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TOWARDS OFI72VIIZATION OF NUCLEAR WASTE GLASS:
CONSTRAINTS, PROPERTY MODELS, AND WASTE LOADING

Pavel Hrma

Pacific Northwest Laboratory,* Richland, WA; (509) 376-5092

A simple relationship between the waste loading and the waste glass volume is
presented and applied to the predominantly refractory (usually high-activity) and
predominantly alkaline (usually low-activity) waste types. Three factors that limit "
waste loading are discussed, namely product acceptability, melter processing, and
model validity. Glass formulation and optimization problems are identified and a
broader approach to uncertainties is suggested.

INTRODUCTION

Vitrification of both low- and high-level wastes from 177 tanks at Hartford poses a
great challenge to glass makers, whose task is to formulate a system of glasses that
are acceptable to the federal repository for disposal. The enormous quantity of the
waste requires a glass product of the lowest possible volume. The incomplete
knowledge of waste composition, its variability, and lack of an appropriate
vitrification technology further complicate this difficult task.

A logical approach to a problem of such complexity is to develop a capability to
formulate glasses with desired properties for a wide range of waste compositions
and processing conditions. The property composition relationships can be
represented as [1]

(P t,P2,---,Pn) = fig), (1)

where Pi (i=l,2,...,n) are desired properties, and g is the glass composition vector,
which can be resolved to the waste (w) and additive (a) components:

g = Ww + (1-W)a, (2)

* Operated for the U.S. Department of Energy by Battelle Memorial
Institute under Contract DE-AC06-76RLO 1830.
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where W is the waste loading (the mass fraction of waste in glass). Glass
formulation identifies the vitrification addition which provides the glass with
desired properties, i. e.,

a = F(pt,p2,...,pn,W) (3)

If the property composition functions are known, W can be maximized to minimize
glass volume, and the optimum addition can be determined.

However, reality presents many additional challenges. First, product performance
in repository is difficult to predict in terms of properties that can be easily measured
in the laboratory, yet identification of such properties in terms of glass dissolution
characteristics is desirable for glass optimization. Further, requirements imposed
on the processing properties of molten glass depend on the specifics of the
vitrification process, but the process cannot be fully determined until the product is

- characterized. Finally, high waste loading can be achieved if a large fraction of
crystaUinity is allowed in the waste glass; however, advanced melter design and
development ma be required.

A relationship between waste loading and the product volume is discussed in the
next section and subsequently applied to the basic waste types, i. e., the
predominantly alkaline and predominantly i'efractory wastes. Factors related to
product acceptability and vitrification techno!ogy that limit waste loading are
identified. After a brief discussion of product acceptability constraints, major
problems encountered in glass formulation and optimization are reviewed, and the
impact on the vitrification technology is mentioned. The final sections describe the
coverage of glass composition ranges by property models and model uncertainties.

IMPORTANCE OF WASTE LOADING

The principle of vitrification of o_idized inorganic waste is simple: the waste
components are incorporated into a durable silicate network, usually through
melting. A minimum p::oductvolume is achieved by maximizing the waste loading.
The relation between the product volume and the waste loading can be expressed by
a simple formula

b =a/W- a+ 1, (4)

where b is the relative product volume, W is the waste loading, and a is the ratio of
the p_ tial specific volume of additives and the waste in the glass product.

Waste loading is the portion of the waste glass that originates from the waste. It is
usually expressed as the mass fraction of waste oxides (plus metals and halides,
when appropriate) in the glass product. The relative product volume is defined as

b = vc,/(Wvw), (5)



where vo is the specific volume of the waste glass, and vw is the partial specific
volume of the waste in the waste glass. The specific volume of the waste glass can

be obtained from the waste glass density, PG, since by definition,

vo = I/pG. (6)

The additives-to-waste partial specific volume ratio is defined as a - v_,/Vw, where
VA is the partial specific volume of the nonwaste portion (additives) in the waste
glass.

The value of vG can be estimated if the specific volume of glass is known as a
multilinear function of glass components, i.e.,

n

VG = EvGigi, (7)
i=l

where gi is the i-th component mass fraction in glass, VGi is the i-th component
linear coefficient, and n is the number of components. This equation can also be
written in terms of the waste and addition component of the glass, vG = vwW +
VA(1-W).

Calculating vG is straightforward for a morphologically homogeneous glass.
However, waste glass is generally a durable mixture of amorphous and crystalline
material, such as undissolved waste particles, intermediate crystalline reaction
products, and crystals precipitated during cooling. In fact, no sharp boundary
exists between waste glass and glass ceramics, although the term glass ceramics
should be reserved for waste glass with a crystalline component deliberately

produced by a special heat treatment. In the following discussion, no attempt is
made to estimate the partial specific volumes for waste and additives in any waste
glass. Instead, a rough assessment of these properties is used in the next section.

BASIC WASTE TYPES

Two basic waste types are characteristic for Hartford: the high-activity wastes are
predominantly refractory and the low-activity wastes are predominantly alkaline.
Composition of a typical Hanford alkali-rich waste has a high content of Na20
(approximately 80 wt%) and a low concentration of refractory and troublesome
components. Vitrification of such a waste is achieved by adding silica and
components (A1203, B203, CaO) that strengthen the bondage or decrease the
mobility of Na + within the silicate network, rhe maximum achievable waste
loading is limited by the Na20 fraction in glass. Generally, high-alkaline waste
glasses are crystal free. Since for this glass vw -- VA,the approximation a - 1 can
be made• Hence, by equa,.ion (4),

balk-- l/W, (8)



where balk is the relative product volume for alkaline waste. The alkaline waste
glass compositions have low viscosity and low liquidus temperature and are easily
processable in traditional electric continuous melters.

Typically, maximization of waste loading for a predominantly refractory waste
results in a mixture of durable crystalline components [2] (based on ZrO2, CrzO3,
Fe203, RuOz, etc.), embedded in the glass phase in which nondurable waste
components, such as alkali and alkali earth oxides, are immobilized. For a high-
activity refractory waste, one can roughly estimate that vw = VA/2. Thus a = 2 is a
typical value for this type of waste glass and equation (4) reduces to

bRef-- 2/W - 1, (9)

where subscript Ref denotes a refractory waste. Vitrification of these wastes is
achieved by adding silica [3], but additions of boron oxide and alkali oxides (Na20
and Li20) are needed to reduce the melting temperature [3,4]. Processing may
require adoption or development of an alternative approach because classical
continuous melters cannot cope with a high fraction of crystalline phase in the melt.
The solid phases would accumulate in the melter and prevent it from functioning.
For a traditional melter, the waste loading must be substantially reduced to allow
dissolution of the waste refractories [4].

If the waste contains a sufficient traction of silica, additives are not needed and then
W = 1 and b = 1. Table 1 shows that the product volume is three times as large (b
= 3) for W = 0.5 than in the no-additives case for the refractory waste and twice as
large (b = 2) for the alkaline waste. The high-activity waste glass volume is more
sensitive to the waste loading than the volume of low-activity waste glass since the
dense refractory waste is diluted by the light additives compared to the lighter
alkaline waste. To achieve b = 2 for the refractory waste, the waste loading has to
increase to W = 0.67. If the waste loading is only W = 0.25, the relative product
volume is b = 7 for the refractory waste and b = 4 for the alkaline waste.
Assuming the repository cost is proportional to b, Table I illustrates the importance
of the waste loading maximization.

Table I. Relative product volume as a function of waste loading

Waste loading, W Relative Product Volorn¢
Refractory Alkaline
Waste Waste

1 (no additions) 1 1
0.67 2 1.5
0.50 3 2
0.25 7 4

For many waste compositions, b = 2 is the relative volume at which acceptable
durability can be achieved. This was demonstrated experimentally by Fini [3] for



Neutralized Current Acid Waste, a refractory type. Therefore, b = 2 can be used as
a standard base line representing the minimum volume of waste glass if no other
requirement is imposed.

FACTORS LIMITING WASTE LOADING

For the waste that does not contain a sufficient fraction of silica, a minimum
addition of glass-forming components is necessary to provide acceptable durability.
If no other constraints apply, this minimum will yield the maximum waste loading.
However, the resulting product may not be processable on a large scale by
established technological processes. This suggests two options: development or
adoption of a new technology, or tailoring the product to an existing process.
While tailoring the product will result in an increased volume of waste, the
development of an alternative technology may be time consuming and expensive.
The technology development option is worth consideration for a high-activity waste
glasses because a substantial fraction of solids is likely to exist in these melts even
at high temperatures when the waste loading is high, and thus the melts cannot be
processed in melters operating with long residence time. Fortunately, a traditional
technology or its modification does not preclude waste loading maximization for
low-activity waste glasses.

Generally, vitrified waste is subjected to three types of constraints that may limit
waste loading or our ability to maximize it:

(1) product acceptability constraints,
(2) technology constraints, and
(3) model validity constraints.

The model validity constraints, mentioned for completeness, are composition
boundaries within which property/composition relationships are available for waste
glass formulation [1]. Being informational in character and not based on material
properties, these constraints should not limit waste loading.

PRODUCT ACCEPTABILITY CONSTRAINTS

Product acceptability constraints include radiation, heat generation, criticality, and
glass durability. Only durability constraints restrict Hanford waste glasses. The
waste product (glass) has acceptable durability when a performance assessment can
provide a qualified prediction of acceptable performance of the engineered waste
package in the repository. Such a prediction requires extensive testing and
modeling. Scenarios of future history of the engineered waste packages include the
evolution of the geometric form of the waste, composition and distribution of
external media, accumulation of corrosion products, reactions of waste components
with the environment, nucleation of new crystalline forms, reaction sequence,
reaction kinetics, etc. This complex situation cannot be simulated in the laboratory;
one can expect that computer simulations will still be run even after the gla . is
buried. Waste glass producers are only required to produce glasses possessing
sufficient inherent resistance against dissolution and to demonstrate the product
quality by subjecting the glass to simple dissolution tests.
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The material properties that determine glass dissolution behavior depend on glass
structure and morphology, which are in turn determined by the overall composition
of the product and the temperature history of the product during cooling. Glass
structure is established during the glass transition interval. Glass morphology, i.e.,
the extent and form of glass crystallization and phase separation, develops during
the interval between the liquidus temperature and glass tr_msition temperature. To
assess temperature history effects, tests must encompass the range of temperature
histories that the glass experiences during large-scale production. Quenched glass
and package centerline cooled glass are deemed sufficient to cover the temperature
history range for a waste glass block that cools rapidly at the surface and slowly at
the center. Compositional effects are determined by systematic laboratory studies
and represented by property-composition functions, which are then used for
property predictions and for glass formulation [1] as described in Introduction.

WASTE GLASS FORMULATION AND OPTIMIZATION

The purpose of waste glass formulation is to develop an acceptable waste glass for
the given waste composition. Waste glass optimization is an effort to develop a
glass that has the highest possible waste loading and is endowed with the best
material properties in terms of dissolution behavior (durability). Durability
requirements differ for low-activity and high-activity wastes. Roughly, the best
achievable durability is desired for low-activity waste (consistent with a reasonable
waste loading), whereas a durability limit has been established for repository waste
acceptance [5] of the high-activity waste glass, which is protected by the engineered
waste package.

Two glass types are suitable for waste immobilization: phosphate glasses and
silicate glasses. Although phosphate glasses can incorporate large concentrations
of components that do not dissolve readily in molten borosilicates and can exhibit
dissolution rates surpassing borosilicate glasses by orders of magnitude, alumino-
boro-silicate glasses are accepted worldwide as the most suitable waste forms for
the majority of wastes. While both high- and low-activity wastes at Hanford are
expected to be converted into alumino-boro-silicate glasses, phosphate glasses may
be used for high phosphate or other spec!;alwastes if such streams are produced by
waste pretreatment.

Whereas flux oxides reduce glass durability by weakening the network, refractory
oxides tend to precipitate as crystalline phases as their concentration in the glass
increases. Hence, durability of high-activity waste glasses--which are
predominantly refractory--often remains high with increasing waste loading [3].
An exception is precipitation of nepheline, lithium aluminosilicate, or cristobalite,
which decrease durability by removing glass forming components from the
network. Crystallization may decrease glass durability also by producing internal
stresses that lead to cracking, void formation, and generation of concentration
gradients in the glass matrix. Otherwise, only when the alkaline component of the

= waste is sufficiently concentrated in the waste glass, the silicate network breaks



down and durability drops. Another serious problem is segregation of molten salts
(sulfates, phosphates, molybdates, halides) which may result in formation of water
soluble phases with concentrated radionuclides and toxic components. Segregation
can be prevented by reducing waste loading, pretreating the waste, or employing a
new technology, each of these remedies having a different short term and long term
economical impact.

TECHNOLOGY CONSTRAINTS

In industrial practice, .a new product often requires a new processing technology.
The waste glass industry should not be an exception, although a compromise
between an optimal waste form and a realistic processing technology is inevitable.
Feed preparation and glass melting operations impose requirements on the material
properties of the melter feed and molten glass. These requirements may limit waste
loading and affect waste glass durability for certain wastes, especially the refractory
types.

The melter feed, whichever its form (solution, slurry, dry material, or calcine),
must meet certain mechanical and chemical requirements for feed homogenization,
transport, and melting reactions. As an example, suppose the feed is a Water slurry
consisting of a nuclear waste and the nonwaste additions, which are premelted in
the form of granulated frit. The minimum water content in the slurry feed to
maintain a pumpable suspension depends on the pH. L,'_wvalues of pH allow a
high slurry density by preventing hydroxides from precipitating in the form of a gel
and retarding dissolution of the frit. If the frit is exposed to a high pH solution at
increased temperature for some time, the concentration of the silicic anion in the
solution can reach high values. A subsequent decrease in pH will precipitate silica
gel and may cause problems with feed rheology [6].

Some waste glass producers require that all silica needed for viuffication must be in
the frit, and the frit must be easy to melt and durable. Unfortunately, the silica
content in the vitrification additions is too high fo_" most Hanford waste
compositions to make easy-to-melt flits, and the alkali content is relatively low so
that the frits would be phase separated and thus nondurable. To satisfy the
contradictory requirements imposed on frits, some waste glass producers add to the
lilts Na20, CaO, and MgO. Using Na20 instead of Li20 allows a higher alkali
content in the frit, but at the expense of glass durability. MgO enhances spinel
precipitation in iron-containing waste glasses and decreases glass durability at all
concentrations [7]. The benefits of CaO are also questionable in refractory type
waste glasses. A simple glass formulation exercise shows that maximization of the
waste loading and glass durability leaves little room for frit composition variation,
whereas frit composition can vary widely if the waste loading is low and no attempt
is made to maximize glass durability beyond the accepted level. Therefore, easy-to-
melt durable frits preclude waste loading maximization and are costly in the long
run.



The advantage of frit compared to raw materials is the ease of handling and a
reduction of decomposition gases (CO2 from carbonates and H20 from boric acid)
in the melter. Gas evolution from raw materials can be avoided, and heat demand
for melting the feed can be reduced without producing nondurable and refractory
frits if carbonates and borates are fused with only a portion of silica instead of all
the silica required for vitrification. The remaining silica can be charged separately
in the form of a highly reactive powder [8]. This simple idea would solve most of
the frit problems at the cost of adding one additional stream to the melter feed.

The melter type sets limits on the properties of a melt, such as viscosity or liquidus
temperature. When the processing temperature of an optimized glass is higher than
the maximum melter operating temperature and a different type of melter is not an
option, glass viscosity must be adjusted by increasing the content of boron oxide
and alkali oxides. As a result, glass durability or waste loading or both will
decrease. Alkali oxides and boron oxide are also used to avoid a deposition of
solids (undissolved refractory particles or precipitated refractory crystals) in melters
with long residence times by lowering the liquidus temperature. Again, this results
in a decrease in the achievable waste loading and glass durability. Apart from
crystallization and phase separation, factors that must be considered in selecting the
vitrification process for each waste type are volatilization (in melters with a
fluidized bed) and electrode corrosion (in electric melters).

GLASS COMPOSITION RANGES AND UNCERTAINTIES

Ideally, glass formulation and glass processing are supported by validated property
composition models. The region on which the glass-impacting constraints (product
acceptability and technology constraints) are met is called the Acceptable
Composition Region (ACR). The region on which the property composition
models are available (i. e., model validity constraints are met) is called the
Experimental Base Region (EBR). A region on which ACR and EBR overlap, i.e.,
a region of glass composition on which product acceptability constraints,
technology constraints, and model validity constraints are met is called the Qualified
Composition Region (QCR). Ideally, QCR is large enough to cover the
composition range needed for vitrification of Hanford wastes, but not overly large,
expanding to the ranges in which no glasses will be produced. The adequate QCR
can be developed by carefully balancing the statistically designed testing and
modeling work with glass formulation case studies as waste compositions and
pretreatment strategies become available.

The condition that the waste glass composition be within the waste glass QCR is
necessary, but insufficient for a successful vitrification process. As discussed in
the previous section, the QCR covers only the last two processing forms (the melt
and the glass), leaving aside the melter feed, which may also impact glass
composition through the requirements imposed on slurry rheology and melting rate.

The boundaries of the QCR are subject to model and composition uncertainties.
Model uncertainties apply to waste glass formulations where glass properties are
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close to their limiting values. This may happen if the waste loading is limited by
glass durability or if waste loading maximization pushes the glass liquidus
temperature close to the melter operation temperature. However, far more basic
than statistical uncertainties are factors related to definitions of property limits,
which are based on experience.

The uncertainty of the durability estimate is related to specific laboratory tests that
may be irrelevant for the repository conditions over thousands of years. The MCC-
1 test and the PCT represent two arbitrary points on the reaction progress and thus
are virtually useless for long-term prediction. These testing methods, when used
for glass selection, may even favor glass compositions that will not perform well in
the long-term while eliminating good performers.

Likewise, uncertainty in the exact knowledge of the liquidus temperature may not
be linked to processing problems if it is not considered in relation to the uncertainty
of the temperature field and velocity field within the melter and to crystallization
kinetics. Crystals may form in a cold stagnant zone in the melter, which only a
thorough melter testing can reveal. In addition, liquidus temperature influences
melter operation only in conjunction with kinetic and hydrodynamic factors. For
example, crystallization o,"certain phases (zircon) from certain glasses may not
occur at temperatures as low as 200°C below the liquidus temperature during the
melt residence in the melter. Also, crystallization that occurs may not lead to melter
prcblems (settling) if the crystals are very small (spinel).

Composition uncertainties express our lack of knowledge of the glass composition
because of waste composition fluctuation, processing uncertainties, and analytical
uncertainties. Composition uncertainties should not have a significant impact on
process and product if the process is well established and controlled and the glass
properties are sufficiently far away from the limits. Because viscosity and electrical
conductivity can vary within wide ranges (1 to 10 Pa.s and 10 to 100 S/m), it is not
expected that composition uncertainties will have undesirable impact on viscosity or
electrical conductivity if waste glass formulation will maintain properties safely
inside these intervals. For example, if th_ glass has a nominal viscosity of 5 Pa.s at
the melter operating temperature [9], fluctuations between 4 and 6 Pa.s would not
be noticed and fluctuations between 2 and 8 Pa.s would be tolerated. In a melter
operating at 2 or 8 Pa.s, long lasting or frequent viscosity fluctuations may cause
melter corrosion (viscosity < 2 Pa.s) or slow melting (viscosity > 10 Pa.s).

In summary, any property that does not limit the waste loading is relatively
insensitive to uncertainties. Viscosity and electrical conductivity requirements are
easy to meet, especially when the melter allows flexibility in the operating
temperature. Model uncertainties are encountered near the liquidus temperature or
durability limits if these properties limit the waste loading and the waste glass
formulation aims at the highest waste loading possible. Although it is always
possible to reduce waste loading and keep the process far away from any limiting
property, there is a trade-off in the increased waste glass volume. Hence, even
with the best models, empirical testing and operator's experience will be invaluable



in actual processing. Uncertainties should be treated in prt,per perspective since all
technological limits cannot be determined precisely. Thus excessive formalism in
addressing uncertainties is counterproductive.
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