below. A nominal composition of 4Si0,eAl,0;eM,0 is used to represent the geopolymer
matrix although the Si:Al ratio varies according to the application from 1 to 3. For cements and concrete
like applications a ratio of 2:1 is nominally used [129]. The alkali can be Na, K, or Cs. Geopolymers
appear to be excellent low temperature binders and environmentally more acceptable than cement

® Saltstone contains 5 weight percent cement, 25 weight percent flyash, 25 weight percent blast furnace slag, and 45
weight percent salt solution.

-18 -



Chapter 7 in Radioactive Waste Management and SRNL-STI-2012-00407
Contaminated Site Clean-up: Processes, Technologies and International Experience

wasteforms as the starting materials only need to be heated to ~700°C instead of clinkering at 1400-

1500°C..

Geopolymers and geopolymeric cements, including but not limited to fly ash based geopolymeric
concretes, are ideal for environmental applications, such as the permanent encapsulation of radioactive
species [130,131] and other hazardous wastes. [132] Geopolymers can be used as sealants, capping,
barriers, and other structures necessary at containment sites. Pilot scale demonstrations have been
performed in Europe on both mining wastes and uranium mill tailings [133,134,135]. Geopolymers were
investigated for the disposal of radioactive wastes in Europe in the mid to late 1990’s [136,137] and the
following applications have more recently been investigated.

Geopolymers with Si:Al ratios of 1:1 and 2:1 for the stabilization of hazardous Resource
Conservation and Recovery Act (RCRA) metals such as Ni, Se, Ba, Hg, Cd, Cr, Pb. A
simulant RCRA spike was made that contained the RCRA components at 60X the
concentration of the RCRA treatment standards known as the Universal Treatment
Standards or UTS limits. [138] The mixture was very acidic (pH<1). The RCRA
simulant was substituted for %2 of the 10 wt% water in the geopolymer formulation and
the geopolymers met the EPA TCLP test limits at less than the UTS limits even though
the geopolymer contained 60X the UTS concentrations. It is not known whether the
RCRA components interacted with the geopolymer or not, i.e. if this was encapsulation
or embedding (Table 9).

Geopolymers derived from metakaolin and alkaline silicate solutions and having nominal
Na/Al and Si/Al molar ratios of 1 and 2 were studied at ANSTO for the stabilization of
B37Cs and °Sr. [139] These geopolymers were studied by transmission electron
microscopy and found to be amorphous on the ~1 nm scale after curing at 40°C. The Cs
inhabited the amorphous phase, whereas Sr was incorporated only partly, being
preferentially partitioned to crystalline SrCO3. This study implies that the geopolymer
components do interact with some species and not with others providing both
encapsulation and embedding (Table 9).

Special geopolymer formulations, marketed under the name DuraL.ith, have been
patented [140] for stabilization of I and **Tc. Testing [141] showed great promise for
retention of technetium with rhenium used as a surrogate for the Tc but not for iodine.

Removal of radiolytic H, production (and freeze-thaw problems) can be carried out by
heating geopolymers at ~300°C without any serious effects on strength or leachability
[142]

Geopolymers have demonstrated excellent fire resistance [142]

7.4.2.3 Hydroceramics

Hydroceramics are another concrete-type material that is similar to zeolitized rock. It is made by curing a
mixture of inorganic waste, calcined clay, vermiculite, and Na,S, NaOH with water under hydrothermal
conditions (60 to 200°C) to form a matrix containing crystalline zeolites embedded in a sodium
aluminosilicate matrix [143]. The solidification process occurs as a result of hydration reactions. The
NaOH solution dissolves the metakaolin (Al,0;#2Si0,) much the same as in geopolymers but abundant
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water or hydroxides provide the water to create crystalline silicates instead of an amorphous matrix. The
hydroceramic process takes advantage of the sodalite and cancrinite structures in immobilizing oxyanion
salts such as nitrate, nitrite, chloride, fluoride, and iodide within the physical cage like structures of the
crystals created.

Hydroceramic wasteforms have been shown to be effective on low-activity sodium-bearing waste. The
technology is still under investigation with studies focused on optimization of waste pretreatment
(calcination), waste stream-specific optimization of the formulations, and a study of scale-up factors to
insure viability for full-scale operation. [143] In cases where the waste has a high nitrate-nitrite
composition, the waste must first be denitrified in some manner, such as calcination, to remove the
nitrates and nitrites from the waste. If sodium-nitrate-based waste is pretreated with metakaolin, sucrose,
and then calcined, it can be used to make a hydroceramic wasteform. [143] Successful wasteforms have
been achieved with waste loadings of 40 to 60 wt% waste.[144,145] Hydroceramic wasteforms have
been made with Idaho National Laboratory’s HLW calcine. [146]

7.4.2.4 Ceramicrete

Phosphate-bonded ceramics, also known as chemically bonded phosphate ceramics, form through the
reaction of magnesium oxide with mono-potassium phosphate in water according to the following
reaction:

MgO + KH,PO, + 5H,0 — MgKPO4.6H20

The reaction product (MgKPO,e6H,0) is Ceramicrete, a rapid setting phosphate ceramic [147] that
contains a considerable amount of bound water. The reaction takes place at room temperature, although
there is some heat generation from the reaction, to form a hard, insoluble ceramic. Some waste
components react to form insoluble phosphates, and others are encapsulated in the matrix. The patented
technology [148] has been licensed to treat mixed and low-level wastes and is being used for macro-
encapsulation and containerization of uranium. In the U.S. this low temperature wasteform has also been
investigated for both micro- and macro-encapsulation of radioactive and hazardous waste streams. [141].

The waste-treatment process includes neutralizing the waste to a pH of 5; adding sodium sulfide, tin
chloride, and silver zeolite to precipitate insoluble compounds of Hg and Cr, Tc(Re), and I, respectively;
evaporating water to reduce the volume; and adding the binder mix (MgO, KH,PO,, CaSiO3). Adding
silica as wollastonite (CaSiOs3) or fly ash improves the waste-form performance [141].

7.4.2.5 Bitumen

There are several processes for solidifying bitumen with waste streams.[6] The most common
bituminization process embeds wastes in molten bitumen and the waste becomes encapsulated when the
bitumen cools. The process combines heated bitumen and a waste concentrate, usually in slurry form, in
a heated extruder containing screws that mix the bitumen and waste. Water is evaporated from to ~0.5%
moisture.[149] The final product is a homogeneous mixture of extruded solids and bitumen.

Bituminization has proven to be effective in treating low-level radioactive waste. Radionuclides are
effectively controlled and Ojovan et al [150] have recently shown that as the bitumen ages it becomes
harder and more thermally stable. These assessments of aged bitumen had been made after 12 years in an
open (wet) repository. The bitumen was found to age into asphaltenes, saturated hydrocarbons and
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aromatic hydrocarbons. The asphaltene fraction was found to increase as the bitumen aged and the
asphaltene was found to be responsible for retaining the major part of the radioactivity. Thus bitumen
was found to be as durable as some glasses. This is in keeping with the much earlier findings of Westsik
[151] who showed that bitumen was more durable than cement wasteforms with very low fractional
release rates of <107 fraction/day. Bitumen has been used in Europe, Canada, Russia and to a lesser
extent in the United States.

7.4.3 Solidification in Composites (chemical incorporation & encapsulation)

Composites can be thought of as multi-barrier wasteforms. Usually a composite wasteform is
required to meet a specific wasteform criterion, e.g. heat loading, respirable fines, compressive
strength, etc. A single phase or multiphase crystalline ceramic or even a glass can further be
encapsulated in a metal, a glass, or an encapsulant wasteform such as cement, geopolymers,
hydroceramics, bitumen etc. The encapsulant phase offers a second level of protection to the
release of radionuclides or hazardous components in the wasteform as shown in Table 10.
Composites include many GCM’s such as glass bonded sodalites that have already been
discussed in Section 7.4.1.2. Composites can also include deteriorated cement wasteforms that
are remediated by encapsulation (see Table 10). A few examples are given below and a few
examples are shown in Figure 3.

7.4.3.1 Metal Matrix

In metal matrix wasteforms a metal is used as the encapsulant for either glass or crystalline materials in
which the radionuclides or waste species are already atomically bonded. The advantages of this type of
encapsulation include (1) improved thermal conductivity of the waste package, (2) potentially decreased
leach rates of radionuclides because of the metal matrix encapsulation, (3) improved mechanical strength
and decreased dispersability on impact, and (4) improved radiation protection during handling. [152,153]
The encapsulation of wasteforms in metal matrices was pursued in the U.S. and developed full scale in
PAMELA which was a joint Belgium-German project located in Belgium.

Vitromelt is a composite wasteform in which glass beads (0.5 cm) are embedded in a metal matrix
(usually a Pb alloy). [154,155,156] For example, waste immobilized in calcium silicate pellets was
encapsulated in a lead matrix. In one variation of the commercial PAMELA vitromet process phosphate
glass beads containing HLW were produced by passing molten glass through nozzles. The beads were
subsequently fed into a container and infiltrated with molten lead alloy to produce a composite wasteform
(““vitromet’”). The beads, with a diameter of 0.5cm, occupy up to 66% of the total volume. Increased
thermal conductivity of the wasteform leading to lower waste temperatures is one of the most important
advantages of this product.

In studies related to vitromelts immobilized waste pellets have been coated with pyrolytic graphite,
before encapsulating in a metal matrix, in order to improve the leach resistance. Application of other
coatings has also been reported, including alumina, titania, silica, silicon carbide, chromium silicide and
chromium oxide, together with a variety of metals including Ni, Fe and Mo. Dual coatings of pyrolytic
graphite and alumina have also been reported. Metal matrices have included Pb-based alloys (e.g. Pb—
Sh, Al, Sn), Al-based alloys (e.g. AI—Si, Cu, Ti), and Cu. Particles can be coated by conventional
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ceramics (e.g. Al,Qs, TiO; or SiO,) or by carbon products (e.g. PyC, Cr;Cs or SiC, glass (borosilicate or
aluminosilicate, or metals (e.g. Ni, Si, or Fe before being encapsulated). Uncoated, sintered supercalcine
pellets have been encapsulated in vacuum-cast Al-12Si and glass-coated, sintered supercalcine pellets
encapsulated in vacuum-cast Al-12Si. Supercalcine pellets have also been PyC/Al,O3 coated before
encapsulation in gravity-sintered Cu.

Cermets are related composite wasteforms in which radionuclides in the form of small oxide or silicate
particles +1 mm in size that are dispersed in a metal matrix.[152] The unique aspects of the wasteform are
the very fine scale on which the radionuclide-containing phases are dispersed, the fact that the alloy is
primarily comprised of hydrogen reducible metals which are already in the waste, the high thermal
conductivity, and reduced leach rates due to the alloy encapsulation. Developmental work on cermet was
performed using simulated wastes, radionuclide-containing simulated wastes, West Valley acid THOREX
wastes and SRS HLW sludge and un-neutralized SRS wastes. Waste loadings of up to around 30% were
been reported The addition of elements in excess of stoichiometric requirements is used to insure the
formation of specific ceramic phases, e.g. excess Al and Si to insure the formation of pollucite.

7.4.3.2 Ceramic/Mineral Wasteforms made by FBSR in Geopolymer or
Cement

Use of the FBSR process to produce a highly leach resistant mineralized wasteform from Hanford Low
Activity Waste (LAW) has been investigated since 2001 (see Section 7.4.1.3). Initial studies focused on
producing and testing the granular mineral product created by processing high sodium waste feeds with
clays at ~720 °C to produce nepheline (NaAlSiO,) and nepheline-based minerals such as the sodalites to
host I, F, Cl and nosean to host sulfate and sulfide. Numerous studies (74,75,76,77,78,79,80) have shown
that it is possible to produce a mineral wasteform that effectively immaobilizes both radionuclides and
hazardous constituents.

To be accepted for near-surface disposal, the wasteform is required to meet an acceptance criterion for
compressive strength of 500 psi. This requirement is derived from a Nuclear Regulatory Commission
Branch Technical Position on low level waste (LLW) forms in the U.S. which somewhat arbitrarily
specifies 500 psi to preclude subsidence in the waste disposal system. It is also noted that a monolithic
wasteform reduces the impact to human health for the intruder scenario in the waste site Performance
Assessments. While a monolith is desirable there are other means by which this requirement can be met,
e.g. waste stabilization in high integrity containers (HICs).

In 2005-2006 the Savannah River National Laboratory (SRNL) performed a monolith feasibility study for
granular FBSR product. [157] Monoliths were made out of ordinary portland cement (OPC) at 80-87
wt% FBSR loading, out of ceramicrete (a blend of MgO and monopotassium phosphate (KH,PO,)) at an
FBSR loading of 35.7 wt%, and out of hydroceramics (aluminosilicate zeolite phases formed from
metakaolin plus NaOH) at FBSR loadings of 50-80 wt%. The hydroceramics had the best durability as
they had a similar chemical makeup to the FBSR product (see Figure 4) but the hydroceramics required
hydrothermal processing. Therefore, geopolymers were used to bind the granular mineral wasteform due
to the similarity of the chemical makeup (see Figure 4) to the FBSR product and the fact that the
geopolymers did not require hydrothermal processing. Up to 70 wt% granular product was stabilized in
the geopolymer. The granular mineral stabilized geopolymer were shown to be more durable than the
granular product alone. [158]
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7.5 Wasteforms, Waste packages, and the Geologic
Environment

The long-term behavior of a waste disposal facility is a function of the entire disposal system, including
the wasteform, engineered barriers, and surrounding environment. In order to assess the ability of a given
disposal concept to meet regulatory requirements it is necessary to consider the influence of each of these
system components on short-and long-term performance. This is accomplished through the performance
assessment (PA) process. For HLW many countries are proposing long storage life for the canistered
glass wasteforms during geological repository siting and preparation. During that time a great many of
the radionuclides will decay leaving the long lived radionuclides as the primary sources that need be
considered in a PA.

Figure 5 is a schematic of a generic high level waste repository. It shows the relative role of the
wasteform, the role of the multiple barriers (canisters, containers, overpacks, and casks) in the waste
disposal system. It is the concept of the “Russian doll” — a barrier within a barrier within a barrier as
discussed in Chapter 1. Ultimately the role of the repository or disposal environment is to isolate the
waste from the biosphere until all the barriers have failed at which time almost all of the radionuclides
will have decayed.

While the wasteform is the source term and should be as durable as reasonably possible, multiple
barriers must corrode before the wasteform will be exposed to groundwater. Due to research
programs over the past several decades, there is now an extensive data-base and substantial
understanding of the behavior of nuclear waste glasses in a variety of disposal environments.
[159] The present challenge is to model glass behavior in the near-field of specific geologic
repository environments and to develop a fundamental understanding of the long-term corrosion
rate. [160]

7.6 Recent Advances in Wasteform Processing

Historically, the crystallization of vitreous wasteforms has always been regarded as undesirable, as it has
the potential to alter the composition (and hence, durability) of the remaining continuous glass phase,
which would (eventually) come into contact with water. However, there has been a recent trend toward
higher crystallinity in ostensibly vitreous wasteforms so that they are more correctly termed GCMs. This
is particularly apparent in the development of hosts for more difficult waste or where acceptable
durability can be demonstrated even where significant quantities of crystals (arising from higher waste
loadings) are present. Acceptable durability will result if the active species are locked into the crystal
phases that are encapsulated in a durable, low-activity glass matrix. The GCM option is being considered
in many countries including Australia, France, Russia, South Korea, the United Kingdom, and the United
States. The processing, compositions, phase assemblages, and microstructures of GCMs may be tailored
to achieve the necessary material properties.

Joule heated melters are relatively intolerant of crystal growth in the melt which causes slag
formation. [161] Recently, Sellafield has shown the ability to go to 38 wt% waste loading [162]
from 25 wt% waste loading [163] by allowing spinel formation in the melt but the Sellafield
melter is induction heated not a JHM design. However, 1-2% crystallization of spinels is
planned for Hanford’s HLW AJHM and it is anticipated that the spinel crystals will stay buoyant
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from the melt pool agitation afforded by the bubblers.[164, 165] This strategy will likely work
unless during long maintenance outages, the crystals grow larger than the size that the agitation
can sustain or the melt pool will have to be diluted with components that dilute the spinel
forming tendencies because JHM’s and AJHM’s cannot be drained without causing damage to
the electrodes. Either that or cold crucible induction-heated melters (CCIM), which are already
being pursued in Russia, France, and the U.S. will have to be substituted as an alternative to
JHM and AJHM melter technology. The major advantages of CCIM over JHM/AJHM are higher
productivity, higher temperatures, longer lifetime, smaller dimensions, and higher waste loadings
while maintaining the same product quality while at the same time being robust in terms of
producing GCM’s and mineral wasteforms by a melt and controlled crystallization route.

Advances in the techniques to measure and quantify how and where radionuclides are bonded in glasses
and glass ceramics will enable GCM’s to be tailored to sequester the desired radionuclides in the ceramics
phases and either minimize or prevent the radionuclides from migrating to the glassy encapsulating phase.
This will allow the crystalline and glass structures based on MRO and LRO to be used to model glass and
GCM behaviour and properties.

Mineral wasteforms will advance using novel processing techniques like templating. Hybrid wasteforms,
e.g. glass-ceramics instead of glass vs. ceramic, geopolymeric cements combining geopolymers and
cement or methods that combining thermal treatment (calcining, FBSR) with encapsulation in
geopolymers or cements will provide double barrier composites for troublesome waste species.

7.7 Radiation Damage in Glasses and Ceramics

No discussion of the relative attributes of glass, glass-ceramics, and ceramic/mineral wasteforms
is complete without a discussion of the relative radiation stability of the various wasteforms. The
effects of radiation damage due to self-irradiation of various wasteforms have been studied for
decades and a few of the more recent reviews of this field are given in Section 7.9.2.

Radiation damage is not only important because it impacts the stability of the wasteform but if
the material swells or is otherwise degraded by self-irradiation this impacts the long term
durability of the wasteform (see discussion in Section 7.8). While glasses undergo radiation
damage that can cause density variations, careful durability experiments have shown that the
radiation damage does not affect the dissolution rate as studied by Single Pass Flow Through
(SPFT) and Soxhlet durability tests. Many pertinent examples are given in Reference 4.

In ceramic/mineral wasteforms the crystalline structure may become amorphous, a phenomena
observed in nature and known as metamictization (the formation of amorphous metamict
phases). This phase change from a crystalline structure to a partially or completely amorphous
structure is accompanied by macroscopic swelling of the structure. An interesting study by
Weber, Ewing and others [166] has shown that the SYNROC crystalline phases (zirconolite and
perovskite) are susceptible to macroscopic swelling at high dosages (Figure 6). Moreover, the
swelling in the titanium based SYNROC phases is greater than the swelling in the silicate based
supercalcine ceramics at lower dosages which in turn is greater than the swelling in glass
ceramics (Figure 6). Additional references regarding the swelling of individual mineral/ceramic
phases can be found in the references in the annotated Table 6 and Table 8.
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7.8 Leach Testing and It’s Role in The Waste Acceptance
Process

The most important requirement for a wasteforms is the chemical durability, expressed as a
dissolution rate. It should be noted that for some radionuclides solubility limits the dissolution
rate while others are completely soluble, e.g. “Tc, *°l, or 1**Cs. These soluble radionuclides are
released at the maximum forward rate of dissolution. For the production of durable nuclear
wasteforms, it is desirable for the wasteforms to be highly insoluble in the long-term to minimize
release to the environment, i.e. to have the slowest forward dissolution rate possible. Since no
“durability test” can be carried out on these geologic time scales, dual approaches are taken:

1 durability test parameters such as surface area (SA), time (t), temperature (T), or a
combination such as (SA)e(t) are used to “accelerate” dissolution as long as the
acceleration parameter(s) used does not change the dissolution mechanism

- toensure that the mechanism is not “altered” by the acceleration modes of the
experiments natural analogs are usually tested simultaneously.
2 models are used to predict wasteform dissolution from parameters that can be
measured such as the activation energy of dissolution, forward rate of dissolution, and
from an understanding of the dissolution mechanisms.
- predictive and/or transport models for wasteform performance on extended
time scales (1000-1,000,000 years) has led to various thermodynamic and kinetic
models (see 160, 187 ).
Thus, there are no “wasteform specific” durability tests, but a suite of tests that must be
performed to understand the leaching mechanism(s) of a wasteform and to derive the parameters
necessary for the particular predictive or transport model(s) being applied.

In order to determine if a particular wasteform is acceptable it must demonstrated that the
wasteform performance in the disposal system is adequate. Such evaluations, in the US are
known as total system performance assessments (TSPA) for HLW and PA’s for ILAW. The
TSPA or PA includes all of the testing and performance modeling that has been gathered on the
wasteform and the TSPA is intended to provide a technical basis that a wasteform is acceptable
for deep geological disposal.

For HLW in many countries the geological disposal sites have not been determined while
wasteform producers have already made many canisters of vitrified waste (see Table 1). Due to
the mismatch in timing between the need to stabilize HLW and when a geological repository will
be chosen and ready to receive the wasteforms, the US devised a strategy to addresses vitrified
waste acceptance based on Production Control. Production Control is intended to determine how
the production of a wasteform material affects (or controls) its performance and identify the
ranges for processing variables that result in an acceptable wasteform. The primary role of most
of the waste acceptance product specifications (WAPS) developed in the US for vitrified HLW
wasteforms verify that the properties of a specific wasteform product are consistent with the
existing regulations and thus will be acceptable for disposal, either by direct measurement or
through process control.
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Therefore, waste acceptance testing is, for the most part, focused on comparing a specific wasteform
product to the range of wasteforms that are (1) considered to have acceptable performance based on
performance modeling and (2) produced within the production control limits. What will be acceptable
with respect to wasteform performance and processability will depend on the disposal site and engineered
system and cannot be completely quantified at the time the waste form is made. The range of acceptable
wasteform compositions will depend on the required performance. [167]

While the predicted long term durability of a waste form is a necessity for its “qualification for
shallow land burial” or “deep geologic disposal” there is also a need for short term testing that
can be related to acceptable performance by the following linking relationships [168]:

process control < composition control + dissolution rate control « performance control
+ acceptable performance.

This approach allows a wasteform producer to ensure that the waste form that they are producing on a
tonnage per year basis will be acceptable to long term performance instead of having to test each and
every canister or form produced. For high level waste glass (alkali borosilicate glass) in the US the
manner in which this was done is given below in a brief stepwise fashion and explained in more detail in
References 11, 169,170,171, 172, 173:

1 develop an acceptable wasteform durability based on HLW performance modeling
(fractional dissolution rates between 10~ to 107 parts per year (i.e., the glass wasteform
would take 10,000 to 1,000,000 years to totally dissolve [174])

2 the middle of the range determined by HLW performance modeling was adopted as the
wasteform specification; if the long-term fractional dissolution rate of a wasteform was <107
parts per year for the most soluble and long-lived radionuclides then borosilicate glass would
provide acceptable performance for any repository site or concept

3 develop an understanding of the glass durability mechanisms from a combination of
the test protocols (ASTM C1220 which was previously known as MCC-1, ASTM
C1285 which is known as the Product Consistency Test (PCT) [175,176], ASTM
C1662 which is the SPFT test and ASTM C1663 which is the Vapor Hydration Test
or VHT)

4 develop a glass standard, the Environmental Assessment (EA) glass [177,178] that
bounded the upper release rate found to be acceptable from the HLW repository
modeling from step 1 above

5 generate databases for modeling the maximum radioactive release rate(s) by relating
the release of *Tc, I, and **Cs to the release of non-radioactive species such as
Na, Li, and B which leach at the same rate (congruently); this is part of the ASTM
C1285 (PCT) test protocol

6 develop a short term test and process control strategy for ensuring that every glass
produced had a dissolution rate less than that of the EA glass at the L95% confidence
level based on Na, Li, B which in turn ensures acceptable performance control

7 Continue to qualify that the radionuclide response of production glasses verify that
production glass radionuclide releases are consistent with the releases predicted by
Na, Li, and B
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Therefore, a suite of the existing durability tests (those for affinity control, solubility control,
and/or diffusion control) must be performed on a wasteform to determine the mechanisms, and
determine the parameters necessary for the mechanistic model(s) being developed, e.g. the
transition state theory (TST) models used in the TSPA for HLW geological disposal or the PA’s
for shallow land burial. Different durability tests are used for a diffusion model for example for
cement. However, one cannot apply a glass standard that leaches by an affinity limited
mechanism to cement that leaches by diffusion nor can one apply a borosilicate glass standard to
non-borosilicate type glasses since it is not known whether the radionuclides in non-borosilicate
glasses leach by the same degradation mechanism and whether the leaching of Na, Li, and B
remain congruent with the leaching of the radionuclides. In these cases, new standards need to
be developed and qualified and the leaching mechanisms understood.

For glasses the advances in the measurement of medium range order (MRO) in glass wasteforms
has led to the understanding that the molecular structure and composition of a glass like the
molecular structure and composition of minerals, controls the wasteform durability by
establishing the distribution of ion exchange sites, hydrolysis sites, and the access of water to
those sites. During the early stages of glass dissolution, a “gel” layer resembling a membrane
forms through which ions exchange between the glass and the leachant (Figure 7). The hydrated
gel layer exhibits acid/base properties which are manifested as the pH dependence of the
thickness and nature of the gel layer. Advances in the understanding of the dissolution
mechanisms of borosilicate glasses proposed for nuclear waste solidification were extensively
studied in the 1980°s-1990’s [22, 179,180,181,182,183,184,185,186] and such mechanisms are
still being studied.[160,187,188,189,190] At least four operative mechanisms have been shown
to control the overall glass durability as shown in Figure 7. These four mechanisms are ion
exchange, matrix dissolution, accelerated matrix dissolution, and surface layer formation
(possibly of a protective or passivating nature).

One can bound or model the shorter term durability of a glass using kinetic or thermodynamic
models to describe the impacts of ion exchange and matrix dissolution or hydrolysis by
examining either time-temperature data (Figure 8) or release vs time or accelerated release,
expressed as SA/Vetime Figure 9, but these underlying mechanisms become modified if surface
layers form and/or if, at very long times when the gel layer ages in situ into clay or zeolite
minerals or the leachate becomes saturated with respect to a clay or zeolite phase. If zeolite
mineral assemblages (higher pH and AI** rich glasses) form, the dissolution rate increases (Figure
9) which is undesirable for long-term performance of glass in the environment.

The current theories of glass dissolution [159] suggest that all glasses typically undergo an initial
rapid rate of dissolution denoted as the “forward rate” (Figure 8 and Figure 9). However, as the
contact time between the glass and the leachant lengthens some glasses come to “steady state”
equilibrium and corrode at a “steady state” rate while other glasses undergo a disequilibrium
reaction with the leachant solution that causes a sudden change in the solution pH or the silica
activity in solution [191]. The “return to the forward rate” (Figure 9) after achieving “steady
state” dissolution is undesirable as it can cause a glass to return to the rapid dissolution
characteristic of initial dissolution.
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The initial rate is often referred to as Stage | dissolution in the U.S. literature but it encompasses
zones where multiple mechanisms are operative including regimes that are interdiffusion
controlled, hydrolysis controlled, and a rate drop that is diffusion or affinity controlled [159].
The “steady state” rate (also known as the residual or final rate) that signals the end of the
alteration phase and/or a pseudo-equilibrium between the alteration and re-condensation
reactions [159, 192] is known as Stage |1 dissolution, and the return to a forward rate (or
resumption of alteration) is known as Stage I11 dissolution. Diffusion controlled dissolution of
network modifiers and/or radionuclides during Stage | and Stage 11 normally follow a
mathematical function related to the square root of the test duration as observed in many burial
studies [190] while other radionuclides are solubility limited, entrapped in the gel layer, or
complexed in secondary alteration phases that form from the leachate solution.

A reaction zone is formed as the leached layer solution interface progresses into the glass (Figure
7a). The front of the reaction zone represents the region where the glass surface sites interact
with the ions in solution [193]. The top of the gel reaction zone represents the leached layer-
glass interface where a counter-ion exchange occurs [193]. The glass dissolution rate is
modified by the formation of the hydrated amorphous gel layers and/or secondary precipitates,
e.g., metal hydroxo and/or metal silicate complexes that have reached saturation in the leachate
and can precipitate on the surface of the gel layer [22,179,181,182,194,195]. These "back
reactions” have been attributed to formation of silanol bonds as surface adsorption sites which
were modified by changes in solubility of the species in solution and surface (zeta potential)
considerations.[22,196]

The gel layer may, under certain conditions, act as a selective membrane [194,197] or as a
protective/passivating layer [22,159, 180,181, 182,184,185,186,198,192]. The slowing of glass
dissolution to a steady state rate by solution saturation (affinity) of glass matrix elements or
reaction through a surface layer has been referred to as Stage Il dissolution including residual
rate dissolution, steady state dissolution, or the final dissolution rate. Recent mechanistic
modeling of glass durability including the slowing of the dissolution rate due to affinity and/or
surface layer effects was first modeled by Grambow and Muller [199] and is referred to as the
GM2001 model. The GM2001 model combines the effect of glass hydration by water diffusion
with ion exchange and affinity-controlled glass network corrosion (Figure 8 and Figure 9). The
slowing of dissolution due to the effect of a growing surface gel layer is represented by a mass
transfer resistance for silica by this layer. At the interface between the glass and the gel layer a
different “gel layer” is assumed to be hydrated glass that allows diffusion of H,O in and boron
and alkali atoms out of the glass (similar to Figure 7). A 2003 modification of the GM2001
model, known as the GM2003 model [159], treats silica dissolution and silica diffusion through
the gel separately from water diffusion and boundary conditions are specified at the gel/diffusion
layer and the gel/solution interfaces. Recently, the GRAAL (Glass Reactivity with Allowance
for the Alteration Layer) model [187,189] has been proposed which is dependent on the
composition and the passivating nature of the gel layer, called the Passivating Reactive
Interphase (PRI). The leached layer has been found experimentally to be zoned (5-7 zones) and
the GRAAL model assigns various mechanisms to different zones within the PRI.
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The resumption of alteration (Stage I11) causes the long term dissolution rate to reaccelerate to a
rate that is similar to the initial forward dissolution rate for some glasses. This unexpected and
poorly understood return to the forward dissolution rate has been shown to be related to the
formation of the AI**-rich zeolite, analcime, and/or other calcium silicate phases. Moreover, the
presence of AI** and Fe** in the HLW glass, in the leached layer, and in the leachant has been
shown to influence whether a glass maintains Stage Il dissolution or reverts to the forward rate of
dissolution, e.g., Stage Il dissolution. Van Iseghem and Grambow [191] demonstrated that an
Al**-rich zeolite (analcime) formed on certain glasses during dissolution but not on others. Van
Iseghem and Grambow also demonstrated that a change in solution pH accompanied the return to
the apparent forward rate when analcime formed. Likewise, Inagaki [200] demonstrated that
solution pH and solution concentrations of Na and K were also involved in the formation of
undesirable analcime versus Na-bedellite (a smectite clay). Other zeolites and smectite clays that
are rich in Fe** compared to AI** do not appear to accelerate glass corrosion [191,201,202].
Since many long term durability models are still being refined and an international study group
[203] is actively working on a refined understanding of the PRI, a variety of leaching tests are
being used to facilitate an integrated understanding of these stages of durability.
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Table 1. Data on HLW Glass Production

SRNL-STI-2012-00407

Meltin Waste Glass Waste Size of Number
Vitrification Plant Location Procesg Produced (metric Loading Canisters of TBq
tons) Range (wt%) (meters) Canisters
Defense Waste Processing Aiken. South
Facility (DWPF), Savannah Carolin,a USA JHCM 6169* 28-40° 0.6x3 3,496 1.7 x 10°
River Site ’
West Valley Demonstration West Valley, . _ ) b 5
Project (WVDP) New York. USA JHCM 500 20.4-23.5 0.6x3 275 8.9x10
Waste Vitrification Plant | - g gie1q i | Induction, hot ~~2,200' ~25-32* | 043x134 | 5627 | 2.4x107
(WVP), BNFL crucible
Areva NC (R7/T7)° LaFgf‘]%ge '”dcur‘até‘i’g'l’eh"t 6,642/ 12-18% 043x1 | 16334 | 251x10°
AVM or Atelier de Marcoule, Induction, hot £ 1SS 6
Vitrification de Marcoule® France crucible 1,138 12-18 0.43x 1 3,159 1.69x 10
Pamela Mol, Belgium JHCM 500° 15-25% 823 i 154 2200 45x10°
Tokai Vitrification Facility Japan JHCM >100 20-30° 0.43x 1 2477 | 15x10"
(TVF)
- - g - .pge f -
Mayak Vitrification Facility Ural Reglon, JHCM ~8000 335 057 x 1 17,600 3.33 x 107
(EP-500) Russia

T 1 Tera-Becquerel (TBg) = 10* atoms decaying per second or transmutations per second

* 1996-June 2012

** 1996-2002 — mission complete
T 1991 to April 2012 at 142L glass per canister and an assumed glass density of 2.75 g/cc (390 kg glass per container)
Tt Maximum total is 10,000 (capacity of vitrified product store), of which ~2,200 will be returned to overseas customers. Actual total is expected to be less
depending on post-operation clean-out strategy.

£ 1989-2011
¢ 1978-2008
§ 1985-1991
£ 1995-2012

8§ acidic waste loadings are comprised of fission porducts and minor actinides — corrosion products and alkali are not included as for neutralized wastes

a A Riley, S. Walker, N.R. Gribble, “Composition Changes and Future Challenges for the Sellafield Waste Vitrification Plant,” Sci. Basis for Nuclear
Waste Mgt, XXXIII, Materials Research Society, Pittsburgh, PA, 267-273 (2009).

b. J.M. Perez, Jr., D.F. Bickford, D.E. Day, D.S. Kim, S.L. Lambert, S.L. Marra, D.K. Peeler, D.M. Strachan, M.B. Triplett, J.D. Vienna, R.S. Wittman,

“High-Level Waste Melter Study Report,” PNNL-13582 (2001).
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C. C.M.Jantzen, A.D. Cozzi, and N.E. Bibler, “High Level Waste Processing Experience with Increased Waste Loadings,” Environmental Issues and
Waste Management Technologies X, J.D. Vienna, C.C. Herman, and S.L. Marra (Eds), Ceramic Transactions 168, 31-49 (2005).

d. Caterine Veyer of AREVA, personnel communication (2010).

Seiichiro Mitsui of JAEA, personnel communication (2010).

f.  P.P. Poluektor, private communication (2010).

®
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Table 2. Waste Form Processing Technologies (adapted from Reference 11)

HLW

Treatment
Processing Process and Waste Waste Forms Advantages Disadvantages
Technology Mode Stream Produced 9 9
Scale
i Electrode and
- Proven technology; .
Borosilicate glass, tvpically operates refractory erosion may
Joule Heated Melter . other glasses (LaB's, yp "y P " be a problem;
Continuous Large with a "cold cap" to .
(JHM) FeP, AIP, L L solubility control of
. minimize volatility of . .
chalcognide, etc.) species of concern certain species (Cr,
P Mo, and SO,) critical
- . Operates with minimal
N Borosilicate glass, Increased capacity, or no "cold cap” with
w Advanced Joule Continuous Large GCM'’s, other glasses throughput, and associated inc?’eases
Q Heater Melter (AJHM) 9 (LaB's, FeP, AIP, melt rate compared . - .
@) . in volatility of species
| chalcognide, etc) to JHM
©) of concern
% Allows processing of
®) corrosive glasses;
",'_J no refractories; no
| electrodes; water
<§‘: Borosilicate glass, cooled; can be Higher temperature
4 GCM’s, other glasses stirred if needed; operation can increase
"_:—_J Cold Crucible (LaB's, FeP, AIP, increased capacity volatilization of
= Induction Melter Continuous Large chalcognide etc), compared to JHM species of concern but
(CCIM) crystalline ceramics, and AJHM;can "cold cap" coverage
simple oxides, metal operate at higher minimizes these
matrix temperatures than impacts
JHM and AJHM;
operates with a
"cold cap" to
minimize volatility
40 _ Depends on Borosilicate glass: In_expenswe and Inhomogeneous v_vaste
< 61 In-Container container GCM's. Other simple for low forms produced; no
= Z & Vitrification (ICV); - T activity wastes or temperature control
T = " Batch size (could | Glasses (LaB's, FeP, g o . -
w L (o also known as "Bulk . . contaminated soils; so radionuclide
L B Vitrification" be medium AIP, chalcognide not applicable to vaporization is high;
FE to large) etc.) ’

little or no convection
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SRNL-STI-2012-00407

Treatment
Processing Process and Waste Waste Forms Advantages Disadvantades
Technology Mode Stream Produced 9 9
Scale
in melt
Inexpensive; can be .
May require some pre-
- used to process . .
Self-Sustaining , processing, i.e.
e Batch Small GCM’s small amounts of -
Vitrification (SSV) grinding of the waste
wastes at remote g
. and pre-mixing
locations
Cold Press and Sinter GCM'’s, crystalline Urs:;ll);esrzﬁlé screél_e;
(Cold Uniaxial ceramics, simple Higher Waste cal?:/ininq or pre—
Pressing, CUP: Cold Batch Small oxides, metal Loadings; Minimum . gorp
? . - . . treating waste to an
Isostatic Pressing, matrix, zeolites, disposal volume . .
CIP) hydroceramic oxide to avoid
Y shrinkage of form
Processes small
Zero off-gas quantltle_s; can
. . e overpressurize if large
Borosilicate glass emissions; higher :
. ) amounts of volatiles
(lab scale only), waste loadings; .
, . . . (e.g. nitrates/
. . GCM'’s, crystalline minimum disposal .
Hot Isostatic Pressing S i hydrates) are present;
Batch Small ceramic/simple volume; mature

(HIP)

oxides, metal
matrix,zeolites,
hydroceramics

flexible technology;

no major secondary
wastes; mature
industrial process

may require pre-
calcining or pre-
treating waste to an
oxide (shrinkage
handled by bellows
like canisters)
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Processing
Technology

Process
Mode

Treatment
and Waste
Stream
Scale

Waste Forms
Produced

Advantages

Disadvantages

THERMAL TECHNOLOGIES

Hot Uniaxial Press
(HUP)

Batch

Small

Borosilicate glass
(lab scale only);
GCM'’s, crystalline
ceramic, simple
oxides, metal
matrix, zeolites,
hydroceramic

Higher Waste
Loadings; minimum
disposal volume,
mature flexible
technology; mature
industrial process

Usually small scale;
may require pre-
calcining or pre-

treating waste to an

oxide for shrinkage
control

Cyclone Furnaces

Continuous

Large

Borosilicate glass,
GCM’s, other glasses
(LaB's, FeP, AIP,
chalcognide, etc.),
crystalline ceramics,
simple oxides, metal
matrix

Suitable for soils
containing low
volatility
radionuclides;

Secondary recovery
process needed to
treat off gases

Fluidized Bed Steam
Reforming (FBSR)

Continuous

Large

Crystalline ceramic,
simple oxides,
zeolites

Pyrolysis (not
incineration);
immobilizes halides,
sulfates,*°Tc
sequestered in
sodalite; moderate
temperature; >85%
volatile species
contained; wastes
processed without
neutralization;
destroys organics
and nitrates;
industrially proven
technology; no
secondary liquid
waste stream

Product is granular
and requires a high
integrity container
(HIC) or encapsulation
in a binder to make a
glass ceramic
material, a
geopolymer, or a
hydroceramic;
Radionuclide
partitioning amongst
the phases needs to
be further studied
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leaching

Treatment
Processing Process and Waste Waste Forms Advantages Disadvantages
Technology Mode Stream Produced 9 9
Scale
High temperat},lre Established
. glasses, GCM’s, : Lo
. Medium/ . . Industrial Practice;
Electric Arc Furnaces Batch crystalline ceramics, . :
Large simple oxides. metal Similar technology is
p >S, used for ICV No large scale
G matrix practice; high
9 5 m | temperatures;
% h'?h tempécr:al\;lcyre electrode erosion; radionuclides
Q Plasma Furnaces Batch Small glasses, S: efficient for the
T} crystalline ceramics, .
~ . : destruction of
simple oxides, metal .
4 - organics
< matrix
=
Borosilicate glass N
w , ) ) ;
T GCM’s, other glasses Suitable for mixed lelfsgegos 221&?2 zczs_lle,
= (LaB's, FeP, AIP, wastes; Can be used pinhomo eneouz’
Microwave Heating Batch Small chalcognide, etc.), as a heat source in heatin g(need a
crystalline ceramics, other equipment susce to?’ material);
simple oxides, metal (e.g fluidized bed) no lar % scale racti(;e
matrix 9 P
Formulations waste
. specific; some
0 Simple technology; sepquestering of
W Ordinary portland design formulation radionuclides in
=0 cement (OCP), High for best waste hvdration products vs
% @] . Alumina Cements, retention; fly ash y - P - )
| Continuous . - grain boundaries
TO Cement Large Geopolymeric and slag additives .
F> or Batch . 99 . needs more study;
L £ Cements with Fly keep *Tc and Cr in radiolvtic production
% 5) Ash, slag, or meta- reduced oxidation of H irilhi E radiation:
z ",'_J kaolin state to prevent 2 9 ’

pH of pore water
alkaline and promotes
leaching
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Forms

characteristics

Treatment
Processing Process and Waste Waste Forms Advantages Disadvantages
Technology Mode Stream Produced 9 9
Scale
. Geopolyme_rs. Minimal water so Formulations waste
incorporate liquid : . e
radiolytic H, specific; distribution of
waste encapsulate L . .
. generation is radionuclides among
Large or incinerated, o -
Geopolymer Batch limited, fire the phases needs
Small pyrolyzed, or . -
. resistant, pore water | more study; batches
calcined wastes, . : .
. less alkaline than are thick and require
geopolymeric :
cements extrusion
cements
n Require hydrothermal
w set; requires more
Q . .
@) High capacity for water than
= high sodium or geopolymers so
O . Zeolite, crystalline ; L radiolytic H,
Z Hydroceramics Batch Small . calcium containing S
T ceramic wastes- stabilize generation; batches
O . ’ are thick and require
L halides and sulfates. T .
[ extrusion; wastes with
;(‘ >25 wt% nitrate must
> be pre-treated
o
w .
= Crystalline ceramic ) High he_at of
, incorporates liquid Very dense; room hydration; bubble
Z Ceramicrete Batch Small temperature curing; formation which can
©) waste or . . .
> high waste loading be vibrated out of
encapsulates . .
mixture during set
Flammable; requires
. . heat to make bitumen
Simple; low )
. Encapsulated or . . molten; poor
. Continuous Large to operating cost; leach .
Bitumen Embedded Waste . performance with
or batch small resistant

salts; thick even when
molten; requires
extrusion

-39-




Chapter 7 in Radioactive Waste Management and SRNL-STI-2012-00407
Contaminated Site Clean-up: Processes, Technologies and International Experience

Table 3. Attributes of Homogeneous vs. Inhomogeneous Glass Waste Forms (adapted from Reference 11)

Waste Form Homogeneous Glass Inhomogeneous Glass
Radionuclides and hazardous . .
. . Some radionuclides and hazardous
species are atomically bonded : - .
. species are atomically bonded in a
in a durable glass structure durable dl ith
o usually to oxygen atoms that urable glass structure as wit
Description homogeneous glass but other

are also bonded to the matrix
elements, Si, Al, B, P, etc. by
short range order (SRO) and
medium range order (MRO).

radionuclides reside in a very
soluble immiscible glass phase
(glass-in-glass phase separation)

Radionuclide Immobilization
Mechanism

Chemical Incorporation

Chemical Incorporation

Key
* o + 9
Cs U Tc Pu xl.

Waste Loading(s)/Durability

a. moderate waste loading
b. good overall durability
c. easy to model radionuclide

release from a single phase

a. moderate waste loading
b. poor durability for certain
radionuclides
c. impossible to model radionuclide
release as the fraction of the
second phase is dependent on
thermal history

Immobilization Technologies

Joule Heated Melters (JHM)
Advanced Joule Heated
Melters (AJHM)

Cold Crucible Induction
Melters (CCIM)

Hot Isostatic Pressing (HIP)
Hot Uniaxial Pressing (HUP)

Joule Heated Melters (JHM)
Advanced Joule Heated Melters
(AJHM)

Cold Crucible Induction Melters
(CCIM)

Hot Isostatic Pressing (HIP)
Hot Uniaxial Pressing (HUP)
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Table 4. Examples of Homogeneous Glass Waste Forms Demonstrating their SRO and MRO Structure (adapted from Reference 11)

Type of Glass

Comments

Alkali Borosilicate

[3.4, 5,6, 7,8, 18,34,61]

(Si0.)*, (BO4)™,
(BOs)*and some
(AlO,)°and (FeO,)™®
structural units to
which alkali, alkaline
earth, and waste
species bond.

Major Structural Components

Ba ) LWl

H » 4 A 4
Si0, BO, BO, AlO, ZnO MoO,
. % ©

Na+ Caz+ Others: Cs*, K*, Li*

Atomic structure of a French nuclear waste glass:
unshaded region shows formation of a

(Na,Cs),MoOy, cluster [204].

Ease of processing, melt
temperatures 1150-1200°C to
minimize volatility; cold cap
production if feasible minimizes
volatility; most waste cations
highly soluble in glass; overall
waste solubility 25-40 wt%; made
by JHM, AJHM, CCIM or HIP.

Lanthanide Borosilicate
(LaBS)

[5,6, 18,205, 206,207,
208, 209]

(Si0,)*, (BOL)™,
(BOs)®and some
(AlO,) structural
units to which
lanthanides, alkaline
earth, and other waste
species bond

/ e

Atomic structure of a French HLW rare earth
bearing borosilicate glass . Na*, Ca** and Nd** exist
in the percolation channels. PR is the polymerized

region and DR is the depolymerized region.[7]

Higher waste loading (16-59
wit%) for actinides/lanthanides
than alkali borosilicates;
lanthanides serve as neutron
absorbers; 1300-1500°C melting
causes volatilization of some
radio-nuclides; corrosion similar
to alkali boro-silicates; made by
CCIM, HIP, or induction melting.
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Type of Glass Comments

(Si0,)™* and (AlO,)®
structural units to
Aluminosilicate glasses | which alkali, alkaline

Melt temperature of ~1600°C
causes volatilization of
radionuclides; waste loading

and/or alkali earth, and waste q dent i I
aluminosilicate glasses species bond — Zepeno ent on rapid coo'ing, €.9.
(similar structure to 0 wt¥% U0, if cooled rapidly
[4,8,61] borosilicate glasses \.Nh”e <10 wt% !f.cooled slowly;
when (BO,) ®are |mpro_v_ed durability over
present) borosilicate glass; CCIM, HIP

B Lladifring Cacions L0 0 Ferwork Bo maers (G n Ol 400 Iz

Atomic structure of a simple generic M,03(G,03),
glass (M is modifying cations, G represents
tetrahedral cations). The shaded regions are the PR
regions. The un-shaded regions represent the
percolation channels or DR regions (from 210).

(BO,)>, (BO3)and

some (Al 04)_5 Not used for waste vitrification.

Aluminoborate glasses
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Type of Glass

Comments

Major Structural Components

*'{"QC’{Q—\) A % a
) O S W @ £ o
et T S = ey .
K ) ./ M0y 6 ! L

[3,4,8,5,6,7,34,212,
213, 214, 215]

which alkali, alkaline
earth, and waste
species bond

Atomic structure of phosphate glass with P4O19
cagelike structures which provides the basic
building block for phosphate glass formers.

: Y .
B f W Requires hot pressing and
High Silicate Glasses L7 ;}éﬁ Q- Aok d T | sintering at 600-800°C in order to
(Sintered Glasses) (Si0,)™* U kW 41“*.' [ ° Wi% retain volatile fission elements
[4,8,61] R - - S such as Cs, Ru, Mo and Tc; waste
! oA Fo QDo+ L solubility 5-35 wt%.
Atomic structure of sodium silicate glass. Glass
formers are small open circles, oxygen atoms are
large open circles, modifier cations are small filled
circles, U atoms which form clusters are large filled
circles. [211]
Melts at lower temperatures than
silicate or borosilicate systems;
most cations readily incorporated,
Alkali Alumino- (PO4)3and (AlO,)”® accommodates >10 :Nto/;,_’ sulfate;
phosphate structural units to corrosive to materials o

construction; tendency to
devitrify; durability comparable to
borosilicate glass if alumina
content is sufficient; comp-osition
~ 24-27 Na,0, 20-24, Al,03 +
MenOy, 50-52 P,0s; JHM, AJHM,
CCIM.
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Type of Glass

Comments

Lead Iron Phosphate
(LIP)

[4,8,61,216,217,218,
219,220,221,222]

(PO4)3and (FeO,)”®
structural units to
which alkali, alkaline
earth, and waste
species bond

Major Structural Components
0G0 R P ]
B \ “ & R o _ ‘.L o]
PN o o
T e g My g
= oSl N Y
PN e /s =
B Q R d
0. gE S o ©
GO RN I
Q " -‘7‘_0 =9 1‘
47 3 o
o Iy =
5 ! o3 2l
O Vel )

Atomic structure of LIP glass. Polyphosphate
chains are cross-linked by lead atoms (open circles)
and iron atoms (small filled circles) which form
“knots” in the percolation pathways that inhibit
cation diffusion. [223].

40-66 PbO; 30-55 P,0s; 0-10
Fe,O3 dependant on amount of
iron oxide in waste; melts 850-
1050°C; waste loading (~20
wt%); abandoned due to
regulatory issues with PbO
component poor solubility of
certain species, devitrification,
poorer waste solubility than
borosilicate glasses, etc.; JHM,
AJHM, CCIM.

Iron Phosphate (IP)

[224, 225, 226, 227,
228, 229, 230, 231,
232, 233, 234, 235,
236,237,238,239,
240,241,242]

(PO,)%and (FeO,)”®
tetrahedral structural
units to which alkali,
alkaline earth, and
waste species bond,;
Fe-O-P bonds have
shown to be
hydration resistant
whether iron is Fe*
or Fe® [243]

Fe-O-P bonds

\0,\“

Atomic structure of IP glasses are nano-
heterogeneous, with FePO,-like regions and
phosphate chains that incorporate Fe?*/Fe®" network-
modifying cations. Large atom in center of cage
like structure is a waste cation. [244,245]

Good chemical durability; high
solubility for many heavy metals
(U,Cr, Zr,Cs,Mo, noble metals,
rare earths); melts 950°C to
1100°C; viscosity typically <1
poise; low corrosion of oxide
refractories and Inconel alloys;
waste loadings 25- 50 wt%;
tendency to devitrify; JHM,
AJHM, CCIM.
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Type of Glass

Major Structural Components

Comments

Chalcogenide and
Chalcohalide

[96,246,247]

Glasses obtained by
melting chalcogen
elements (S, Se, and
Te) with Group V
and 1V elements

TeOZ'XCI-Bzog
TeO,-XCI-Li,O
TeOz-XCI-NaZO

XCI = “mixed
chlorides” waste
simulant at~19 wt%

3 > [
34 ] 3
B .. T .
i .'."f‘.'l . S
I 2 B 45
| s Se /
-. 7 / e
e se— A8 g~ ?
e : i
: Se’ sd R H
Z = 4
/- S8 Se - 58
~ 5
Ge i 2
e S o Se
” S ; Bt
; o 158 Sa 2w
Se o Jr-igg oe
Sy se—Ag 7
3 E -\ =
Se Se. S
[from 248]

S, Se, and Te glasses for radio-
nuclides difficult to immobilize
in borosilicate glass systems, i.e.
129 " Gels such as Pt,Ge,Sq are
used to immobilize actinides,
noble gases, and carbon dioxide,
and mixed chlorides.
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Table 5. Attributes of Glass-Ceramics and Glass Composite Material (GCM’s) Waste
Forms (Adapted from Reference 11)

Waste Forms

GCM
(secondary crystalline phase
contains no radionuclides
and/or is inert)

GCM
(secondary crystalline phase
contains radio-nuclides and

should be durable)

Description

Radionuclides can be
chemically incorporated in the
glassy matrix (same as single

phase glasses) and crystals
such as spinels (Cr, Ni, and Fe
species) crystallize that do not
contain radionuclides and are
inert.

Radionuclides can be
chemically incorporated in the
glass matrix and in the
crystalline phases. Example
shows Cs in the glass and in a
secondary phase. Secondary
phases need to be durable like
pollucite (Cs,Na),Al,Si,O1, and
soluble phases such as
(Na,Cs),S04 should be avoided
as they are not GCM’s.

Radionuclide
Immobilization
Mechanism

Chemical Incorporation

Chemical Incorporation and
Encapsulation

Key

* o + @9
Cs U Tc Pu xl.

Waste
Loading(s)/Durability

a. higher waste loadings \
b. secondary phases have no
radionuclides
c. good overall durability
d. easy to model radionuclide
release from single phase
glass once grain boundary
dissolution is experimentally
shown to be minimal

a. higher waste loadings
b. secondary phases contain
long lived radionuclides
c.glassy phase can contain the
shorter lived radionuclides or
no radionuclides
d. more complex to model
radionuclide release from
multiple phases and grain
boundaries

Immobilization
Technologies

Joule Heated Melters (JHM- crystals form on cooling)
Advanced Joule Heated Melters (AJHM ~1-3 vol% crystals probable)
Cold Crucible Induction Melters (CCIM 10-50 wt% crystals)
Hot Isostatic Pressing (HIPing >40 wt% crystals)

Hot Uniaxial Pressing (HUPing >90 wt% crystals)

Press and sinter (> 90 wt% crystals)
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Table 6. Examples of Glass-Ceramics and Glass Ceramic Materials (GCM’s) as Waste
Forms (adapted from Reference 11)

[4,8,61,254,255]

Powellite CaMoO,
Perovskite CaTiO3;

Glass Crystalline
Name Phase Phase(s) Comments
Borosilicate Based
Alkali Borosilicate | NiFe,O4 spinels Glasses which are allowed to partially
Borosilicates ZrSiO, crystallize in a stirred melt pool or
Al,O; upon cooling; crystals are inert;
[44,45,249,250, crystallized glass viscosity is non-
251,252] newtonian; secondary phases must be
inert; AJHM or CCIM.
Glass Bonded | Borosilicate | **°I in Nal; Electrorefiner wastes; radio-nuclide
Sodalites 291 in sodalite release from each phase is measured,
NagAlsSisO24(1)2; e.g: Si, Al, Na, Li (sodalite and
[49,50,51,253] Cl in sodalite glass), B (glass), ClI, I (sodalite and
NagAleSisO,4(Cl), halite); HIP or cold
pressing/sintering
Synroc Alumino- Zirconolite Zirconolite is major crystalline phase
Alumino- borosilicate | CaZrTi,O; for Pu and Gd (neutron absorber);
borosilicates for low purity actinide wastes; Pu
partitions into crystalline phase over
[11] the glass phase by a factor of 100:1;
accommodates actinides and any
associated impurities; HIP
Barium Borosilicate | Celsian, BaAl,Si,Og | Pyrochlore host for actinides and Sr;
Aluminosilicates | (sodium Pyrochlore pollucite host for Cs and Rb; Noble
Celsian alumino- (RE,Ti,O7; RE"rare | metal fission products form small
silicate with | €arth), Scheelite metallic droplets. Melt temperatures
27 Wt% Eg:‘mg?g’ )PO"“C“e from 1100-1400°C; Controlled
[4,8,61,254] | B,O3and 3- monbdeanfm-nosean crystallization between 530-720°C;
4 wt% [NasAlgM0O4(SiO.)6] leaching characteristics have been
TiOy) Perovskite CaTiOs noted to be comparable to the
Diopside CaMgSi,0, | borosilicate glasses affording no
Eucryptite LiAISi,Os | significant advantages; additional
spodumene work in this area has been limited,
LiAISi,Os melt and control crystallization or
Nepheline, press and sinter.
NaAlSiO,
Diopside Borosilicate | Diopside Waste loadings ~ 30 wt% for
Borosilicates CaMgSi,Oq European and Japanese commercial

wastes which is usually ~16 wt%;
Melted at 1300°C; controlled
crystallization in the range 800-
1100°C; Cs was in the diopside; La,
Ce, Nd, Pr in the perovskite, Sr and
Sm were in the glass; noble metals
were metallic.
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(Ca,Mg, Fe)zsizoe;
fluroapatite,
Cas(PO,)sF; zircon,
ZrSiQy; fluorite
CaF;; cristobalite
SiO,; hematite,
Fe,O5, mullite
AlgSi,013

Glass Crystalline
Name Phase Phase(s) Comments
Titania Based
Synroc and Sodium Sphene CaTiSiOs Sphene and Synroc crystalline
sphene aluminosilic | Pyrochlore ceramic forms, mainly zirconolite,
ate Ca(RE,U)Ti,0; can also be formulated. Formation at
[4,8,61,256, with TiO, Zirconolite 1300-1500°C. Actinides and REEs,
257, and CaO CaZrTi,04 and Sr are in zirconolite; Cs and the
258,259,260, Perovskite remaining Sr into the vitreous phase;
261,262,263, (Ca,Re,U,SNTiO; CCIM and cool, press and sinter,
264,265] Anorthite
CaAl,Si,Og
Alkali titanium | Sodium Corundum Al,O4 Formed by HIPing calcine (70 wt%)
silicate Titanium Cristobalite SiO, with Si, Ti, Al metal and alkali
silicates Albite NaAISi;Og oxides; for high Zr containing Idaho
[4,8,61,266] Zirconolite National Laboratory wastes.
Caeri207
Perovskite
(Ca,Re,U,Sr)TiO;
Zircon ZrSiO,4
Barium titanium | Barium Fresnoite, Form at 1200°C. Fresnoite hosts Ba
silicate silicates Ba,TiSi,Og and Sr, Priderite hosts Ba,
Fresnoite with TiO, Ba priderite pyrochlore hosts RE, actinides, RE
BaFe,TigOq5 and Sr. Cs remains in the glassy
[4,8,61, 256] Pyrochlore phase. Glass is 50% and crystalline
RE,Ti,O, phases are 50%.
Scheelite BaMoO,
Silicate Based
Basalt complex For Purex wastes: Glasses melt in the range 1300-
natural augite (Ca, Mg, 1400°C. Crystallization is carried
[4,8,61, oxide based | Fe),Si,Oq out at temperature ranges 670-700°C
256,267, 268] on Si, Ca, powellite (Ca, Sr) and 900-950°C. The chemical
Mg, Fe, Al | MoO, durability superior to that of
and Ti spinel (NiFe,0,). borosilicate glasses; JHM, CCIM
Iron Enriched | Alumino- iron spinel; Applications to commercial and
Basalt (IEB) silicate feldspars defense wastes, including
glass NaAlSi;Ogto decontamination of Three Mile
[4,8,61, 256] CaAl,Si,Og); augite | Island containment water together

with core debris; Melt at 1400-
1500°C and controlled cooling after
casting the glass into containers;
JHM, CCIM; arc melting

-48 -




Chapter 7 in Radioactive Waste Management and

SRNL-STI-2012-00407

Contaminated Site Clean-up: Processes, Technologies and International Experience

Glass Crystalline
Name Phase Phase(s) Comments
Iron Enriched | Aluminosili | Same as above Cast glasses crystallized by holding
Basalt (IEB) cate glass plus: at 1200°C for 16 h; Ti phases retain
with TiO, and zirconolite the actinides; JHM, CCIM; arc
ZrO, pseudobrookite melting
Fe,TiOs
[4,8,61,256] chevkinite
Ce4FezTigsi4022
Magnesium Magnesium | Enstatite MgSiO; Used as an encapsulant for Zr alloy
aluminosilicate | aluminosilic | Indialite/Corderite | cladding wastes; accommodates
(MAS) ate Mg,Al,SisOqg 20% ZrOy; press and sinter
[4,8]
Phosphate Based
Apatite/ Calcium Apatite Apatite hosts Ca,P,F, CI, S, Sr, Cs,
monazite glass | phosphate Cas(PO4)s(F,CI) As, Pb, Ba, Hg, Cd, Cr, U, and Ce,
ceramics Monazite Melted at 1400°C, crystallized at
(Ce,U)PO, 1150°C and allowed to furnace cool;

[269,270,271]

investigated primarily for phosphate
rich or fluoride rich waste streams
including Idaho National Laboratory
CaF, wastes; JHM, AJHM, CCIM.
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Table 7.

Attributes of Homogeneous and Multiphase Ceramic (Mineral) Waste Forms

Waste Form(s)

Single Phase
Oxides/Minerals/Metals
(granular or monolithic)

Multiphase
Oxides/Minerals/Metals
(granular or monolithic)

Description

Individual phases contains one
radionuclide or hazardous species
or a solid solution, i.e. UO,-ThO,
(shown).

Individual phases contain different
or multiple radioactive or
hazardous species (see solid
solution indicated between UO,-
ThO,). Some phases do not
incorporate radionuclides or
hazardous species at all.

Radionuclide
Immobilization
Mechanism

Chemical Incorporation

Chemical Incorporation

phase or
binder

without
radio-

] nuclides

¥ Mo + 9
Cs U Tc Pu xl.

Key

Waste
Loading(s)/Durability

a. high waste loading for single

radionuclide or hazardous
species

b. good overall durability

c. easy to model species released

from a single phase

d. may require precalcining for

certain technologies to work
efficiently

a. high waste loadings
b. superior overall durability
c. difficult to model durability of
species released from multiple
phases and grain boundaries
d. need to tailor for species
partitioning amongst phases
e. need to determine species
partitioning and source terms from
each phase
f. may form an intergranular
glassy phase that sequesters
species of concern
e. may require precalcining for
certain processes to work

efficiently

Immobilization
Technologies

Hot Isostatic Pressing (HIPing >40 wt% crystals)
Hot Uniaxial Pressing (HUPing >90 wt% crystals)
Press and sinter (> 90 wt% crystals)
Fluidized Bed Steam Reforming (>90 wt% crystals)
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Table 8. Examples of Single and Multiple Crystalline Ceramic (Mineral) Waste Forms (adapted from Reference 11)

Crystalline
Ceramic Phase

Comments

Structure

SIMPLE OXIDES

X0, Oxides
[272,273,274,275]

Zr0,, UO,, ThO,,HfO, PuO, have the simple fluorite
CaF, cubic

Structure; make by HIP, HUP, press and sinter, melt
and crystallize.

COMPLEX OXIDES

A derivative of the fluorite structure type, A,B,0-,

[3,7,280,281, 282,
283,284,285,286,

[25%/ rc;;t;lo;em where A-site contains large cations (Na, Ca, U, Th, Y
’279]’ ’ and lanthanides) and the B-site contains smaller, higher
valence cations (Nb, Ta, Ti, Zr, Fe*").
Murataite Also a derivative of the isometric fluorite structure

AsB12CsTX40x. With multiple units of the fluorite unit
cell; hosts U, Pu, Cm, and RE’s including Gd a neutron

Cubic Zirconia, 1C

Pyrochlore, 2C

zZv oY* © 1+ @ Zn*

Murataite, 3C
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287, 288] absorber. Forms in solid solution with pyrochlore. ®cs 6 re @ 0* ¢
Projection along [111] direction for zirconia,
yrochlore, and murataite structures [from 279]
L .,\ r/ 7
. ﬁ g ¢ g &
. . Monoclinic CaZrTi,O, has a fluorite-derived structure WP
[zgglgr-cggglgzl closely related to pyrochlore, where Pu, U, Gd and Hf T 5 Pl (e B T
252 29’3 ’ may be accommodated on the Ca/Zr-sites, as in the case Ti layer
2é4] , of Ca(Zr,Pu)Ti;07 (TiOx, TiO
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Crystalline

Ceramic Phase Comments Structure

CaTiO; has a wide range of compositions as stable
solid-solutions; orthorhombic;consists of a 3-
dimensional network of corner-sharing TiOg octahedra,
with Ca occupying the large void spaces between the
Perovskite octahedra (the corner-sharing octahedra are located on
[291, 295] the eight corners of a slightly distorted cube).
Plutonium, other actinides, and rare-earth elements can
occupy the Ca site in the structure, as in (Ca,Pu)TiOs,
The octahedra can also tilt to accommodate larger
cations in the Ca site [from 296]

[from 296]

WA P

Ba-Hollandite [297, | Ba;,(Al,Ti)sO16 tunnels between TiOg octahedra
298] accommodate ***Ba, **'Cs and *°Sr.
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Crystalline
Ceramic Phase

Comments

Structure

Ferrite garnet [278]

BIALPIB,[TiO,]5, 6.9 Ca,Gd, actinides)®Fe,"'Fe;01,

Garnet
[299, 300, 301,
302]

AzB,(X0,)s; distorted cubic structure; BOg octahedra
and XO, tetrahedra establish a framework structure
alternately sharing corners; A and B sites can host
actinides, RE’s, and X =Si*" Fe** AI** Ga®*,Ge** and
V°* making silicate, ferrite, aluminate, gallate,
germinate, and vanadate garnets

Crichtonite [303]

(Sr,La,Ce,Y)(Ti,Fe**,Mn,Mg, Zn, Cr, Al, Zr, Hf, U, V,
Nb, Sn, Cu, Ni)21038

Sr, La, Ce, Y positions are indicated by the solid
circles.Other cations are in the octahedral positions.
[from 304]

Freudenbergite
[305]

NaAl,(Ti,Fe)sO16 a spinel based phase suitable for
incorporating Al rich wastes from Al fuel
cladding/decladding. The A site can accommodate Na,K
while the different octahedral sites can accommodate
Mg, Co, Ni, Zn, Al, Ti**, Cr, Fe, Ga, Si and Nb.

[from 306]
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Crystalline

Ceramic Phase Comments

Structure

SIMPLE SILICATES

ZrSi0,/ThSiOQy; zircon is an extremely durable
Zircon/Thorite mineral that is commonly used for U/Pb age-dating, as
[307, 308] high uranium concentrations (up to 20,000 ppm) may

’ be present; the PuSiO, end member is known and Ce,
Hf and Gd have been found to substitute for Zr.

CaTiSiOs can sequester cations such as Ba, Sr, and
Titanite (sphene) | fission product oxides (~15 wt%), U, Cr, and Ni in the

[256, 309] Ca sites (dark circles). Tetrahedra are Si and
octahedral are Ti.
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Crystalline
Ceramic Phase

Comments

Structure

Britholite (silicate
apatite)

Also known as

oxy-apatites in the

literature.

312,
313]

[54,82,87,310,311,

(REE, Ca)5(8|04,PO4)3(OH,F), i.e. Caszg(S|O4)502,
Ca,Lag(Si04)s0,; based on ionic radii of Nd**, La*,
and Pu®*, an extensive range of solubility for Pu**
substitution for the Nd or La, particularly on the 6h
site, is expected. Since there is an extensive range in
the Ca/RE ratio in these silicate apatites, a fair amount
of Pu** substitution may be possible; La®* through
Lu** can substitute for Ca®* and form oxyapatites,

RE, 671 10.33[S104]30; can also accommodate Sr and Cs,
Th, U, Np.

-yl =

N V.

o 65 Aﬂ%“_JA

as [3 <5
La{1 @ (3] oV
& Aom
o1

A

o @

v

&4&&

, ,6';»«0 4

[from 314]

FRAMEWORK SILICATES

Zeolites [315,
316, 317, 318,
319,320]

(Xun[(AlO,) (Si0O,), where X is the charge balancing
counter-ion, n is the charge of the counter-ion, x is the
number of charge-deficient alumina sites, and y is the
number of charge-neutral silica sites; characterized by
internal voids, channels, pores, and/or cavities of well-
defined size in the nanometer range, ~ 4-13 A; channels
and/or cavities may be occupied by charge-
compensating ions and water molecules. Zeolites like
Ag-Mordenite selectively sorbs I, (**I); certain zeolites
can be converted to condensed oxide ceramics by
heating. This process is particularly attractive for waste
form fabrication because capture and storage is

Structure of Zeolite-A [321] showing alternate Al
and Si atom ordering but omitting the tetrahedral
oxygens around each Al and Si.

performed with minimal steps.
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Crystalline
Ceramic Phase

Comments

Structure

Pollucite [322,
323, 324, 325,
326, 327]

(Ca, Na),Al,Si;01,22H,0; host for fission products such
as B'Cs

Pollucite Cs/Ti
Version
[328,329,330,331

CSTiSi205_5
332,333,334,335, o
336, 337] . \
NaAlSiOysilica “stuffed derivative” ring type structure;
Nepheline some polymorphs have large nine-fold cation cage sites

[49,338,339,340,
341, 342, 343]

while others have 12-fold cage like voids that can hold
large cations (Cs, K, Ca. Natural nepheline structure
accommodates Fe, Ti and Mg.

Leucite**

KAISI,Og:. K analogue of nepheline

v

Two-dimensional representation of the structure of
nepheline showing the smaller 8
oxygen sites that are occupied by Na
and the larger 9 oxygen sites that are
occupied by K and larger ions such as
Cs and Ca. [352]
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Crystalline

Ceramic Phase Comments Structure

Sodalite NagCl,Al ¢Si 0,4 also written as
(Na,K)s[AlSisO2s]#(2NaCl) to demonstrate that 2ClI
and associated Na atoms are in a cage structure defined
by the aluminosilicate tetrahedra of six adjoing
NaAlSiOy; a naturally occurring feldspathoid mineral;
incorporate the alkali, alkaline earths, rare earth
elements, halide fission products, and trace quantities of
U and Pu (sodalite was and is being investigated as a
durable host for the waste generated from electro-

Al
Si
Na

( Jo®@CO

Sodalite Group
(name of mineral

h ith refining operations deployed for the reprocessing of
changes wit metal fuel); minor phases in High Level Waste (HLW)
anions supercalcine waste forms™ where they retained Cs, Sr,

sequestered in

H . 1 (a)
cage structure) and Mo, e.g. Nag[AleSisO24](NaMoOy,),; sodalite

structures are known to retain B, Ge,l,Br, and Re in the

cage like structures oL
gz% %3;,82 344, Nosean, (Na,K)s[AlsSisO24](NaxSO,)), silica “stuffed \lggoo
’ ’ derivative” sodalite cage type structure host mineral
343,344,345,346, f If Ifid .
347 348, 349 or sulfate or sulfide species. _ ©
350,351] Hauyne, (Na)s[AleSisO24]((Ca,Na)SOx)s., sodalite Structure of Sodalite showing (a) two-dimensional

family; can accommodate either Na,SO, or CaSO L : .
Helvite (Mna[Be:Si,0,,]5 - Be can ée sabstituted ‘i‘n projection of the (b) three- dimensional structure

place of Al and S, in the cage structure along with Fe, | @nd (C) the four fold ionic coordination of the Na
Mn, and Zn site to the CI" ion and three framework oxygen
Danalite (Fes[BesSiz01.]S) bonds. [352]

Genthelvite (Zn,[Be;Siz01,]S)

Lazurite, (Ca,Na)s[AleSisO,4]((Ca,Na)S,S0, Cl)y,; can
accommodate either SO, or S,,Ca or Na and ClI
(Na,Ca,K)G[A|68i6024]((Na,Ca,K)2C03)1,602.1H20
Only found in hydroceramic waste forms

Cancrinite [353]

Supercalcines were the high temperature silicate based “natural mineral” assemblages proposed for HLW waste stabilization in the United States (1973-
1985).
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Crystalline
Ceramic Phase

Comments

Structure

Crystalline
SilicoTitanate
(CST) [331,354,
355,356,357, 358]

[(Ca,Na,K,Ba)AlSiO, incorporates Ca, Na, K, Ba, Cs,
and Sr

Crystal structure of Cs exchanged Nb-titanium silicate.
The dark and light grey spheres represent Cs" cations

Micas
(Dehydroxylated)
[360,361,362]

The following dehydroxylated micas have been
synthesized phase pure: LiAl;SizO11, NaAl;SizOqy,
KA|3Si3011, RbA|3Si3011, CSAIgSigOll, T|A|3Si3011,

Lag 33l lo66AlzSisO11. In the Cs-mica up to 30 wt% Cs,O
can be accommodated, in the Rb-mica up to 22 wt%
Rb,O can be accommodated, and in the Ba-mica up to
19 wt% BaO can be accommodated. Mg, Fe?*, Fe**,
Mn, Li, Cr, Ti and V can substitute for VI-fold

Caosllo5Al3Si3011, SroslosAlsSisO11, Bags o sAlsSizOny,

and water molecules, respectively.[from 359]

O o
O o

O ~O00
I

- & 1’1 E

P ..
B - S«

ol fw fa

(] (] (]
coordinated AI**. v oo Nxl o
._:.YI PR rLT
9] : Cr bo LJ. o
[from 363]
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Crystalline

Ceramic Phase Comments Structure

PHOSPHATES

CePO, or LaPOy; very corrosion resistant and can
incorporate a large range of radionuclides including
Monazite [213,269, | actinides and toxic metals into its structure; it has been
364,365,366,367, proposed as a potential host phase for excess weapons
368 plutonium and as a host phase for radionuclides and
toxic metals in glass-ceramic waste forms for low-level
and hazardous wastes.

Xenotime [213] YPO,

CayxREg.x(Si04).,(PO4),(O,F),; actinide-host phases
in HLW glass, glass-ceramic waste forms, ceramic
waste forms and cement; actinides can readily
substitute for the rare-earth elements in the crystal
structure, as in Cay(Nd,Cm,Pu)g(Si0,)60,, and fission
products are also readily incorporated. However, the

Apatite

[10,54,45,
213,312,313, 269,
368,370, 371,372,

373,374, solubility for tetravalent Pu may be limited without
375,376,377, : S
378.379] other charge compensating substitutions; has been

proposed as a potential host phase for Pu and high-
level actinide wastes.

[from 380]
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Crystalline

Ceramic Phase Comments Structure

NaZr,(PO,)s; structure can incorporate a complex

variety of cations, including plutonium; three-

Sodium zirconium dimensional networ_k of c_orner-shar_ing ZrOg octa_hedra
and PO, tetrahedra in which plutonium can substitute

phosphate (NZP) [21 for Zr, as in Na(Zr,Pu),(PO,)s. Complete substitution

381, 382,383, 384,3¢ ! W™ a)s. LOMP

Pl
=

e

386] of Pu** for Zr has been demonstrated in NZP. Cs and -
Sr can substitute for Na while fission products and o ‘ e
actinides substitute for Zr in octahedral positions. P is g )
tetrahedral. \ ¥ =
s m
]

§
Thorium phosphate | Thy(PO4)4P,07; a unique compound for the
Diphosphate (TPD) | immobilization of plutonium and uranium;. partial
[213,387, substitution of Pu for Th has been demonstrated (up to
388, 389] 0.4 mole fraction), complete substitution is not
possible.

[from 390]
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SRNL-STI-2012-00407

Crystalline
Ceramic Phase

Comments

Structure

ALUMINATES

Magnetoplumbites
[22, 62, 391,392,
393, 394]

Nominally X(A1,Fe);,019 where X= Sr,Ba,(Csos +
Lags) and (Nags + Lags). The X site is XlI-fold
coordinated and both Cs*/Ba®*-Fe**/Fe** or Cs'/Ba?'-
Ti**/Ti** type substitutions can occur. Accommodating
structures because they are composed of spinel blocks
with both 1V-fold and VI-fold coordinated sites for
multivalent cations and interspinel layers which have
unusual V-fold sites for small cations. The interspinel
layers also accommodate large cations of 1.15-1.84 A,
replacing oxygen in XlI-fold sites in the anion close
packed structure. The large ions may be monovalent,
divalent, or trivalent with balancing charge
substitutions either in the interspinel layer (Nags +
Lags) or between the interspinel layer and the spinel
blocks (Cs*/Ba**-Fe**/Fe®* or Cs*/Ba®*-Ti*"/Ti*").

D AlFe
Ox
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Attributes and Examples of Encapsulant and Embedded Waste Forms (Cements,

Geopolymers, Ceramicrete, Hydroceramics, and Bitumen)

Encapsulated Waste Forms

Embedded Waste Forms

Liquid waste is mixed with
concrete of other binder —
hydrated phases occur that can
incorporate the radionuclides or
hazardous species weakly or
retain them by sorption.
Example Cs and U sequestered
by C-S-H hydrates and U and
Tc sequestered by secondary fly
ash granules. The remaining
species are trapped on the grain
boundaries of the interlocking
C-S-H phases.

Liquid waste is mixed with
concrete of other binder —
primary phases and any
secondary phases created by
hydration (if an active
mechanism) do not retain or
sorb the radionuclide or
hazardous species. Example
shows Tc, Cs, U, and Pu all on
the grain boundaries.

Encapsulation and some
chemical incorporation

Encapsulation and no chemical
incorporation

Table 9.
Waste Form(s)
Description
Radionuclide
Immobilization
Mechanism
phase or
Key binder
without
radio-

¥ o + @9
Cs U Tc Pu xl.

nuclides

&
2L ) v‘%!~"t*\§
\ S Pt
v!}A‘ v(

Waste
Loading(s)/Durability

a. low waste loadings
b. lower overall durability
c. difficult to model
radionuclide release from
hydrated secondary phases
and grain boundaries
d. easy to process — usually mix
and cast

a. low waste loadings
b. lower overall durability
c. difficult to model
radionuclide release from
grain boundaries
d. easy to process — usually
mix and cast
e. in case of bitumen must be
heated to flow so embedding
can occur

Immobilization
Technologies

Mix and pour (cement, geopolymer, ceramicrete)
Heat, mix, and pour (bitumen)
Mix, pour, cure at slightly elevated temperatures (hydroceramics)

-62 -




Chapter 7 in Radioactive Waste Management and

SRNL-STI-2012-00407

Contaminated Site Clean-up: Processes, Technologies and International Experience

Table 10. Attributes and Examples of Composite Waste Forms

Waste Form(s)

Composite

Composite

Multiphase granular
Oxides/Minerals/Metals
(must be monolithed due to

Previously made waste forms
in need of remediation

* o + 9
Cs U Tc Pu xl.

Description . . . (monolithing agents can be
disposal requirements if not dinclude al
containerized) numerous and include glass —
see GCM’s above)
RadlonL_Jcll(_je Chemical Incorporation and Chemical Incorporation and
Immobilization . . ) .
. Encapsulation/Embedding Encapsulation/Embedding
Mechanism
phase or
Key binder
without
radio-
nuclides

Waste
Loading(s)/Durability

a. high waste loadings only if
binder (monolithing agent) is
minimized
b. superior overall durability-
double containment
c. difficult to model radionuclide
release from multiple phases
d. need to tailor for and determine
radionuclide partitioning
amongst phases
e. may require precalcining for
certain processes to work
efficiently

a. high waste loadings only if
binder (monolithing agent) is
minimized
b. superior overall durability-
double containment
c. difficult to model
radionuclide release from
multiple phases
d. need to determine
radionuclide partitioning
amongst phases

Immobilization
Technologies for
Matrix Phase

Mix and pour (cement, geopolymer, ceramicrete)
Heat and pour (glass or metal)
Heat, mix, and pour (bitumen)
Mix, pour, cure at slightly elevated temperatures (hydroceramic)
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Figure 1.

Durable crystals

Glass Nondurable crystals

Current homogeneous glass formulations are limited to the lower left hand corner of
this triangular diagram. If the homogeneous glasses crystallize durable crystals
shown at the apex of the triangle, e.g. spinels, ZrO,, apatite, TiO,, etc, then waste
loading can be increased and glass-composite materials (GCM’s) produced by
changing the melter technology (e.g. CCIM’s) or invoking a different technology
such as HIPing . Ceramic wasteforms are at the apex and are considered
exceptionally durable wasteforms but may be more appropriate for small volume
wasteforms as processing is more difficult. Some ceramic wasteform formulations
can be melted in advanced melters like CCIM’s and then allowed to crystallize into
GCM'’s. While certain species such as Mo, S, and P can create non-durable
secondary phases ( lower right apex of the triangle), these should be avoided or
macroencapsulated which moves their durability closer to the lower left apex of the
triangle.[36]
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Figure 2. Atomic structures of various clays (kaolin, bentonite-montmorillonite, illite). After
Grim [395,396].
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(b) (©)

Figure 3. Examples of composite wasteforms using encapsulation in cements where the cement
physically surrounds the waste and the radionuclides may be immobilized by being
incorporated into the cement phases. ILW in (a) is compacted ILW solids, in (b) is Magnox
[Mg alloy] fuel cladding swarf and in (c) is ceramic fuel zircalloy cladding hulls
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Figure 4.  Formulation region for geopolymers compared to hydroceramics in the Na,O-SiO,-Al,O3
(mol%) ternary. Note that the fourth dimension is water content and not shown on the ternary
mol% diagram. The geopolymer region labeled as G1 is the target range. Optimum

formulations are designated as A and B and a 1” x 2” cylindrical monolith made with
composition A is shown in the photograph.
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Conceptual High Level
Waste Repository - Canister
Assumed to Last 1000 years

Figure 5. A generic HLW waste disposal system.
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Figure 6.
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Macroscopic swelling in Pu-doped Synroc, Cm-doped supercalcine, and Cm-doped
and Pu-doped glass-ceramics [ Reprinted with permission from “Radiaition Effects in
Crystalline Ceramics for the Immobilization of High-level Nuclear Waste and

Plutonium” by W.J. Weber, R.C. Ewing, et. al, Journal of Materials Resarch, 13
(1998) MRS.
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Figure 7. a Schematic diagram of glass dissolution mechanisms (ion exchange and matrix
dissolution) in aqueous solution, coupled with both hydrated amorphous surface layer
formation and crystallization/precipitation from solution [179,397].

(B, Ma, Li)

Schematic diagram of the glass dissolution mechanism known as “accelerated matrix
dissolution.” In this mechanism, the excess strong base in the leachate released by the
ion exchange mechanisms attacks the glass surface layers, including the gel layer, and
makes the glass appear to have little or no surface layer.
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Figure 8. A temperature- time plot of the incongruent corrosion mechanisms exhibited by
British Magnox-waste glass in deionized water showing that corrosion in deionized
water at a constant temperature begins immediately with an instantaneous surface
dissolution followed by a diffusion controlled ion exchange phase. As corrosion
progresses the impact of hydrolysis becomes significant with comparable
contributions from both ion exchange and hydrolytic reactions. Finally, glass
corrosion in deionized water is fully controlled by hydrolysis.[36]
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Figure 9. (a) Parabolic behavior of the diffusion profile of soluble species out of a waste glass
through an increasingly thick surface layer.[159] Acceleration of glass durability tests
using glass surface area (SA), leachant volume (V), and time. Acceleration appears to
follow parabolic diffusion kinetics until SA/V is ~20,000m™ when the glass
dissolution mechanism appears to change reverting to a rate similar to the
forward rate but likely controlled by precipitation of secondary phases.
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