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Abstract

The technical literature was surveyed to evaluate test methods and modeling approaches used to
characterize the release of contaminants during the weathering of portland cement-based materials
and slag wastes from metal processing and recycling operations. Data sets were selected to
represent various approaches used to study contaminant leaching, mineral dissolution, and waste
material corrosion, and both the testing methods and data interpretations were evaluated. Models
were evaluated with regard to both interpreting the test results and predicting long-term behavior.
This study concludes that test results can be misinterpreted if testing artifacts are not taken into
account, such as the interval used in solution replacement tests, the flow rate used in dynamic
tests, and failure to reach steady-state, or if an inappropriate process is modeled. Contaminant
release may be controlled by a diffusion process (mass transport) or by the chemical reaction
affinity, and oxidation reactions can affect the releases of multivalent contaminants, such as Tc.
The mechanism controlling the release might not be identifiable by a single test method. While
well-established models for each of these processes and standardized test methods are available,
the challenge is to identify which process controls contaminant release under the conditions of
interest and how the laboratory test results relate to the model and long-term material behavior.
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Executive Summary

This is the first of four reports to be written documenting the critical analyses of the testing and
modeling methods that are available to predict the long-term performance of disposal sites
containing radioactive cement and slag wastes. These reports will discuss laboratory and field
tests conducted to measure contaminant release rates and behavior, mathematical models based on
the degradation mechanism used to predict the release behavior, and the possible use of those
models as source term submodels in the performance models used for contaminant migration and
dose assessments. For this first report, the technical literature has been surveyed to characterize
and evaluate the test methods that have been used to study contaminant leaching and matrix
degradation behaviors of portland cement-based materials and slag wastes generated by metal
processing and recycling operations. The intent is not to provide a thorough literature review
addressing the results of tests conducted with cement-based materials and slags. Rather, the
purpose is to critically evaluate the test methods and modeling approaches that have been and are
being used to predict the release of contaminants from these materials as they are weathered with
regard to supporting and informing assessments of the long-term behavior of waste sites.
Therefore, data sets were selected to demonstrate common experimental approaches and
interpretation of results for a range of test methods as a part of the evaluation, with the primary
focus on the consistency and relevance between the test data and the process model.

The two predominant processes that were evaluated are diffusion-controlled release and affinity-
controlled dissolution. Diffusion-controlled release usually dominates the behavior of cements
and affinity-controlled dissolution usually dominates the behavior of the mineral, oxide, and glass
phases that comprise slag wastes, although both processes are often operative during the
weathering of waste materials. The mathematics is well developed for modeling both diffusion-
controlled and affinity-controlled processes, and aspects of various models relative to test methods
are discussed in detail. The development of models for both diffusion and dissolution processes
are reproduced in this report because they are important for assessing the usefulness of particular
test methods, interpreting test results on the basis of the models, and, in some cases, guiding
recommended modifications of a test method and test conditions to improve consistency with
model. These modifications include models coupling diffusion and reaction, accounting for the
effects of flow in laboratory tests, and approaches taken to model mass transport through
unsaturated media. Aspects of transport models were considered in detail because many of the
models that have been developed to represent the transport of contaminants through the
environment are also useful for modeling contaminant transport through the waste itself. Most of
that discussion will occur in a later report focused on transport through the geosphere. Some
discussion of the combined oxidative-dissolution process is included because it will be relevant to
the degradation of metallic and semi-conducting phases present in some slags that will be
evaluated at a later stage of this project. The development of tests and models for oxidation
reactions relevant to waste material weathering is less mature than those for dissolution-controlled
and diffusion-controlled processes.

The ultimate objective of laboratory testing is to identify the process (or processes) that will
control the release of contaminants over long time periods, measure parameters for a model that
quantifies the release by that process, and then integrate the parameterized model into a
contaminant transport model that can be used to provide a source term for dose assessment
calculations. The analyses in this report are primarily focused on using laboratory tests to measure
model parameter values and evaluating the consistency of the test results with regard to the basis
of the model. An initial analysis of several dose assessment codes was also performed with regard
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to how source term models are (or could be) incorporated'into~those codes. The contaminant
source term is incorporated into the reactive-transport models used to simulate the release and
'transport of contaminants in geologic environments for performance and dose assessment
calculations as a separate time-dependent term in a conservation of mass expression that includes
other terms to account for advection, diffusion, sorption, radionuclide decay, and other processes
that will affect the amount of the contaminant of interest. Essentially the same governing
equations are used for modeling reactivetransport in all simulation codes except for small
modifications related to the identities and distributions of the contaminants and phases that are
present. Additional terms may be required to model the release and transport of redox-sensitive
components in slags and concrete waste. The codes and how laboratory test data can be
incorporated will be evaluated in greater detail at a later stage of this project.

Commonly used and standardized test methods are summarized and evaluated for use in
characterizing and modeling the behavior of cement and slag waste'materials. This is done by
critically analyzing test data available in the literature with regard to the mathematical descriptions
of the process models. Test methods are categorized as static, semi-static (wherein all or.part of
the test solution is exchanged during the test), or dynamic (wherein solution is continuously
flowed). The effects of differences in specific methodologies are interpreted based on the process
models for diffusion, dissolution, and transport. The primary conclusion reached from these
analyses is that many test results have been misinterpreted due tothe inappropriate application of a
process model to the data set. Key conclusions regarding'the test methods are summarized below:

The ANS 16.1 leaching method is a solution exchange test that was developed to characterize
diffusion-controlled release. The method does not purport to characterize long-term behavior, and
careful scrutiny indicates that it does not quantify the short-term kinetics very well either. This is
because the test response is sensitive to the different sampling intervals that are used to measure
the extent of component releases. Release rates and model parameters determined from
consecutive exchange intervals that differ by only a few days agree within experimental
uncertainties, but the rates determined from intervals that differ by more than about 7 days usually
do not agree. This is because the linear rate that is determined for the sampling interval (which
provides one data point) is used to represent a process in which the rate depends on the square root
of the reaction time. The discrepancies between the data and the model increase with the solution
exchange interval. While useful as: a screening test for various waste materials, it is not .
recommended for modeling waste degradation behavior for long-term predictions. The ASTM
C1308 ALT uses the same methodology, but is preferred to the ANS 16.1 method because it
includes ten consecutive 1-day exchange intervals and because the test results are assessed to
confirm that diffusion is the controlling mechanism for contaminant release or to assess the
possibility of affinity-controlled release. The first three exchange intervals that are called in the
ASTM C1308 method (after 2-, 5-, and 17-hour intervals) provide no added insight for
determining or quantifying the mechanism and should be replaced by a single 1-day interval.
Application of the ASTM C 1308 method to a material that dissolves provides information
regarding the dissolution rate. Using two series of constant exchange intervals is expected to
allow the test results to better distinguish between diffusion-controlled and affinity-controlled
dissolution mechanisms for contaminant release. For example, replacing the final five I-day
exchange intervals with five 7-day intervals would increase the usefulness of the test.

Column tests are used to simulate the percolation of water through soils-and rock and to
characterize the dissolution of materials that are contacted. The dissolution of most minerals,
oxides, and glasses occurs by an affinity-controlled mechanism, wherein the dissolved components
(e.g., silica) moderate the intrinsic dissolution rate of the material. Insight into dynamic
dissolution tests (i.e., tests with flowing solution) is drawn from a variety of test methods and
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consideration of the underlying theory and modeling. Although a dissolution rate can readily be
determined by passing solution through a cell containing the mineral, the measured dissolution rate
will depend on the flow rate of the solution and the reactive surface area that is contacted. Mineral
dissolution rates in dynamic tests will only be independent of the flow.rate when the mineral
dissolves at the highest possible rate at the particular temperature and pH used (or attained).in the
test. Neglecting erosion, the effect of flow is through the solution chemistry and the feedback,
effects of dissolved components. The dependence of the dissolution rate on the flow rate can only
be quantified when the system is at steady state; that is, when the rate at which a component is
released from the dissolving material into the reaction cell.is equal to the rate at which the
dissolved component is removed from the reaction cell by solution flow. In a column dominated
by solids (e.g., a packed column), the solution chemistry and materials dissolution rate will vary
with distance through the column: the solution near the entrance will remain the most, dilute and
the solution near the exit will remain the concentrated in dissolved components, even when the
system reaches steady state. At steady state, these concentrations do not change with time. The
eluted solution that is analyzed represents the solution at very end of the column.

In a column that is dominated by solution (e.g., a fluidized bed), the solution within the column (or
reaction cell containing the solid) is assumed to be well mixed with a uniform composition. The
eluted solution that is analyzed represents the solution within the column or reaction cell. In most
cases, concentrations that are high enough to be measured are high enough to impact the
dissolution rate of the dissolving solid. The intrinsic dissolution rate (the rate with no solute
feedback effects) can only be inferred as an asymptotic limit of the rates measured in increasingly
dilute solutions. Whereas one can be confident that all particles experience the same solution flow
rate in a fluidized bed reactor, it is likely that a range of flows occurs in a column reactor due to
preferred flow paths, variances in the porosity, etc. Column tests can be used to represent a natural
system, but the system may be too complicated to measure model parameter values and, in some
cases, to identify which process controls contaminant release. The value of column tests (and of
related tests with lysimeters in natural environments) with regard to waste degradation modeling is
to confirm that the appropriate performance models are used to quantify the processes controlling
contaminant release and transport and to calibrate the model for the system .of interest (e.g., scaling
the model to the effective porosity).

In summary, process models are available to describe the release of contaminants from slags,
contaminated concretes, and other waste materials in laboratory tests, and natural environments.
Various static, semi-static, and dynamic laboratory test methods have been applied to waste
materials and the results interpreted based on the process models. In many cases, details of the test
methodology have not been consistent with how the models were applied. Key, shortcomings
identified in this report are the variable sampling intervals used in solution exchange tests
including ANS 16.1 and ASTM C1308 tests and the effect of the solution flow rate in column
tests. The use of these relatively simple laboratory methods to inform performance assessments
can be improved by simple modifications to the test methodologies and more selective
applications of particular test methods based on an understanding of the process controlling
contaminant releases and the effects of testing parameters on experimental results and how they
should be modeled. The first objective of a laboratory test should be to identify the process
controlling release of the contaminant of interest. This could be diffusion, dissolution, or reaction
(e.g., oxidation). Subsequent tests are conducted to provide the model parameters. In most cases,
separate, series of laboratory.tests, will be needed to characterize the properties of the waste
material (e.g., diffusion coefficients, dissolution rate, and solubility) and the effects of the natural
environment (e.g., porosity, groundwater composition, and flow) on the weathering of the
material. These issues will be discussed further in subsequent reports.
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1 Introduction

The U.S. Nuclear Regulatory Commission (NRC) issues licenses for the possession of nuclear
materials and regulates the disposition of radioactive wastes in the United States. License
termination requires a determination of whether a waste material is likely to remain sufficiently
durable to retain radionuclides while being weathered or if the waste must be further stabilized.
This decision is typically made by considering the predicted long-term impact of waste
degradation and contaminant release on the groundwater composition based on short-term
measurements of the corrosion behavior of the waste material and limited characterization of the
site. The calculations currently used to assess long-term waste material behavior utilize fairly
simple models for radionuclide source terms, which may or may not be consistent with the
degradation mechanisms of the wastes being evaluated. The ability to identify mechanistic bases
for the laboratory tests and source term models used in assessment calculations will add credence
to site assessments and the evaluation of site remediation plans.

Argonne National Laboratory (ANL) has initiated an NRC-sponsored activity to identify the
laboratory and field tests used to characterize waste form degradation. It also measures the release
of radionuclides and how they interface with the models used to predict radiation doses in risk
assessment calculations. The terms "waste material" and "waste form" are used in this report to
represent the source material from which the radionuclide is being released and the stabilized
material, respectively. The current use of test methods to parameterize degradation and transport
models is being evaluated so they can better represent the mechanisms of radionuclide release in
site assessments. The expected product of this activity is a protocol that can be used by the NRC
to integrate the results of short-term laboratory tests and field measurements that address waste
material (or waste form) degradation and leaching into the model calculations that are used to
assess the stability of wastes at NRC-regulated sites prior to decommissioning. The approach will
be to (1) develop a mechanistic understanding of the weathering processes of the particular waste
material, (2) identify the appropriate degradation model(s) to describe the release of radionuclides,
and (3) follow an appropriate testing protocol to measure values of the model parameters to be
used in performance assessment calculations. Guidance will also be developed for utilizing leach
test data in source term models.

Two groups of waste materials that are currently of interest to the NRC are (1) slags produced
during ore processing and metal recycling, and (2) contaminated concrete and metal debris from
decommissioning activities. Slags are typically heterogeneous mixtures of glassy and crystalline
phases, and can be hard, dense, and glassy, soft and porous, or rock-like. Since slags are formed
as molten material solidifies, hazardous elements can become incorporated into the structures of
both the glassy and crystalline phases by substituting into structural lattice sites, as interstitial
defects, forming separate phases, etc. Degradation by weathering is expected to occur by the
dissolution of each component phase at a rate that depends both on the intrinsic properties of the
phase and the environment. The distributions of hazardous components in contaminated concrete
are usually restricted by the accessibility of groundwater to pores where interactions with other
phases in the concrete structure and pore water can occur. Degradation of contaminated concrete
by weathering is expected to occur by advection or diffusion of water through the pore structure
coupled with the dissolution of both the occluded and structural phases of the concrete. The
presence of other materials, such as rebar, may affect the weathering behavior by sorption,
generation of colloids, affecting the pore water chemistry, redox, etc. It is expected that different
models and testing protocols will be required to determine source term values for the releases of
hazardous components from slags and concretes due to differences in the release mechanisms.
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1.1 Technical Approach

The work described in this and the three subsequent reports includes literature reviews to identify
materials of interest and existing information regarding Corrosion behavior and test results,
descriptions of degradation mechanisms, key 'interactions, and approaches for developing long-
term predictions. Based on these reviews, source term modeling approaches will be recommended
for slag and concrete waste materials and suites of test methods to provide data for use in the
models will be identified. These activities are being conducted as four mostly sequential activities
that are summarized below. Separate reports will be produced that focus on each part of the
evaluation, although all aspects will be discussed in each report to some extent. It is anticipated
that the evaluation of any particular aspect of the project will continue-to be developed and will
evolve over the course of the project as additional insights are gained. For example, aspects of
field testing, leaching data for slags and concretes, and basic approaches in dose calculation
models are discussed in thisreport from the perspective of conceptual models and laboratory test
methods to better understand what information is needed and how that informationwill'be used.
Subsequent reports that are focused on field testing, specific data bases, and modeling approaches
will probably include discussions that further elaborate the roles of various laboratory test
methods. The primary technical issues to be addressed in the four parts of this work are
summarized below.

Part I: Conceptual Model of Leaching from Complex Materials and Laboratory Test Methods

This report provides a summary of the initial review and analysis of existing literature regarding
the weathering of various slag and concrete waste materials and waste forms, including
experimental results, field measurements, and modeling approaches. The mechanistic basis of
existing conceptual models and the current use of laboratory and field data are evaluated. The
inherent uncertainties associated with current modeling approaches (both in concept and
quantization) are discussed and the need to develop models that better represent the release
mechanisms of matrix and hazardous components is assessed. Various test methods currently used
to study waste form weathering are summarized and evaluated with regard to the information
provided, limitations of the test method, and the role of the test data in assessing the degradation
mechanism and the long-term release behavior. The applications of specific test methods to slag
and concrete wastes are discussed and test protocols recommended for parameterizing the source
term models deemed to be appropriate for various waste types, including slag and concrete wastes.
This report is focused on the results for Part I.

Part II: Relationship between Laboratory Tests and Field Leaching

The relationships between the'behavior measured in laboratory tests and field measurements will
be evaluated 'and methods used to relate laboratory-measured values to field measurements will be
discussed. Insights from previous analyses of minerals and natural materials used as analogs for
waste glass (e.g., basalts, obsidians, and tektites) in laboratory and field tests will be brought to
bear on the systems of interest in this project.. Weathering rates determined from field
measurements are typically and systematically 100 to 1000 times lower than rates determined from
laboratory tests, and several reasons for this have been postulated. By design, most laboratory
tests maintain constant environmental conditions to accurately measure the effect of a specific
variable on the degradation rate, such as the effect of temperature or pH, whereas weathering in
the field is affected by continuous changes in many conditions that are not fully known and not
represented explicitly (or perhaps not accurately) in laboratory tests. In general, the replication of
reaction conditions in the field lead to weathering rates that are too low to measure directly in
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laboratory tests. Rates measured in specific laboratory tests shouldnot be directly compared with;
values measured in the field with the intent or expectation of quantitative agreement. Instead,
values measured in laboratory tests should be interpreted based on a mechanistic understanding to:
take into account the range and combination of effects experienced in the field. For example,.
transport may be a limiting factor in the rates determined from field observation but have an
insignificant effect on laboratory results. From this perspective, field measurements can help
"calibrate" laboratory measurements to better represent the combined effects of environmental.
conditions and perhaps identify other processes that should be taken into account in testing and/or
modeling activities. It is anticipated that field leaching results would be better compared with
model results that take several processes into account rather than directly. with the results of a
specific laboratory test that is dominated by one process. Laboratory tests specifically designed to
represent the ranges. of environmental conditions and interactions that affect in-field behavior are
useful for confirming model results, but are not likely to provide the mechanistic data needed to
select or parameterize the appropriate degradation model. What we expect to provide in this Task.
is a technically, based recommendation for addressing this difference in decommissioning analyses.

Part III: Application of Models to Leaching Data from Slags and Concrete

Existing source term models that may be useful for calculating weathering behaviors of slags and
concretes will be identified, summarized, and evaluated. The consistency of these models with
data available for the release of components from slags and concretes will be evaluated with
several examples. How well current models represent the measured release behavior will be
assessed with regard to the uncertainty in long-term predictions due to uncertainties in the
measured model parameters and uncertainty in how well the model represents the degradation
behavior. Alternative models or modeling approaches will be recommended as appropriate.

Part IV: Application of Leaching Model to Dose Assessment Codes

The source term models for radioactive and hazardous contaminants must be interfaced with a
dose assessment code to evaluate the performance of a waste site. In most cases,, mechanistic
models must be simplified (abstracted) for use in performance assessment. codes to meet
constraints in performing the calculations or due to the limitations of aleatory. (random chance) or
epistemic. (absence of knowledge) uncertainties. The abstraction may include, the clombining of
several model parameters into .a single parameter that can be tracked.in the performance
assessment, replacing a variable with a bounding constant value, etc. Abstraction is usually a .

consequence of changing from the atomic scale of the mechanistic model (nm) to the intermediate
scale of laboratory tests (cm) and then to the large scale of waste sites (km). Guidance will be
developed regarding the appropriate use (or the need for integration) of laboratory data and field.
test information in dose assessment codes such as the Disposal Unit Source Term (DUST) and
Residual Radioactivity (RESRAD) codes. The approach will be to combine insights gained with.
experience, and insights from other site. assessments' done for other disposal systems at the Waste
Isolation Pilot Plant (WIPP), Hanford, and Yucca Mountain to describe the use of test data and
source models in dose assessment calculations. This will include propagating uncertainties in'the
mechanistic and abstracted source term. models and in the coefficient values to estimate confidence
levels. It is important that the abstracted models capture the environmental and temporal effects
on material degradation and the release of hazardous components that are important to
performance assessment.
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1.2 Introduction to Conceptual Models of Leaching-from Complex
Materials and Laboratory Test Methods

One objective of this report is to evaluate the mechanistic basis of test methods and modeling '
approaches that have been used'to assess the weathering of slag and concrete waste materials. The
inherent uncertainties in the concept and quantization of these modeling approaches are discussed
with the goal of better integrating mechanistic models for the release of hazardous and radioactive
components from waste materials and waste forms in performance assessments. The "garbage
in/garbage out" axiom for compiter modeling holds, and an- important component of this study is
evaluating the'laboratory and field tests that are~currently used to provide parameter values for the
assessment calculations, verifying the calculated results, and confirming that the model adequately
represents the system being assessed.'

The modeling approach commonly used to evaluate radionuclide transport in the environment is
considered first to determine how the waste form source term is incorporated into the assessment
code. The computer models used to calculate radionuclide release over extended periods are
commonly comprised of separate model components that represent water flow, waste form
degradation, and radionuclide transport. They may also include a model component for container
breaching. Breaching containers, waste form degradation, and radionuclide transport all depend
on the groundwater flowrate; but the groundwater flow rate is independent of these processes.
The groundwater flow rate is an explicit parameter in transport models (and in some degradation
models) and an implicit factor in the selection of a model to represent waste form degradation in
the system. The goal of the initial effort discussed in this'report is to evaluate the submodels used
to describe specific processes in order to evaluate how waste material degradation test results are
incorporated.-

Computer codes used to assess contamination transport, such as the DUST (e.g., Sullivan 1993)
and RESRAD (e.g., Yu et al. 2001) codes, provide deterministic reactive-transport calculations
based on the same groundwater transport models and waste form degradation models.
Deterministic models presume that a system operates according to governing equations that give
certain, input-response relationships. The computer code developed for the Hanford low-activity.
waste disposal system uses, the .same governing equations for contaminant transport coupled with
waste degradation rate equations in a deterministic approach (Bacon et al. 2004). The computer
model developed for the Yucca Mountain repository Total System Performance Assessment
(TSPA) also utilizes the same degradation and transport equations, but uses a stochastic approach
(DOE 2008). Stochastic models quantify uncertainties in models and parameters to calculate the
probabilities of possible outcomes from input-response relationships. Aspects of the approaches
used in DUST, RESRAD, and the Hanford and Yucca Mountain performance assessments will be
considered in, the evaluation of assessment models that could be -utilized for.NRC-regulated waste
sites.

Various waste form degradation models account for the release modes of simple wash-off,
solubility-limited release due to waste form dissolution, and diffusion-controlled release. In
practice, the amount of material that is released will depend on the surface area (or the volume of a
porous waste form) that is in contact with water. Laboratory tests provide an area-specific release
rate that must be multiplied by the area of the waste form that is contacted by water in the disposal
or waste site to calculate the. amounts of radionuclides that are released. It is usually convenient to
express the amount, released as the fraction of the total that is initially present in the waste form ,
(i.e., as a fractional release rate). ,The waste materials of interest can range in size from powders to
boulder-sized chunks and cover large areas of various terrains and soil types. A crucial aspect of
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the assessment is scaling the values measured in well-controlled laboratory tests with small
specimens to the large scale of materials in the disposal system.

The accuracy of performance assessment codes depends in large part on user-input information
regarding the waste material source term. A thorough understanding of the reaction mechanism
and the effects of environmental variables is beneficial for identifying the appropriate laboratory
test method to represent waste material behavior in the field. For example, it is often difficult to
determine the release mechanism based on the initial degradation behaviors of many materials
within the short durations of most laboratory tests, but the long-term behaviors of materials that
degrade by solution affinity control will differ from the long-term behaviors of materials that
degrade by diffusion-control. Several test methods may be required to determine the mechanism
by which radionuclides or hazardous components are released from a particular waste material in
order to reliably predict the long-term behavior that is of primary interest in assessment
calculations.

Property values measured in laboratory tests may not represent field behavior well because the
reaction conditions can be very different. Field studies using lysimeters to subject a waste form to
natural conditions have a low success rate (sometimes due to physical failure of the lysimeter
system, but often due to termination of the program prior to long test durations that are usually
necessary to obtain useful results) and conclusions that have been drawn from test results often
conflict with those based on laboratory tests. In many cases, this is because the details of the
waste form degradation mechanism measured with laboratory tests are masked by transport
behavior that dominates the field test results. That is, the affinity- or solubility-controlled release
of a radionuclide from a waste form can be masked by diffusion-controlled transport limitations in
the field. Many years may be required to attain steady-state behavior in a field environment; the
measured release may not be sensitive to the waste material degradation kinetics until the transport
rate is constant.

1.3 Theoretical Overview

The starting point for evaluating the spread of contamination is an expression of the mass balance
equation at any location in the system domain, which can be generalized as

aM, -

,- V * +, Qi + ri(1.1)
at

where M, is the mass concentration of a radionuclide species i that is dissolved (mass per volume),
J. is the mass flux vector for species i in the mobile water phase (mass per area per time), Q,,,i is

the net rate of the nth mass transfer process (mass per volume per time), and ri accounts for
reactions affecting the concentration of i (mass per volume per time). The first term on the right-
hand side takes into account the three dimensional advection and hydrodynamic dispersion of the

a a. a
dissolved species i through the disposal system. The del operator is defined as V + + .ax ay az

The negative sign indicates a decrease in mass as species move out of that location in the system.
In the mass balance expression, processes that contribute i to the system are added and processes
that remove i are subtracted. The second term takes into account the "n" mass transfer processes
including dissolution of the waste materials, precipitation of phases containing i, sorption (both
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reversible' and irreversible), various colloid-facilitated transport processes, etc. The reaction term
r, includes the ingrowth and annihilation of i through radioactive decay.

Implementation of the mass balance equation in performance assessment calculations requires
identification of the important processes and parameterization of the appropriate process 'models
for the disposal system, waste form(s), and radionuclides of interest. These calculations can span a
wide range of scale: by necessity, phenomenological rate expressions are Used to calculate mass
transport by advection and diffusion on a gross macroscopic scale that ignores the details of pore
structure in the geosphere. Although radionuclide release from the waste material or waste form
may. be calculated using either atomistic or macroscopic models, the transport properties that
generally confo0 the release fates of most radionuclides from the disposal system can mask the
detailed kinetics of release' from the waste form. The mechanistic and phenomenological bases of
the transport and waste form degradation models that are used in coupled reactive-transport
models will be discussed inthe next report which Will focus on field studies.

Of particular interest in this report is the release of radionuclides during waste form degradation.,
This provides the source term Qdissolution for the radionuclide in the summation term of
Equation 1.1. A generalized rate law for the dissolution of i due to waste form 'degradation can be
written as

Qdssoluion = A x ko x e-E / R Ifn(aj) x fn(AGr ) (1.2)
J

where A is the reactive surface area, k0 is the intrinsic reaction rate, in this case the dissolution rate,
Ea is the activation energy for Arrhenius form of the temperature dependence,fin(aj) is a function
describing the effects of solute componentj, including H-, on the reaction rate, andfin(AGr) is the
dependence of the reaction on the Gibbs free energy change. This last term can be thought of as
the effect of the saturation state of the system on the dissolution rate. The functional form of the
free energy dependence depends on the reaction mechanism (see Lasaga 1995). For example, the
functional relationship commonly used in transition state theory models is

fi(AGr)- =I- C p r D .(1.3)

The functional forms for other mechanisms can be quite different, but the values offn(AG,) are
fixed when the system is at equilibrium atfn(O) = 0 and when the system is far from equilibrium at

fn(-oo) = 0. Values for the terms precedingfn(AG,) in Equation 1.2 are usually measured under
test conditions far from equilibrium where the rate is essentially independent of AGr. The units of
Qdissolution are mass volume-' time-. Note that the formulation in Equation 1.2 uses a separation of
terms with no cross terms between variables. Various dissolution models that can be used to
describe the release of radionuclides are discussed in Section 2. These include chemical affinity
models, coupled oxidation and reaction models, and empirical models. The chemical affinity
model is further discussed in Section 3 in terms of using the chemical affinity to model dissolution
processes and using laboratory tests to parameterize affinity-controlled processes.

Instead of being released at the same rate at which the waste material degrades, the releases of
some radionuclides may be controlled by mass transport of reactants (e.g., water) or products (e.g.,
the radionuclides) through the waste form. In a disposal site, the relative importance of reaction
(equilibrium) and mass transport often depends on the percolation rate of groundwater and the
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porosity of the waste: mass transport will control release when percolation occurs through
fractures and is fast relative to diffusion, reaction/equilibrium will control release when percolation
occurs slowly through granular and porous materials. Mass transport models and diffusion-
controlled contaminant release are discussed in Section 4. Although they have the same
theoretical basis, diffusion models for release from the waste form and transport through the
disposal system are discussed separately because of different application and boundary conditions.
Coupled diffusion and reaction processes are addressed briefly in Section 4.

Literature results of laboratory tests applied to' various cement-based and slag waste forms are.
evaluated with regard to the utility of various .test methods and modeling approaches in Sections 5
and 6. Section 5 is focused on results from static aridsemi-static test methods and Section 6 is
focused on results from dynamictest methods. Although comments regarding the testing and'..
modeling of contaminant release are provided throughout most sections, several important issues
based on the evaluation of literature results and consideration of the testing methods are discussed
further in Section 7 to support technical recommendations. Several conclusions based on
evaluation of the literature are included in Section 7. They relate to the suitability of available
contaminant source term models and laboratory test methods for the project goal of supporting
waste site performance assessments.
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2 Radionuclide Release Modes and Models

The specific release rate measured in laboratory tests, rate, with units of mass unit area" time-',
can be related to the overall release rate from a finite solid, R, with units of mass volume- time-1,
as

R = rate - = Qdissolutton (2.1)

where Aw is the reactive surface area of the waste material and V, is the volume of solution
contacting the waste material in the disposal system. The parenthetical term takes into account the
loss of surface area as the solid dissolves, where m is the mass of solid at the particular time of
interest, Mis the mass of solid present initially, and the value of n depends on the geometry of the
waste form. For uniformly dissolving (shrinking) spherical and cubic forms, n = 2/3 (see
discussion of spherical particles in Section 6.2.1). Note that the mole ratio could be used instead
of the mass ratio. Equation 2.1 expresses the link between the overall dissolution rate that is
needed for site assessments (Qdissolution) and the specific release rate (rate) that is measured with
laboratory tests. The functionality of the specific rate can be modeled according to the mechanism
for radionuclide release and then scaled to the system being modeled by using Equation 2.1.

The importance of the areal dependence of the laboratory rate cannot be overemphasized when
scaling a value measured with a few square centimeters of specimen surface area to behavior over
many hectares of waste material based on the surface term A, and its evolution as the waste
material degrades. Implicit in Equation 2.1 is that the reactive surface area available in laboratory
tests scales with the reactive surface area in the field. Most laboratory tests provide a reaction rate
that is the weighted average of reactions at a large number of sites on a heterogeneous surface.
This average may or may not represent reactive material sites in the field. For example, many
laboratory tests are conducted with crushed material to provide large surface areas within small
sample volumes. The abundance of highly reactive fracture surfaces (points and edges) generated
by crushing the material can yield a rate that is biased high relative to the dissolution behavior of
that material in the field, where the surfaces have been smoothed by prior reaction. While this
aspect will be discussed in greater detail in the report for Part II addressing the relationship
between laboratory tests and field measurements, such differences in the samples of the material of
interest should be borne in mind when evaluating the atomistic-scale models for laboratory test
results and the laboratory test methods. This report addresses determination of the laboratory-
measured rate and its functionality.

The analytical models used to calculate radionuclide release rates are based on what is referred to
herein as the radionuclide release mode. This is the process (or combination of processes) by
which a radionuclide is released from the waste material as the transportable species quantified by
the release model. Possible release modes are summarized below and illustrated in Figure 2.1.

(1) Wash-off

Fractions of some radionuclide inventories may be only weakly bound'to the surface of the waste
form by physical or chemical sorption or electrostatic attraction, or may be present in soluble
residual salts trapped in voids, at grain boundaries, etc. These radionuclides may dissolve as soon
as they are contacted by groundwater or leachate without degradation of the underlying phases,
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Figure 2. 1. Schematic drawing of some possible radionuclide release modes: (1) wash-off; (2)
dissolution of host phase; (3) diffusion-limited release; (4) diffusion-limited release
coupled with chemical reaction; (5) diffusion-limited release coupled with dissolution
of encapsulated host phase; and (6) solubility-limited release.

although the amount dissolved may be limited by the solubility of the phase. Including a term to
take for surface wash-off into account in a degradation model provides the flexibility to account
for release from the surface separately from release from the bulk, which may be controlled by a
different mechanism. In laboratory tests, the chemical and physical properties of the near-surface
region of a test specimen often differ from the underlying material due to preparation artifacts.
These may include leaching of contaminants during polishing, the generation of highly reactive
sites due to fracturing or polishing scratches, contraction or densification of material in the near-
surface region, oxidation of the near-surface region by exposure to air or water, etc. The different
behavior of the near-surface region could be modeled with Equation 2.1 by using different
functions for the rate and different values for Vs, m, M, and n for radionuclides at the surface and
for radionuclides in the underlying bulk.
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(2) Dissolution of the host phase

The release of radionuclides that are incorporated into the structure of a phase require chemical
reactions to degrade the immobilizing phase enough to expose the radionuclide to the leachant and
reactions to break the bonds that immobilize it. The release of a radionuclide depends on the
degradation rate of the host phase and the solubility limit of the radionuclide, which is governed
by the solubility-controlling phase. The solubility-controlling phase can be the dissolving phase, a
secondary phase that forms as the host phase dissolves, or a separate phase present in the system
(e.g., a mineral in the host geology). For example, PuO 2 could form to establish the Pu
concentration limit as a Pu-bearing glassy phase present in a slag waste material dissolves. The
reaction to release a radionuclide from the host phase can itself be complex. Hydrolysis of a single
bond may result in release, or an additional reaction may be required to generate a soluble species
suitable for release and transport. For example, dissolution of U0 2 requires the oxidation of U(IV)
to U(VI) prior to release.

(3) Diffusion-limited release

The release of a radionuclide from a waste material or waste form may be controlled by the
diffusion of water through the host phase or diffusion of the radionuclide out of the host phase.
Although mass transport (diffusion) at the reacting surface is a component in most degradation
processes at the atomic scale, diffusion-limited release addresses diffusion control on the larger
scale of the bulk material. The waste material is treated as an inert matrix through which the
contaminant migrates at a rate characterized by a representative diffusion coefficient.

(4) Diffusion-limited release coupled with chemical reaction

The release of a radionuclide from an encapsulating phase may require dissolution of a host phase
or other chemical reaction to occur prior to diffusion of the radionuclide out of the host phase. For
example, oxidation of an encapsulated metallic waste or dissolution of an encapsulated oxide
waste may be required to mobilize radionuclides prior to diffusion through the waste matrix.

(5) Diffusion-limited release coupled with dissolution of host phase

The release of radionuclides bound in a phase that is itself encapsulated in another phase requires
water to penetrate through the encapsulating phase (either by diffusion or dissolution of the
encapsulating phase) before contacting- and then degrading the phase that contains the
radionuclide. The release of a radionuclide depends on the degradation rates of both the
encapsulating phase and host phases, and also on the solubility limit of the radionuclide. The
solubility limit is determined by the solubility-controlling phase, which might be the dissolving
phase or a secondary phase; different phases can control the solubility limit during the course of
waste form degradation. For example, analcime that forms as a secondary phase during
borosilicate glass dissolution can replace glass asthe controlling phase for dissolved silica and
establish a lower solubility limit that results in an increase in the glass dissolution rate (Ebert and
Bates 1993). The increased glass dissolution rate could increase the release rates of radionuclides
that are dissolved in the glass or sequestered within inclusion phases due to both physical effects
(exposure of more surface to water) and chemical effects of the solution chemistry (higher pH,
precipitation of radionuclide-bearing silicates, etc.). The degradation rate of a radiounuclide-
bearing phase encapsulated in another phase can be different than that of the separate material.

2.3



(6) Solubility-limited release

Solubility limits may restrict the amounts of some radionuclides that can accumulate in solution
after they have been released from the matrix by one of the modes listed above. Radionuclides in
excess of the solubility limit are expected to precipitate as the solubility-limiting phase. Solubility
limits are a component of all release mechanisms and are often modeled as a separate constraint on
the dissolved concentrations of radionuclides released from the waste form.

These release modes are shown schematically in Figure 2.1. Wash-off (mode 1): This occurs at
the surface of the waste form with negligible diffusion of water into the waste form. Dissolution
of the host phase (mode 2): The phase containing the radionuclide must dissolveand the surface
retreat until the radionuclide is exposed to the solution. Diffusion-limited release (mode 3): Water
must diffuse through the host phase to contact the radionuclide, which then diffuses out of the
encapsulating phase. Diffusion-limited release coupled with chemical reaction (mode 4): Water
must diffuse through the host phase to react with the radionuclide, which then diffuses out of the
host phase. Diffusiverelease coupled with dissolution of host phase (mode 5): Water must
diffuse through the encapsulating phase to dissolve the hostphase and release the radionuclide,
which then diffuses out of the encapsulating phase. Modes 3, 4, and 5 differ only in the
mechanism by which the radionuclide is released from the immobilizing matrix. In mode 3
diffusive release, the radionuclide is only weakly bonded to the host phase and the reaction to
release it is taken into account by the diffusion coefficient. In mode 4, the reaction to release the
radionuclide from the host phase modeled using a separate constant rate term. In mode 5, the
radionuclide is immobilized in a separate host phase within the encapsulating phase and that host
phase must dissolve before the radionuclide can be released to solution. The dissolution rate is
sensitive to the' solution composition. Adsorption (mode 6): This represents the adsorption of the
radionuclide onto the surface of the waste form, another solid, or a colloid due to a solubility
limitation. Mode 6 can affect the release rates for all modes.' Various mathematical expre'ssions
can be used to calculate the release rates of radionuclides from waste forms based On the
dissolution rate of the waste form. Several rate expressions that could be appropriate for modeling
radionuclide release from a particular waste material are discussed below.

2.1 Empirical Rate Expressions

For the general chemical reaction

v, A+ v2 1B = v3 C +v 4 D (2.2)

where A and B are reactants and C and D are products with stoichiometric coefficient v, (positive
for products and negative for reactants), the extent of reaction ý can be written in terms of the
number of moles ni Of either a reactant or product as ni -=n1 -+ v,• where nio is the number of'moles
initially and ni is the number of moles at some later time. The reaction rate can be written in terms
of any reactant or product (where v, and v2 are negative, and v3 and V4 are positive):

dý • dni I dA 1 dB I dC I dD
dt v1 dt v1 dt v 2 dtv 3 dt v4 dt" (2.3)

The dependence of the rate on the concentrations of reactants and products (and the concentrations
of catalysts and inhibitors) is expressed as a rate law. The rates of many reactions are proportional
to integer powers of reactant concentrations where the proportionality factor is referred to as the
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rate constant. The rates of complex reactions may also depend on the concentrations of products,
catalysts, and inhibitors. The general rate law is written as

dA =k'AaBbCcDd (2.4)
V1 dt'

where k' is the rate constant. Note that the values of the exponents in Equation 2.4 are not
necessarily the same as the stoichiometric coefficients in Equation 2.2. The temperature
dependence of the rate constants for most thermally activated processes can be represented using
the Arrhenius expression

-E IRTk a, e (2.5)

where a is the pre-exponential factor and E, is the activation energy. The concentration and
temperature dependencies of an elementary reaction rate (and the rates of many complex reactions)
are commonly written in the general form (e.g., Lasaga 1981; Lasaga 1984)

d VkA A b ccDd exp .Ea kAa Bb c d e (2.6)
dt B a) C D ex, R J (

where the reaction'rate is expressed by the consumption of species A over time, k is the rate
constant incorporating v, and a, A is the activity of species A with a reaction order a, B is the
activity of species B with a reaction order b, etc. and the last term is the temperature dependence
expressed in the Arrhenius form. Note that the pre-exponential factor of the Arrhenius expression
has the same units as the rate constant and has been absorbed into k. The rate is written as
negative in terms of the time dependence of reactant A to indicate the consumption of A as the
reaction proceeds and the value of v has been absorbed into k. Surface terms must be included for
heterogeneous reactions and solution concentrations replaced with mole fractions sorbed onto the
surface, but this does not change the general form of the rate expression. For example, A2 could
represent the surface area of the reacting solid and A 3 the mole fraction of species A3 that is sorbed.
Taking the natural logarithm of Equation 2.6 gives

-dA Ea_In- =lnk +alnA+blnB+clnC+dlnD- Ea
dt RT (2.7)

By measuring the change in A with different initial amounts of A, B, C, and D and different
temperatures, the reaction orders, activation energy, and rate constant can be determined. These
parameter values are usually determined based on the initial rates measured far from equilibrium.
An empirical rate law can be parameterized and used without understanding the underlying
mechanism that controls the process.

Empirical rates laws can also be used'when the mechanism is known but be cannot be expressed
analytically due to a lack of data. An important example is the empirical models used to calculate
the release of radionuclides due to degradation of commercial spent oxide nuclear fuel in the
Yucca Mountain TSPA (BSC 2004). The fuel consists of stacked pellets of UO 2 with air gaps
between neighboring pellets and between the pellets and the cladding hull. Each pellet is formed
as an aggregate of sintered and pressed U0 2 particles and has a complex network of grain
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boundaries. Fission products produced within the U0 2 particles during reaction migrate to grain
boundaries and surfaces of the particles by solid-state diffusion. The distribution of radionuclides
in the used fuel will depend on the diffusion properties of the nuclides and the reaction conditions.
The release behaviors of the radionuclides in the disposal system will be affected by their
distributions in the fuel and their solubilities in the contacting groundwater. The entire gap and
grain boundary inventories of 9°Sr, 99Tc, 1291, and 137C are modeled to be released instantaneously
and without solubility limits when the fuel is contacted by water in the disposal system. (This is
an example of the wash-off model via mode 2.) The release of radionuclides from the matrix
occurs stoichiometrically at what is referred to as the matrix degradation rate. The corrosion
processes affecting oxide fuels have been reviewed by Shoesmith (2000). Dissolution of the U0 2
matrix occurs through an oxidative dissolution mechanism in which sparingly soluble U0 2 is first
oxidized to U0 3 by reaction with oxygen and then U0 3 dissolves by reaction with water. The
oxidation step itself occurs through two steps: slowly to form a stable intermediate with mixed
valence referred to as U02.33 (e.g., U 3 0 7 ) and then to a U(VI)-bearing phase (e.g., hydrated
schoepite UO 3oxH20), depending on the solution composition. Dissolution is observed to occur
faster under acidic conditions and in the presence of complexants, such as carbonate/bicarbonate.
Dissolution can be inhibited by the precipitation of calcium and silicon from groundwater to form
a surface layer on the surface of the fuel grain.

The dissolution rate of U0 2 can be controlled by either the transport of oxygen through the
oxidized surface layers, the rate of oxidation to U02.33 , the rate of oxidation to U0 3, or the
dissolution rate of U0 3 under different conditions. In'reducing environments, the availability of
oxygen may limit the release of radionuclides, whereas the dissolution of U0 3 may control the
release under oxidizing conditions. Overall, the reaction with dissolved oxygen

U02 + 02 + 2 H+ - U03 +H 20 (2.8)

involves an anodic reaction:

U0 2 + 0.5 02 - U0 3 + 2e-, (2.9a)

and a cathodic reaction

0.5 02 + 2 If + 2e- - H20, (2.9b)

either of which can control the overall rate. In general, the anodic reaction to oxidize U0 2 will
proceed only when the equilibrium half-cell potential is less than the half-cell potential of one of
several possible a cathodic reactions so that current will flow. The rate could instead be controlled
by the dissolution reaction, for example, to form a uranyl silicate (e.g., boltwoodite) upon
dissolution in a groundwater,

2 U0 3 + 2 K+ + 2 H 3SiO4 - + H 20 - K2(UO2)2(SiO 3)2(OH)2"3H20. (2.10)

The separate oxidation and dissolution reactions were not modeled mechanistically for Yucca
Mountain TSPA calculations due to incomplete knowledge of the possible cathodic reactions.
Therefore, separate empirical models were used to calculate the extent of dissolution in acidic and
alkaline solutions, based on the results of short-term immersion tests to measure the gap inventory
and single-pass flow-through (SPFT) tests to measure the effects of temperature, pH, 02, and total
CO 3. The point emphasized here is that for even a relatively simple waste material with perhaps
unparalleled worldwide importance as used commercial oxide fuel, the degradation/dissolution
rate cannot be quantified with a mechanistic model. This indicates the likely importance of
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empirical models for assessing the behaviors of slag and concrete wastes. For TSPA calculations
with U0 2 fuel, the experimental results from tests conducted to quantify the effects of particular
variables were assessed using the general expression given in Equation 2.7. The test results for

acidic and alkaline solutions were modeled separately. For solutions with pH > 6.8:

log(F) =log(S) + a0 +- + a2 X pO3) + a3 × p(O2) (2.11)

and for solutions with pH < 6.8:

log(F) = log(S) + a4 + + 7a6 X A(O2 + a7 x pH (2.12)
T , (

where log(F) = base 10 logarithm of the fractional dissolution rate (d"')
log(S) base 10 logarithm of specific surface area (in2 mg 1)

T = absolute temperature (K)
p(C0 3) = negative base 10 logarithm of carbonate concentration (HC03-+ C0 3

2 , molar)
p(O2) negative base 10 logarithm of oxygen pressure (atmospheres)

pH = negative base 10 logarithm of hydrogen ion concentration (molar)

The variables included in the model were selected based on previous experimental findings, (by
multivariate regression). The surface area of U0 2, oxygen partial pressure, and pH terms arise.
based on the chemical reactions: a temperature term is included because all of the reactions are
thermal processes and a carbonate term is included because it is known to be a strong complexant
of uranyl ions and to affect the dissolution rate. Coefficient values determined from SPFT
experiments are summarized in Table 2.1. Note that the dissolution rates increase with increasing
temperature (a, and a5 are negative for the inverse temperature dependence) and increase with
increasing PO 2 and PCO3 (a2, a3, and a6 are negative and the variables are expressed as negative
logarithms) in both acidic and alkaline solutions. Dissolution in alkaline solutions is independent
of the pH (there is no pH term in Equation 2.11) whereas dissolution in acidic solution decreases
with increasing pH (a7 has a negative value). Dissolution in alkaline solutions also has an explicit
carbonate dependence, but dissolution in acidic solutions does not.

The model for commercial spent nuclear fuel represents dissolution far from equilibrium where the
rate is essentially independent of the free energy of reaction. This is reasonable for this waste
because the overall rate is controlled by the initial oxidation of U0 2 and the formation of alteration
phases that are more stable than U30 7. The formation of alteration phases will maintain a
dissolved uranyl concentration well below the solubility limit of U 30 7 and maintain a relatively
high affinity for the dissolution of U 30 7.

Table 2.1. Coefficients used in model commercial spent nuclear fuel (BSC 2004).
Alkaline Conditions __Acidic Conditions
log(S) -6.7 log(S) -6.7
a0  4.705 a4  6.60
a, -1094 a5  -1094
a2  -0.102 a6  -0.338
a3 -0.338 a7 -0.340
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2.2 Electrochemistry-Based Models

Modeling the rates of individual oxidation and reduction reactions provides an electrochemical
approach to waste material dissolution that could be applicable to phases in slag wastes that are
metallic or semi-conducting. Although they are not expected to provide quantitative radionuclide
release models needed for performance assessments, electrochemistry-based models do provide a
mechanistic basis for empirical models and the parameters that are included. The key variable in
the electrochemical model is the environment corrosion potential (Ecorrosio,), which is determined
by the concentrations of oxidizing agents at the surface of the dissolving material, including
dissolved oxygen and radiolysis products such as hydrogen peroxide. Oxidation can occur if the
equilibrium potential for the oxidative dissolution of the material lies below the corrosion potential
that is established at the surface of the material by the environmental conditions (Ecorr). The
dissolution kinetics will be affected by charge transfers to form oxidized species at the surface
(which can then dissolve) and alterations that must occur at the surface to form the oxidized
species. The refreshment of oxidants can also control the dissolution rate. The corrosion potential
of the solution will decrease as oxidants are consumed and dissolution in a closed system will
eventually cease. Other solutes in the groundwater can inhibit corrosion by blocking surface
reaction sites.

At Ecorrosion, the currents from the anodic and cathodic reactions will be equal but opposite in sign,
and the anodic current will be equal to the corrosion current 1corrosion. The cathodic current will be
the sum of currents for all cathodic reactions supporting corrosion of the material being oxidized.
The anodic dissolution current that flows as the material is oxidized can be relatedto the mass of
material reacted, W, by using Faraday's law as (Shoesmith 2000; Shoesmith and Sunder 1992)

W IAwt

nF (2.13)

where t is time, I is the corrosion current density, A, is the molecular weight of the reacting
material, n is the stoichiometric number of electrons (equivalents) exchanged, and F is the Faraday
constant (96,487 coulombs). The corrosion rate is obtained by dividing the mass reacted by the
surface area S and reaction time,

W Icorrosion AW
St nF (2.14)

For alloys, the atomic weight is replaced by an equivalent weight, which is the weighted average.
of A,/n for the major alloying elements. Equation 2.14 has been widely used to evaluate the
durabilities of metals and alloys, including metallic waste materials, based on uniform corrosion
(e.g., McDeavitt et al. 1998).

Analogous to the dissolution rate expression, the corrosion current density for anodic dissolution
can be related to the reaction conditions as (Shoesmith and Sunder 1991)

Icorrosion = kA Xx YY exp(bEcorrosion) (2.15)
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where kA is a rate constant for the anodic reaction, Xand Y are solute concentrations affecting the
rate with reaction orders x and y, and Ecor is the potential at the material surface. For U0 2

dissolution, important solutes include bicarbonate and H+ (pH). The term b is the anodic Tafel
slope that gives the dependence of In 'corrosio, on the applied potential Ecorros.o,. This quantifies the
net environmental influence on the corrosion rate. Combining Equation 2.14 and Equation 2.15
gives an expression having a form analogous to Equation 2.6 that is suitable for quantifying
corrosion under conditions that are not too near equilibrium.

To model reaction in near-equilibrium conditions, equivalent expressions must be written for the
current density due to reaction with each oxidant (02, H20 2, etc.) and the functionality of the free
energy term determined, as was discussed with regard to Equation 1.2. This is challenging and has
not been completed for even important materials such as U0 2. A semi-empirical model has been
developed for use when expressions for all possible anodic and cathodic current densities have not
been fully developed (Shoesmith and Sunder 1991):

1. Determine the Tafel lines for relevant solution compositions by measuring the anodic
corrosion current as a function of applied potential.

2. Measure the corrosion potential for relevant groundwater chemistries.
3. Determine the current density by extrapolating the Tafel lines to the corrosion potentials of

groundwaters.

This approach incorporates electrochemical aspects of the corrosion process and an underlying
mechanistic basis into a simple empirical rate law that can be used in performance calculations.
As an example, a simple relationship between the corrosion rate of U0 2 fuel in non-complexing
solutions and the steady-state corrosion potential has been determined empirically using this model
(Christensen and Sunder 2000):

corrosion rate = 78x 10- 44 +16E,_ (2.16)

The coefficients represent values of material and system variables in the form of Equation 2.15 for
the relevant environment.

2.3 Reaction Affinity Model

The reaction affinity model quantifies the intuitive expectation that a system far from equilibrium
will react faster to attain equilibrium than when that system is nearer to equilibrium. The reaction
rate is expected to be a function of the difference between the free energy of the system in its
current state and that of the system at equilibrium. The Gibbs free energy quantifies the energy
difference that drives a system towards equilibrium: AG,. Since thermodynamics only requires
that the rate be zero when AG, = 0, assumptions regarding the functional dependence of the rate on
AG, have lead to various proposed rate laws for different reaction mechanisms. The form that is
commonly used in the transition state theory formulations for mineral dissolution in aqueous
solutions is (e.g., Lasaga 1995)

fn(AG,) =I - exp( AG,. (2.17)

As a reacting system approaches equilibrium, the free energy of the system decreases to that of the
equilibrium system and AG, approaches 0. As required by thermodynamics, fn(0) = 0 and the rate
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at equilibrium is 0. The change in the free energy of the system with reaction progress (at constant
temperature and pressure) is defined as the chemical affinity A:

The chemical affinity also represents the change in AG, with reaction progress because the free
energy of the system at equilibrium remains constant, so the change in G will be equal to the
change in AG,. Therefore, the change in the thermodynamic driving force that is incorporated into
the rate expression using the formulation in Equation 2.17 is given by the chemical affinity
(Lasaga 1995). Rate expressions for both the forward and reverse reactions (e.g., dissolution and
precipitation, respectively) are needed to model the system near equilibrium regardless of the
mechanism. The net rate of a reaction can be written as

ratenet = rate forward - ratereverse = rate for . (1 ratereverse (2.19)

The ratio in the parenthetic term is related to the chemical affinity as

ratereverse = exp - A

rate forward RT) 
(2.20)

and is referred to as the affinity term. Equation 2.19 can be rewritten as

ratenet = rate forward 0.- exp(--)]. (2.21)

The affinity term provides a link between the kinetics of a system in disequilibrium and the
thermodynamic expression of that disequilibrium: For a system that is at equilibrium, the value of
the chemical affinity is A = 0 and the net reaction rate is zero regardless of what the forward rate
is. For a system that is not at equilibrium, the forward rate will be modulated by a term having a
value between zero and one that represents the degree of disequilibrium.

The reaction affinity A can be expressed in terms' of the ion activity product of the solution Q and
the equilibrium constant of the dissolving material K (see Appendix A) and Equation 2.21 can be
written as

ratenet rate forward 01-- = kf 0.1 (2.22)

where the second equality indicates the common use of kf to represent rateforward and simplify the
equations, as will be done henceforth. The ratio Q/K is referred to as the saturation index and
quantifies the deviation from equilibrium; the term in parentheses is the affinity term. The affinity
model simply moderates the forward rate using the affinity term to quantify the decrease in the net
rate as equilibrium is approached. The affinity term can have values ranging from one at infinite
dilution (when Q = 0) to zero at saturation (when Q = K). When the saturation index has a value
of one, the affinity term has a value of zero, the system is at equilibrium, and the net reaction rate
is zero. When the saturation index has a value of zero, the affinity term has a value of one, the
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system is far from equilibrium (and independent of AG,) and the reaction occurs at the forward-
rate. At intermediate values of the saturation index and affinity term, the reaction rate lies between
zero and the forward rate. The forward rate describes the kinetics of the reaction that leads to
dissolution of the material (i.e., the rate limiting step in the reaction mechanism) and, depending
on the mechanism, might include terms for the effects of temperature, pressure, pH, solute
activities, ionic strength, the mole fractions of species adsorbed onto the surface, etc. on the
reaction rate.

It is important to recognize that the relationship given in Equation 2.17 is empirical and that the
same functional form forfn(AG,) may not hold over the full range of disequilibrium in a system
(e.g., as the rate-controlling mechanism changes). For example, Lasaga and Luttge (2001) discuss

* nonlinearities in the dissolution rate of minerals as equilibrium is approached (from
undersaturation) and provide as examples the measured dissolution rates of albite, gibbsite,
labradorite, and smectite. The results for albite and labradorite are shown in Figure 2.2 with the
modeled rates. Note that dissolution is defined to have a negative rate and precipitation to have a
positive rate in these plots. For albite, a change in behavior occurs at AG, = -6.5 kcal mol"P
between the dependence of the dissolution rate on the Gibbs free energy far from equilibrium
(AG, <-6.5 kcal mol1) and the dependence near equilibrium (AG, >-6.5 kcal mol-). (Note that the
value of AG, is determined by the solution chemistry through the saturation index.) A similar
discontinuity occurs at AG, = -7.7 kcal mol1 in tests with labradorite. Lasaga and Luttge refer to
the point of discontinuity as AGc,c,',t and state that "a substantial reduction in the rate occurs once
AG, - AGcriacai, which for many crystals occurs far from equilibrium" (Lasaga and Luttge 2001,
p. 2403). The discontinuity represents a change in the rate-determining process and is predicted
by the stepwave dissolution theory of etch pits presented by Lasaga and Luttge (2001): the point of
unsaturation AGcIII,1 corresponds to a change in the rate-controlling mechanism between a
localized spiral-growth process near equilibrium and a surface-wide process further from
equilibrium. (Stepwave dissolution theory is a corollary to step-wise crystal growth theory.) Note
that in Figure 2.2 the rates approach maximum values at very small values of AGr
(AG, < 10-9 kcal mol-). Where the rate becomes independent of the free energy is sometimes
referred to as the "dissolution plateau region." This corresponds to a chemical affinity term value
of one and reaction at the forward dissolution rate in the reaction affinity model. The curved
portion of the dependence on AG, (from about AG, = -14 to -6.5) is modeled by the affinity model,
but this model is only applicable when AG, < AGcical and will not always pass through the origin,
as seen in the results for albite and labradorite (and other materials).

Similar discontinuities could result due to changes in the mechanisms that control the degradation
and dissolution of other materials. For example, the behavior seen in Figure 2.2 describes the
observed dissolution behavior of borosilicate waste glasses very well. Far from equilibrium, glass
dissolves at a maximum rate that depends on the glass composition, temperature, and pH. As
silica accumulates in the solution, the dissolution rate is well described by an affinity model based
on the hydrolysis of Si-O bonds. The rate decreases to very near zero as the solution approaches
an apparent saturation concentration and the chemical affinity (for the hydrolysis reaction)
decreases to zero. However, glass dissolution does not cease, but proceeds at a very low rate. It
has been hypothesized that reaction continues at a rate determined by water diffusion through an
as-yet uncharacterized surface layer (Frugier et al. 2008).. The system may remain at
disequilibrium as long as a concentration gradient exists to drive water diffusion, ion exchange, or
other processes affecting glass corrosion. In other words, glass dissolution occurs as three (or
more) simultaneous processes: water diffusion, ion exchange, and hydrolysis. The dissolution.
behavior observed in laboratory tests is dominated by hydrolysis reactions except under near-
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Figure 2.2. Data from Lasaga and Luttge (2001): Comparison of dissolution theory with
experimental data for (a) albite at pH 8.8 and 80'C and (b) labradorite at pH 3 -and
25°C. The arrows locate AGcritcai = -6.5 kcal mol" for albite and AGcitjI = -7.7 kcal
molr for labradorite.

equilibrium conditions when the solution contacting the glass is essentially saturated (with respect
to the glass). At this point, disequilibrium in the system is determined by the concentration
gradient for water diffusing, into the glass rather than by the affinity for hydrolysis reactions.
Water diffusion can perturb the equilibrium of the hydrolysis reactions and results in continued
dissolution, but at a rate controlled by water diffusion rather than the hydrolysis reactions.
Understanding and modeling waste glass dissolution under saturated conditions remains an
important research objective worldwide.
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As a final comment, a more general form of Equation 2:17 can be written for each reaction
pathway as

f(AGr)=IIexp(AG) ,] (2.23)

where n and m are fitting parameters and a is an empirical coefficient relating the reaction
described by AGr to the overall dissolution rate that is measured (see also Appendix A); C is
sometimes referred to as the Temkin coefficient. Using this form of the thermodynamic term, the
affinity term in the rate law in Equation 2.22 becomes

ratenet = kf . [1 -. (2.24)

This form of the rate equation is often referred to as having a nonlinear dependence on the
deviation from equilibrium, whereas the special case of n = m = 1 is referred to as having a linear
dependence. The value of the Temkin coefficient must be determined from experiments, and
values from 0.1 to 17 have been determined for the dissolution of various materials for the linear
dependence model (e.g., Bourcier et al. 1994).

In the case of multiple reaction pathways, the overall rate is calculated as the sum of all parallel
pathways. For example, the dissolution rate of albite feldspar has been measured at 80 'C and a
pH of 3 over a wide range of AGr by Hellmann and Tisserand (2006): the results are shown in
Figure 2.3. (Note that the dissolution rates are given as positive values in contrast to the negative
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Figure 2.3. Data from Heilman and Tisserand (2006): Dissolution rate of albite at 80'C and
pH 3 as a function of AG,.
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values used by Lasaga and Luttge and the free energy is in kJ mol-'.) This data base includes an
abundance of values in the dissolution plateau (at AGr < 60 kJ moll) but with the large
uncertainties common for analysis of very dilute test solutions. Hellmann and Tisserand (2006)
fitted these results using the two-process model given by Burch et al. (1993)

=k LI -x n fAGr ml k -expý AGrI]2 (2.25)

where kI' and k2 are rate constants and n, ml, and m2 are fitting parameters that are regressed to the
test data. The Temkin coefficient is included in the value of n or ml in the first term and has a
value of I in the second term. The first term on the right hand side represents dissolution under
near-equilibrium conditions and the second term represents dissolution under far-from-equilibrium
conditions. The albite data were fit with ki = 1.02 x 10-8 mol m2 s"' and k2 = 1.80 x 1010 mol m 2s"1,
n =7.98 x 10-5, ml = 3.81 and m2 = 1.17 (although the fit shown in Figure 2.3 is with ml = 3.57)
by Hellmann and Tisserand (2006). They also fit the data to a simplified rate expression:

Rdiss k3 1 - exp -n R-- 3m (2.26)

with k3 = 1.03 x 10.8 mol m'2s1, n = 9.75 x 105, m3 3.74, and m4 = 1 (although the fit in
Figure 2.3 is with m3 = 3.50). The fits with both equations are shown in Figure 2.3. The
equations fit the data equally well and differ only very near equilibrium, where additional data are
needed. For comparison, fits using Equation 2.26 with k3 = 1.09 x 10.8 mol m 2 s-, m3 = m4 = 1,
and n =1 or n = 5.88 x 10.2 (corresponding to a = 1 or a = 17) are included in Figure 2.3 as the
dashed lines. These fits are consistent with the uncertainty in the test results under far-from-
equilibrium conditions, but both overestimate the dissolution rates as equilibrium is approached.
The nonlinear models are consistent with the overall sigmoid shape of the data. The application of
a nonlinear model should be supported with other observations suggesting a change in rate-
determining mechanism in addition to the better empirical fit to the data, such as the dissolution of
pits and terraces by Lasaga and Luttge (2001).

While this level of detail may seem somewhat esoteric with regard to the wastes being considered
in this project, the possible change in controlling mechanisms is an important consequence of
measuring model parameters under test conditions that are significantly different than the
conditions experienced by the waste materials. Many kinetic model parameters are measured
under test conditions far from equilibrium to eliminate confounding interactions, whereas
equilibrium-related parameters are measured under near-equilibrium conditions. It is possible that
differentmechanisms control the test responses under such disparate conditions. Therefore, it is
important to conduct tests over the full range of conditions to detect obvious changes in the
mechanism controlling the material behavior and to understand the influence of the conditions on
model predictions. In some cases, several test methods will be required to study material behavior
over a wide range of possible reaction conditions. Understanding how the responses of particular
test methods relate to the modeled behavior is an important aspect of test selection and data
interpretation and is considered in detail in the analyses that follow.
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3 Applying the Chemical Reaction Affinity Model

Application of the reaction affinity model using Equation 2.22 requires definition of the species to
be included in Q and K, which will depend on the rate-controlling reaction, and the value of K,
which will vary with temperature. Application also requires definition of the variables to be
included in kf The effects of solutes on the rate are taken into account within the forward rate
term (independent of their role in the affinity term). For many materials, the dissolution rate
depends on the chemistry of the groundwater: the pH is known to be an important parameter for
the dissolution of many materials, the Eh and dissolved oxygen concentration are important for
redox-sensitive components, other solutes can affect the dissolution rate by forming complexes,
etc. Separate rate expressions will probably be needed for each independent reaction comprising, a
mechanism. For example, the rates of oxidation reactions depend on the redox potential of the
groundwater, the concentrations of oxidants such as 02 and H20 2.

3.1 Solution Feed-Back Effects

The effect of the affinity term is often referred to as a solution feedback effect because it is the
action of dissolved components promoting the reverse reaction that slows the net dissolution rate.
The effect can be quantified by regressing Equation 2.22 to the results of a series of tests in which
the concentrations of components released from the waste form (or test specimen) increase with
the test duration to increase the value of Q, while maintaining a constant value ofkf (e.g., at
constant temperature and pH). From the derivation of Equation 2.22, the values of Q and K
represent the dissolution reaction that is being modeled. Depending on the material being studied,
the component i that is tracked in experiments may or may not be included in Q andK. For
example, the dissolution of borosilicate glass is dominated by the hydrolysis rate of Si-O bonds
and only the concentration (activity) of Si0 2 (aq) is included in the Q and K terms, but the release
of B is often used to measure the dissolution rate. This is because B is not incorporated into .
alteration phases and the solution concentration of B provides a good measure of the extent of
reaction. Implicit in this approach is that the reaction to release B is controlled by the reaction to,
release Si. Appreciable fractions of Si and other components, including radionuclides, become
sequestered in secondary phases.

A very important aspect of Equation 2.22 is that, whereas the value of K is specific to the
dissolving material, the value of Q is affected by the presence of other phases that can limit the
solution composition to values lower than the composition that would be in equilibrium with the
waste form. This is often seen in tests with glass waste forms where the formation ofanalcime as
a secondary phase can cause an increase in the dissolution rate by.establishing a lower Si solubility
limit and in tests conducted with glass in the presence of clays, which also affect the Si solubility
limit. It is also relevant to multiphase waste forms: the dissolution rates of component phases will
be linked by the common solution chemistry. In the case of two Si-bearing compounds 1 and 2,
the steady-state concentration of dissolved silica [SiO2]ss can be calculated based on the fact that.
the dissolution rate of Phase 1 will be equal to the precipitation rate of Phase 2 at steady state (or
visa versa), and the precipitation rate of Phase 2 is equal to the negative of.the dissolution rate of
Phase 2. Application of Equation 2.22 to both phases and including the surface areas yields

kf1Sle 1.- k - kf 2 S 2 e Il- Q2k (3.1)
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If only SiO 2 (aq) contributes to Q, then the general relationship given by Bethke (1996) is obtained

[S'iO2]ss 1 x Slkf I +S 2kf2
[ SIO2  Slkf1 S 2 kf 2  (3.2)

KI K 2

where U02 is the activity coefficient for aqueous SiO 2, S1 and S2 are the surface areas, kfl and k,

are the reaction-rate constants, and K1 and K2 are the equilibrium constants for Phases 1 and 2.
Additional terms can be added for additional phases. It is important to note that this is a steady-
state concentration, not an equilibrium concentration. For a system with two Si-bearing phases,
the steady-state concentration will be supersaturated with respect to the less soluble phase and
under-saturated with respect to the more soluble phase. The deviations from equilibrium
concentrations will reflect the differences in the surface areas and rate constants of the two phases.
Small amounts of highly reactive phases can significantly affect the fluid chemistry.

The dependence of the forward rate on some test conditions can be modeled directly based on
mechanistic or empirical insights. For example, the dependence of dissolution rates of silicate
mineral and glasses on pH and temperature is commonly modeled as

ratefoevard = kf = k 0 * * exp(- E RTJ (3.3)

where kh is the intrinsic dissolution rate constant of the material, q is the pH dependence, and E, -is
the activation energy for the Arrhenius form of the temperature dependence. (Note: in comparing
Equation 3.3 with Equation 1.2, the only solute concentration affecting rateforard (kf) is the HW
concentration and ratefopard (kf) is expressed on a per-unit-reactive surface area basis.) The pH and
temperature are system variables with model coefficients q and E0, respectively. The term kh is an
empirical constant that depends on the glass composition, although an analytical expression to
calculate that dependence has so far eluded researchers. By conducting separate series of tests
with the same glass at constant pH or constant temperature, the effects of pH and temperature on
the net dissolution rate expressed as q and Ea can be determined (e.g., McGrail et al. 1997a) and
the value for/k0 determined from the set of model coefficients (e.g., Ebert et al. 2000). Additional
terms may be needed to model the dissolution of other materials to explicitly quantify the effects
of variables such as the oxygen fugacity, chloride concentration, etc., that may have a catalytic or
inhibitory effect on the dissolution rate. Effects that are not controlled in the test will be captured
in the values of h0, q, and E0 that are regressed from experimental results and will add to the
uncertainty of those coefficients and the modeled reaction rate.

The separation of variables adopted in Equation 3.3 is a convenient form for determining
parameter values with test data, but it neglects their possible interdependencies. For example, the
activation energy (Ea) could vary with the pH. If that is the case, then the rates measured at
constant temperature but different pH values could still be affected by the Arrhenius term and
overwhelm the impact of the pH term. This is because the temperature dependence is exponential,
whereas the pH dependence is a power law function with typical coefficient values q = 0.5. For
this regson, it is prudent to use "sets" of coefficient values to model dissolution behavior when
possible so that the potential effects of cross-terms will be captured in the coefficient values and
thereby retained in the model calculations. -
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3.2 Using Test Results to Parameterize Models,

Values of model coefficients such as k0, q, Ea, and K, are usually measured using laboratory tests
that are designed for that purpose, and usually based on how-the measured dissolution rate is
affected by changes in the test variable of interest (i.e., the glass composition, solution pH,
temperature, or dissolved silica concentration, respectively) while other variables are held constant
(e.g., McGrail et al. 1997; Pierce et al. 2008). Therefore, it is important to understand how the
results of a particular laboratory test relate to the model.

The amount of a spe.cies released into solution is measured directly in mosL test methods., A few..
test methods quantify a change in the test specimen, such as the mass, but this usually does not
provide as accurate a measure of the extent of reaction as tracking changes in the solution. The
amount of a species of interest that, is, released into solution can be expressed on a per area-basis by
simply dividing the released mass by the specimen surface area. While quantifying the available.
surface area is straightforward in tests conducted with monolith samples having measurable
dimensions, many tests are conducted with crushed material to provide enough surface area to
generate a measurable response. The surface area of a crushed material can be estimated based on
size fractions or measured, for example, by gas adsorption and BET analysis. In some instances,
the release of a component other than the component of interest is used as a surrogate to determine
the amount of the waste form that has dissolved, which is then used to estimate how much of the
species of interest has been released. This approach presumes the material dissolves
stoichiometrically and is often utilized for difficult-to-analyze components present in low
concentrations or when using non-radioactive specimens as surrogates for highly radioactive
materials. For example, the release of B from a borosilicate glass is often used to provide an upper
bound to the amounts of radionuclides that are released.; .

The mass of a test specimen that has dissolved in a laboratory test can be calculated based on.the.
solution concentration of a soluble constituent accumulated in a static test as the normalized mass.
loss

mass i dissolvedNL(i) .. .. . (3 .4)NL'i specimen surface area x mass fraction i in specimen (.

Including the mass fraction of i in the specimen in-the denominator.of Equation 3.4 gives the mass
of the material dissolved based on the amount of cpmponent i released during the test normalized
to the specimen surface area S. Because this calculation: presumes congruent dissolution of the
specimen, components that are expected to have high solubility limits, such as B and alkali metals.
are usually tracked in laboratory tests when, possible; The mass of i dissolved includes all species,
even though not all species are included in the affinity term. For example, the affinity term for
glass dissolution may only include dissolved SiO 2, but all silicon-bearing species would be
included if Si was used-to track the amount of glassithat has dissolved. The speciation of Si as a
function of pH could be used to estimate the dissolved SiO 2 concentration. The mass of i released
from the specimen can be written in terms of the measured concentrations in the leachate C(i) and
in the leachant C°(i); where both concentrations include all species bearing i, and the leachant
volume V that was added at the beginning of the test as

NL(i) = [C(i) - C°(i) x V C(i) - C0 (i) (3.5)-
S *f(i) S/V .f(i)
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wherefti) is the mass fraction of i in the solid. The second equality reflects the general
characterization of the test conditions used in static tests by the material surface area-to-solution
volume ratio (S/V). The S/Vratio itself is simply a convenience for describing the test conditions
in calculations and is not a test parameter per se. Small amounts of water are sometimes lost
during a test due to vessel leakage such that the final volume of leachate is slightly less than the
initial volume of leachant added to the test vessel. The final leachate volume is usually calculated
by assuming any measured mass loss of the assembled vessel over the test duration is due to
leakage of water vapor. In this case, C(i) and C0(i) should be multiplied by the leachate and
leachant volumes, respectively, to calculate the masses.

The solution concentrations are commonly expressed in units mass i/volume so that NL(i) has units
mass glass/specimen surface area. The integrated rate after any time t, referred to as the
normalized rate, can be calculated from the amount of component i in solution as

NL(i)
NR(i)= N (3.6)

This gives the average rate over the test duration based on the amount of the test specimen that has
dissolved (which is based on the amount of i that has accumulated in the solution) over that time
period. Values of the forward rate, which is represented hereafter as kf, and the equilibrium
constant K can be determined by equating the expressions in Equations 3.5 and 2.22 to get the
relationship between the test results and the dissolution rate model:

NL(i___) C(i)-CO) .'-t /TV . f(i) ,tK

where C(i) is the dissolved concentration of i measured in the test after a reaction time t. Test
results for several durations t with the measured concentration of species i can be regressed to
determine optimal values of kf (the forward rate) and K (the equilibrium constant). An example is
given in Section 3.3.4.

3.3 Static Laboratory Test Methods

Static test methods are often employed to study the effect of the evolving solution chemistry on the
dissolution behavior of a test specimen. These tests are easy to conduct and analyze, but the
results can be difficult to interpret due to solution feedback effects, drifting pH, secondary phase
formation, etc. A material of known composition and surface area is immersed in a fluid of known
composition and volume in a sealed vessel. (Test vessels are usually watertight and airtight, but
Teflon vessels are known to be permeable to CO2). The sealed vessel is left undisturbed at a fixed
temperature and not agitated for the desired duration. The vessel is then opened and the solution
composition measured. The mass of a soluble component released to solution is used to calculate
the.mass of the specimen that dissolved by assuming congruent dissolution, or various components
can be tracked to characterize non-stoichiometric dissolution. The reacted test specimen can be
examined with various analytical methods to help identify alteration products and determine the
degradation mechanism.

The 'impact of solution feed-back can be, controlled by adjusting the material S/V ratio used in the
test. Two limiting conditions are to immerse a monolithic specimen in a large leachant volume to
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provide low S/V ratios and to immerse crushed material in a small volume to provide high S/V
ratios. Solution feedback effects will be negligible initially and increase slowly in the low-S/V
ratio tests, but will become significant immediately in the high S/Vratio tests. These limiting
conditions are addressed in two standardized static test methods provided by ASTM-International
(ASTM): ASTM C1220 and ASTM C1285.

3.3.1 ASTM C1220

The ASTM C 1220 method is a static immersion test in which a monolithic test specimen of known
geometric surface area is immersed in a known volume of demineralized water (or other leachant)
at a constant temperature for a prescribed duration. At the end of the test, the amounts of soluble
glass components in the leachate solution are measured to determine the extent of dissolution. The
dissolution rate of the test specimen can be determined by conducting a series of ASTM C 1220
tests for different durations under otherwise identical test conditions. Drift in the solution pH can
be mitigated by using pH buffers as leachants. The ASTM C1220 method is similar to the
Materials Characterization Center test number 1 (MCC-1) that was developed to directly compare
the test responses (chemical durabilities) of a wide range of waste form materials, including glass,
ceramics, cements, cermets, metals, etc., under specific test conditions. The ASTM C1220 method
has been further developed to provide information useful for developing a mechanistic
understanding of material behavior and to measure model parameters. For example, the typical
test conditions maintain dilute solution conditions to minimize solution feedback effects in short-
term tests at low S/Vratios, but the test method can be used to quantify the effects of solution feed-
back by conducting tests at higher S/Vratios and for longer test durations. This test method is
useful for measuring the effects of environmental variables on the reaction kinetics while
maintaining a high chemical affinity.

3.3.2 ASTM C1285

The product consistency test (ASTM C1285) is a standardized modification of the Materials
Characterization Center test number 3 (MCC-3) that was developed to monitor the consistency of
borosilicate glass. waste forms.(ASTM 2009a). The MCC-3 test method was designed to measure
the saturation concentrations of a material within short test durations by exposing a relatively large
surface area to a relatively small solution volume, e.g., S/V= 10,000 m"1. Knowledge of the
saturation composition is needed to determine the value of K used to calculate affinity term values
in long-term degradation models. The dissolution of only a small amount of material is required to
generate highly concentrated solutions under these test conditions. In the MCC-3 testing
approach, tests were conducted for various durations to demonstrate that a saturated solution was
achieved. The ASTM C 1285 Method A is a 7-day test that is not intended to generate saturated
solutions, but to allow direct comparison of the solution concentrations generated by different
waste forms under the specified conditions. It is, ineffect, a partial dissolution test that does not
measure an intrinsic property of the dissolving material other than the response to these particular
test conditions. The test conditions were selected to provide acceptable precision for tests
conducted in a hot cell, not to represent any particular service conditions.

The ASTM C 1285 Method B allows for variations in all test conditions, including reaction time,
temperature, particle size, leachant composition, and S/V ratio. Method B tests are useful for
understanding reaction mechanisms and parameterizing models. Series of tests can be conducted
to determine the saturation conditions to meet the intent of the original MCC-3 test method. The
saturation conditions of many materials will depend on test conditions such as temperature and the
solution pH. While the temperature can be controlled throughout the test, the pH is often
established by dissolution of the test material and evolves during the test. The solution pH is
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likely to be influenced by the S/V ratio used in the test and will affect the saturated solution
composition of many materials. Several series of tests may be needed to determine the sensitivity
of the saturation composition to temperature and pH. The Method B tests are useful for
characterizing reaction at very low chemical affinities where other processes (e.g., diffusion) may
dominate the reaction behavior and test response.

3.3.3 Partial Removal and Partial Replacement Tests

A useful variation of these static tests is to interrupt the test to remove a small aliquant of solution
for analysis and then continue the test. (The term aliquot refers to one in a series of samplings
having the same sample volume, whereas aliquant refers to samples that may have different
volumes.) If the removed volume is replaced in the test vessel with an equal amount of fresh
leachant, the test is referred to as a partial replacement test. If the removed volume is not replaced,
the test is referred to as a partial removal test. The so-called "partial removal" test is considered to
be a static test because the solution composition is not affected by the removal, although the S/V
ratio of the test increases and will likely affect the continued reaction. The "partial replacement"
test is considered to be a semi-dynamic test because the solution composition is affected by the
replacement, but the S/V ratio remains constant. The partial replacement test combines aspects of
the ASTM C1220 static test and the ASTM C1308 test in which all the leachate is replaced. Both
partial removal and partial replacement test methods are convenient and economical to run because
the degradation behavior of a single test specimen can be tracked over essentially unlimited test
periods. However, the perturbations to the S/V ratio or solution'concentrations caused by
removing the aliquants or adding fresh leachant complicate the use of the test data in dissolution
models. The impacts may be slight for aliquants that are small compared to the solution volume,
but the replacements could prevent secondary phase formation, lead to steady-state conditions that
are artifacts of the test variables rather than the dissolution behavior, etc.

3.3.4 Example: ASTM C1220 Tests with LRM Glass

Three series of C 1220 tests were conducted with a borosilicate glass at 70'C in a pH 11 buffer
solution (measured at room temperature) and the Si concentration was measured to track the extent
of dissolution (Ebert 2006). Separate test series were conducted using test specimens that had
been polished to 600-grit, 800-grit, and 1200-grit surface finishes. The results are plotted in
Figure 3.1. These results can be used to determine parameter values for the rate expression in
Equation 3.7 as

NL(Si) C(Si) - C° (Si) C(Si)
St S f(Si)ot L

where C(Si) is the dissolved silica concentration measured in the test after a reaction time t. This
gives the forward rate in units of mass Si per unit surface area per unit time (typically as g m-2 d-).
Rearranging Equation 3.8 gives the form used to determine the best-fit values of kf and K:

NL(Si) = k f K - e•t. (3.9)
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Figure 3.1. Results from Ebert (2006): Regression of pooled C1220 test results. Linear regression
is shown by solid line and regression to Equation 3.8 using kf= 1.667 g m-2 d-I and
K = 35.59 mg L-1 is shown by small open circles at each test duration.

The test results show no effect of the surface finish, so the pooled test data were used to determine
the values of kf and K that minimize the sum of the squares of the residuals between the calculated
and measured values of NL(Si) for all test durations. The results of tests at all durations and with
all surface finishes were weighted equally in the regression. Although multi-variant regression
analysis routines are available, the regression was done using a Microsoft Excel spreadsheet to
demonstrate the easy "brute-force" method. The rate was first approximated by assuming solution

feedback was negligible in all tests and assigning the affinity term, which is I- in

Equation 3.9,.a value of 1. The resulting linear fit (which is shown by the solid line) gives a value
of kz = 1.32 g m 2 d-' with a y-intercept of 0.8 g m2 d-1. The positive y-intercept is due to the slight
negative curvature in the data set. That value k/ was then used in Equation 3.9 and the data
regressed to find the best value of K. That value of K was then used to find a better value of kf.
This was continued until the best values were found to four significant figures.

The best fit to Equation 3.9 is obtained with kf= 1.667 g m-2 d.- and K = 35.59 mg L-1. The values
of NL(Si) calculated with Equation 3.9 at the test durations using these values of kz and K are
plotted in Figure 3.1 as small circles for comparison with the test results. The calculated values
represent the experimental results well and overlie the linear fit to the combined data set. The
uncertainty in the values regressed using Equation 3.9 was not determined, but is expected to be
within the uncertainty in the linear regression of the same data. The correlation coefficient
calculated from the residuals is R2 = 0.951, which is slightly lower than that calculated for the
linear fit of the combined data set (R2 = 0.969). The uncertainty in test results is 11% based on the
propagated uncertainty in NL(Si). The forward rate of k! = 1.667 g m-2 d-' from this analysis is
about 26% higher than that determined from linear regression of the test results. This means the
affinity term has an average value of 0.74 for this set of tests.
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The value K= 35.59mg Si U1 (K= 10-2897 M H4SiO4) that was determined by regression of the
test results is reasonable; most borosilicate waste glasses are assumed to have a Si saturation
concentration of 28 mg Si L- or higher (K> 10-' M H4SiO 4) (Ebert 1995). (NOTE: Both the
saturation concentration of Si0 2(aq) and the value of K are constant with respect to pH, although
the total Si concentration increases rapidly above about pH 9.7 due to dissociation. The Si0 2(aq)
concentration must be calculated from measured total Si concentration using dissociation constants
and the pH.) Since the test results were regressed to both kfand K, the uncertainty in the value of K
is coupled with the uncertainty in the value of kf.

With regard to the possible nonlinear dependence of the dissolution rate on the Gibbs free energy
of reaction discussed in Section 2.3, this value of K is relevant to the far-from-equilibrium term.
The value of K for near-equilibrium conditions is better measured with tests designed to approach
saturation rather than with these C 1220 tests, which were designed to remain far from saturation.
(The ASTM C 1285 test method presented in the next section is recommended to generate saturated
solutions for determining the value of K.)

Finally, note that the direct linear regression of the test results provides a better fit to the test results
than the fit to Equation 3.9 in terms of the squared residuals (11.18 for the linear fit and 17.59 for
the fit to the affinity equation). As will be shown in other results evaluated in this report, the
results of a single test method are usually not adequate to determine the degradation mechanism of
a material, and how well a model fits a particular data set may be misleading. For this example,
many other test methods show borosilicate glasses degrade by an affinity-controlled mechanism. It
is expected that including longer test durations would have shown obvious deviation from the
straight-line fit, and such data should be collected when studying the dissolution behavior of a
material to reliably discriminate between different mechanisms.

3.3.5 Example: ASTM C1285 Tests with Glass-Bonded Sodalite

A glass-bonded sodalite ceramic waste form (CWF) was developed to immobilize waste salt from
the electrometallurgical treatment of spent sodium-bonded nuclear fuel (Ebert 2005a). Because
chloride ions are not soluble in glass (< 1 mass% is soluble), the chloride waste salt is reacted with
zeolite to generate the mineral sodalite, which is then encapsulated in a borosilicate glass.
Dissolution of sodalite and the glass phase both occur through affinity-controlled mechanisms that
are modeled 'using Equation 2.22 with the Q and K terms including only dissolved silica. The
values of K were measured for the separate sodalite and glass phases and for CWF materials made
by hot isostatic pressing (HIP CWF) with 25 mass% glass and 72 mass% sodalite and CWF
materials made by pressureless consolidation (PC CWF) with about 50 mass% glass and
47 mass% sodalite (PC CWF). Both waste form materials contained about 3 mass% salt
(primarily halite) that is not incorporated into the sodalite phases; this salt exists as inclusions in
the glass phase. Tests were conducted with crushed and sized material following the ASTM
C1285 Method B procedure at a S/Vratio of about 2300 m' for reaction times up to 1 year. The
silica concentrations measured in tests with the four materials (expressed as orthosilicic acid) are
plotted against the product of S/V ratio and the reaction time in Figure 3.2. Horizontal lines are
drawn through the highest concentrations measured for the separate binder glass and sodalite
phases, which are 280 and 47.7 mg LU, respectively.

Equation 3.2 is used to interpret the concentrations measured in tests with HIP CWF and PC CWF
in terms of the two major component phases. Dashed lines are drawn in Figure 3.2 at the values
calculated for 2-phase systems of 50% glass + 47% sodalite and 25% glass + 72% sodalite
assuming the sodalite and binder glass phases dissolve at the same rate. The actual concentrations
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Figure 3.2. Results from Ebert (2005a): ASTM C 1285 Method B tests with sodalite, binder glass,
PC CWF, and HIP CWF materials.

measured for the PC CWF and HIP CWF materials are slightly higher than the calculated values.
This can be attributed to the higher solution pH values attained in tests with PC CWF and HIP
CWF: tests with binder glass and sodalite had average final pH values of 8.51 and 8.46, whereas
tests with PC CWIF and HIP CWF had average final pH values of 8.80 and 9.21, respectively.
Based on the measured sensitivity of glass and sodalite dissolution rates to the pH (Ebert 2005a),
pH differences of +0.3 and +0.7 units are expected to increase the glass dissolution rates by about
51% and 160%, and increase the sodalite dissolution rates by about 15% and 3.8%, respectively.
The steady-state silica concentrations can be predicted for the dissolution of PC CWF and
HIP CWF materials based on the fractional areas and the measured saturation concentrations of
sodalite and binder glass in each material.
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4 Mass Transport Equations

Mass transport in a solid waste form can occur through crystalline or amorphous grains, along
grain boundaries and phase boundaries, through intra-particle and inter-particle voids, along pore
surfaces, etc. The diffusion rates will differ significantly depending on the path, and transport is
usually represented by an effective diffusion coefficient, De. The diffusion coefficient is an
empirical coefficient that represents a complex diffusion mechanism involving several diffusion
pathways and must be measured for the particular host material and diffusing component of
interest. Diffusion that results in the release of a radionuclide from a waste form is distinct from
the diffusion of the released radionuclide through the disposal medium. The mathematics are the
same for both systems (the waste form and the disposal medium), but the boundary conditions and
values of De will differ. The diffusion equations of present interest pertain to waste form diffusion
in laboratory tests in the absence of other processes that affect behavior in a disposal system. The
following sections address diffusional release from a test specimen.

4.1 Simple Diffusion-Controlled Release

If an amount of material a is lost during the time interval i from a specimen having an initial
concentration Ao, surface area S, and volume Vjf(the subscript wf is used to distinguish the test
specimen volume from the solution volume), the flux at the specimen surface (x = 0) is given by

d] _A, (D) "1/2 1/

dtI 0=o Vf , (4.1)

where

q=-a and dq Ida (4.2)
S dt Sdt

Equation 4.1 can be written as

da=A0  eD1, 2 
t71/

2  (4.3)

Sadt VWf 7t )

at the specimen surface. Consider a laboratory test in which the solution is completely replaced
and analyzed periodically. In the limit of a very short solution renewal interval t, the amount a,
that is released can be approximated as the derivative:

a, _ Aa lim Aa da
=--- and (4.4)

tn At At -- 0 At dt

Upon substitution of Equation 4.4, Equation 4.3 becomes

(a)1=A,(, /2 t12. 
(4.5)

4.1



Equation 4.5 relates the amount released within a test interval t, to the diffusion coefficient and
can be used to calculate values of De for individual test increments. There are advantages to
following the trends in De over sequential test intervals to understand the time dependence and
relating the test results to a mechanistic model. If the amount of a contaminant released over the
interval t, between samplings at tj., and tj in a test is a,, then the average release rate over the

interval is E-- and the incremental rate is all• Even though the release during a test interval

is modeled to have a square root time dependence for a diffusion controlled mechanism, the test
data can provide only a linear (average) release rate over the test interval. The results of a series of
consecutive test intervals must be plotted on the proper time axis to correctly model the
mechanism. Neither the interval duration nor half the interval duration is appropriate. Instead, the
time at which the tangent to the release curve (the differential rate) is equal to the linear release
rate is appropriate. That point is the "generalized mean of the square root of the cumulative
leaching time," T. The value of T can be calculated using the cumulative durations that define the
sampling interval (ANS 2009)

T =fi .t111
2  (4.6)

Figure 4.1 illustrates the relationship between Tand the experimental values for the testing interval
from tj- to tj, during which time the accumulated amount of contaminant released is a,. The
dashed line shows the theoretical release having a root-time dependence: The heavy solid line
between the two points shows the average rate a,/t, that is measured in the test. For each test
interval, the point at tj,4 gives the background concentration in the leachant and the point at tj gives
the concentration measured at the end of the test interval. The time Tcorresponds to the time at

Conc.

a
n

incremental rate
for increment t

n

/I tn =t -t
, n ~jj-1 ,

t T t

j-1 time, days

Figure 4.1. Schematic plot of testing increment.
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which the tangent to the actual release curve (the dashed line) is equal to the average incremental
rate (the heavy diagonal line); that point is located at the open circle whereat the lighter line drawn
parallel to the heavy line giving the incremental rate intersects the dashed line showing therelease
behavior. The mean root-time (7) of the interval is the time at which the experimental rate during
that interval should be plotted in the series of incremental rates for fitting with Equation 4.5'..

The value of Twill always be less than the average time of the interval early in the test (for time
dependencies less than one) but will approach the average value at long test durations when the
diffusion' curve becomes more linear over the test interval. For example, if the 7-day sampling
interval occurs between 3 and 10 days after the test was initiated, then T= 5.99 days and the
arithmetic average is 6.5 days. If the 7-day sampling interval occurs between 20 and 27 days after
the test was initiated, then T = 23.4 days and the arithmetic average is 23.5 days. The use of T is
necessary to properly plot the time dependence of the early incremental, releases that are measured
in a series of consecutive static leaching intervals for analyses using dynamic leaching models
using the diffusion equation. By bringing the initial concentration A, andthe specimen volume to
the left-hand side of the equation and substituting Tfor t, Equation 4.5 can be rewritten in a form
convenient for evaluating test data as

' (a I(Vf lL)|--elfO -1/2.
a)(VfD )/2T-1I/2 .(4.7)A, S t, 7: -

The value of De determined from a test of finite duration t, is based on the instantaneous rate
occurring at time T. The first term in parentheses on the left-hand side gives the incremental -

fraction released during interval n, and this fraction divided by the interval time gives the
incremental release rate for interval n. Using this equation, the incremental leach rates determined
from a series of samplings and leachate replacements can be used to calculate the effective ,
diffusion coefficient. For purely diffusion-controlled release, plotting the product from the left-

hand side of Equation 4.7 against T 1 2 will give a line with the slope . Using the

incremental release to determine De has an advantage in that uncertainties are not accrued in
subsequent sampling results, as they are when the cumulative releases are used.

Despite the advantage of using the incremental releases, most analyses use the cumulative release
and the integrated form of Equation 4.3 to determine the diffusion coefficient. Equation 4.3 has

the standard form Jxndx = -xn+ ,with n = -1/2, which when integrated gives
n+1

So ) =2DS)(48

This step approximates tn with dt and fa, with Ia". In Equation 4.8, t represents the

cumulative test duration and Z a, gives the cumulative release. A plot of the cumulative amount

leached against the square root of the (cumulative) reaction time has a slope that represents

2 ( De 1/
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4.2 Semi-Static Laboratory Test Methods

The general test method used to characterize the diffusive release that was discussed in Section 4.1
is referred to herein as a semi-static method. This testing approach differs from the static tests that
were discussed in Section 3.3 in that the release of contaminants from a single test specimen are
tracked as a function of reaction time for discrete and sequential intervals. The solution is replaced
with fresh leachant after each interval. This approach is appropriate when the contaminant release
is controlled by the solid and not affected by solution feedback effects. Two versions of that test
method that are commonly used today are summarized below: the ANS 16.1 and ASTM C 1308
methods. Examples from the literature are used to support discussion of each method.

4.2.1 ANS 16.1

The American Nuclear Society test method ANSI/ANS 16.1 Measurement of the Leachability of
Solidified Low-Level Radioactive Wastes by a Short- Term Test Procedure provides a method for
"indexing radionuclide release from solidified low-level radioactive waste forms in a short-term
(5-day) test under controlled conditions in a well-defined leachant" (ANS 2009). The test method
is widely used to evaluate the performance of low-level radioactive waste forms, but is not
intended to represent any disposal system or provide insights into long-term leaching behavior.
Instead, it provides a measure of the release of soluble components from a monolithic test
specimen of known geometric area and volume •into demineralized water overvarious durations at
room temperature. The method recommends the use of cylindrical or parallelepiped specimens.
The test method is similar to the International Atomic Energy Agency method ISO 6961-1982
(ISO 1982), which is no longer an active ISO standard.

In the ANS 16.1 test method,' the leachate solution is replaced with fresh leachant (demineralized
water) after consecutive intervals of 2, 5, 17, 24, 24, 24, and 24 hours; the extended test includes
three additional exchanges after intervals of 336, 672, and 1032 hours (14, 28, and 43 days) for a
cumulative test duration of 90 days. The rationale for the range of exchange intervals is not
discussed in the procedure. It may be to ensure that the solutions in the initial intervals are not so
concentrated in leached components that they affect the release and that the solutions in the later
intervals become sufficiently concentrated to be analyzed. As will be shown later in this report,
the test results and value of the diffusion coefficient are affected by the exchange interval.

The test data are evaluated presuming the release is controlled by diffusion, although the validity
of the assumption is not evaluated as part of the test method. Instead, the results of each interval
are used to calculate a leaching index and then those values are averaged to provide the test
response. The data set that is provided in the ANS 16.1 standard test method as an example of the
procedure is reproduced in Table 4.1. (Note that the test intervals in this example differ from those
specified in the method.) The value of the diffusion coefficient is calculated from data at each
exchange interval as

e 

(4a. 

2
De = z "wf| T . (4.9)in I'jSJ
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Table 4.1. Data from ANS 16.1 Table A.2 for Example 1, expressed in hours.
Incremental 1/2 Incremental Cumulative Incremental Leachability

time At, Cumulative T, h h /2 release, release, release/At,

hours ime t, hours hours hours1  fraction fraction fraction hl Index (L)

21.61 21.61 5.40 4.65 2.81E-03 2.81E-03 1.30E-04 7.2
28.89 50.50 34.55 7.11 2.43E-03 5.24E-03 8.41E-05 6.8
182.50 233.00 125.11 15.26 4.18E-02 4.70E-02 2.29E-04 5.4
240.00 473.00 342.49 21.75 2.27E-02 6.97E-02 9.46E-05 5.7
240.00 713.00 586.87 26.70 1.90E-02 8.87E-02 7.92E-05 5.6
240.00 953.00 828.66 30.87 2.98E-03 9.17E-02 1.24E-05 7.1
719.44 1672.44 1287.60 40.90 1.13E-02 1.03E-01 1.57E-05 6.7

3611.11 5283.56 3225.31 72.69 1.36E-02 1.17E-01 3.77E-06 7.5
6722.22 12005.78 8304.58 109.57 2.1OE-02 1.38E-01 3.12E-06 7.3
11750.00 23755.78 17384.42 154.13 1.70E-02 1.55E-01 1.45E-06 7.6

This is identical to Equation4.8 but rearranged to solve for De; t, is the duration of the test interval
and the "mean time" Tis calculated using.Equation 4.6. The leachability index (L) is calculated as
the negative logarithm of the diffusion coefficient divided by the constant 1.0 cm 2 s-1 (so as to take
the logarithm of a unitless number). The values of L reported for the individual samplings are
included in Table 4.1. To better assess the results, the cumulative fractional release results are
plotted against the square root of the cumulative test time in Figure 4.2. Based on Equation 4.8,

S 1/2

such a plot is expected to be linear with a slope equal to -- D . There is an obvious change
w~f ý r

in slope between results obtained before and beyond about 720 hours (30 days) cumulative
duration: the slope for the first 713 hours (about 30 days) is about 8 times the slope for data
beyond 713 hours. The change is not addressed in the ANS 16.1 standard.

The leachability index (L) values are included in the plot. They are not correlated with the time
dependence of the release. The L value reported in the standard is L = 6.3, which is the average of
the initial 7 test intervals. The average for all 10 intervals is T = 6.7. The second example
provided in ANS 16.1 showed more diffusion-like release behavior, but shows a very slight
change in slope beyond 30 days. The source data used for the examples provided in the ANS 16.1
procedure are further analyzed in Section 5.1.4 as examples of contaminant release from cements.

As will be demonstrated in this report, an important conclusion of the analyses and evaluations
conducted for and summarized here is that the response of diffusional release in a test interval is
dependent on the duration of the interval. The guidance in ANS 16.1 to average the leachability
indexes calculated from the results of samplings taken after different test intervals cannot be
justified technically.

4.2.2 ASTM C1308

The ASTM C 1308 test method is a modification of the American Nuclear Society (ANS)
ANS 16.1 method designed to facilitate mechanistic modeling of the test results using various
diffusion and solubility limit models (Colombo et al. 1985; ASTM 2009a). The ALT can be
conducted at various temperatures to determine an effective activation energy for diffusion-
controlled release and test results can be extrapolated with respect to time, temperature, and scale.
Extrapolations in temperature are limited to the range over which the release mechanism is not
expected to change.
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Figure 4.2. Results from ANS 16.1 test procedure: (a) Example I and (b) from Example 2 for
cumulative fractional release (CFR, filled circles) and leachability index (L, open
circles).

The activation energy that is measured may not represent a single process. For example, a reaction
to release the contaminant from the matrix may occur prior to its diffusive release such that the test
response reflects boththe reaction and diffusion processes. The standard exchange intervals in the
ALT are 2 hours, 5 hours, 17 hours, and then daily for the next 10 days, for a total test duration of
11 days. The advantage of the ALT over similar solution exchange procedures (including
ANS 16.1) is the linkage to the models used to calculate the effective diffusion coefficient. A
computer program is provided with the procedure that can be used to regress the test results to
equations for release from a semi-infinite solid (using Equation 4.8) and from a finite cylindrical
solid (see Appendix D). The computer program can also be used to analyze the test results for
evidence that the leached component is partitioned between mobile and immobile fractions and for
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solution saturation effects. While the same models can be used to analyze the results of ANS 16.1
tests, the testing parameters called for in the ASTM C 1308 method are coordinated with the
computer program data inputs and default values. The computer program allows for test intervals
other than those called for in the test procedure.

4.2.3 Solution Feedback Effects in Semi-Static Tests

The derivation of Equation 4.8 presumes that the solution concentration of the diffusing species is
zero at the boundary of the test specimen. In practice, the concentration will increase during the
test interval because the released species are not removed by advection (each interval is a static
test). Spence and Cox (1990) evaluated the error introduced by analyzing the results of static
testing intervals with a model based on dynamic leaching conditions that assumes a zero-
concentration boundary condition. This is an important difference because the concentration
gradient establishes the free energy difference that drives the diffusion. The actual concentration
in the solution contacting the test specimen will depend on the release rate from the test specimen,
the diffusion rate of the released species in the solution away from the surface, and, of course, the
frequency of solution exchange. Calculations were performed by Spence and Cox (1990) for test
specimens having Vu/ IS ratios of 1 cm and 10 cm, and for values of -log De = 5, 6, 7, 8, and 10 to
estimate the error (in terms of percent difference in contaminant release) generated by analyzing
test data using a model based on zero-concentration boundary condition. Some of the results are
plotted in Figure 4.3 to compare the effects of the Vjf/S ratio and De on the cumulative release.

% Difference

10

1

0.1

0.01

0.1 1 10 100

Time, days

Figure 4.3. Results from Spence and Cox (1990): Impact of assuming zero surface concentration
on cumulative release for four diffusion coefficients and two specimen V,/s' ratios.
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Comparing open and filled symbols for -log De = 5 and 6, the effect of the Vwf/S ratio of the
specimen appears to become more significant with time, but this is a result of the specimens
becoming depleted of the contaminant rather than the nonzero surface concentration. The
differences with VJ/S ratio are insignificant at smaller De values (larger values of-log De). This
does show the potential effect specimen geometry on the test response at high diffusion rates. The
ANS 16.1 method recommends using cylindrical test specimens having height/diameter ratios in
the range 0.2 to 5, which results in Vw/S ratios less than 1. The user should be aware of the
possible depletion of contaminants in the specimen (i.e., a decrease in the bulk concentration) after
long test durations, which could be misinterpreted as a lower release rate.

The error due to the nonzero solution concentrations is high for contaminants with high values of
De initially but it decreases and becomes relatively constant over time. The calculations at
-log De = 5 represent the situation in which the diffusion rate in the specimen equals the diffusion
rate in the solution. At this high diffusion rate, the test specimen used in the simulation at
V,/S = 1 cm was depleted of the contaminant after a few days (this leads to a rapid decrease in the
percent difference because the concentrations in the test approach zero as the specimen is
depleted). The specimen at -log De = 6 and VW/S = 1 cm was depleted after about 20 days.

The slight increases in the percent differences between 5 and 20 days for -log De = 5, 6, 7, and 8
(except for the Vf/S ratio of 1 cm) and between 3 and 5 days for -log De = 10 are attributed to the
opposing effects of the concentration at the surface (1) increasing due to diffusion out of the
specimen and into solution at the interface-which slows with time-and (2) decreasing due to
diffusion away from the specimen-which remains nearly constant with time. Since the effective
De values for radionuclide diffusion in waste forms are expected to be less than I x 10-6 cm 2 s-1, the
effect of nonzero concentrations of the diffusing species in the solution at the specimen surface on
the accuracy of the cumulative release that is calculated assuming zero concentrations will
decrease from about 20% for the initial test intervals to less than 10% for the extended intervals
when the specimen Vw/S ratio is within the recommended range of 0.2 to 5 cm. The specimen
dimensions recommended in ASTM C 1308 (a cylinder 2.5 cm in diameter and 2.5 cm in height)
give a VI/S ratio of 0.42 cm and are expected to generate a similar error relative to the assumption
of zero concentrations at the surface as that generated in the ANS 16.1 method.

4.2.4 Example: Release of Cs from a Cement-Sludge Waste Form

The results of solution exchange tests with a cement-sludge waste form that were conducted by
Smith (1969) and later evaluated by Godbee and Joy (1974) are considered as an example of
determining the diffusion coefficient from experimental data. Table 4.2 presents the time and
cumulative release results and several calculated values. The specimen was reported to have a
volume of 1049 cm 3 and a surface area of 619 cm 2, which gives a Vw/S ratio of 1.6949 cm.
Consideration of these values indicates that the specimen was not a cylinder. That is, no
combination of height and diameter provides the reported values of S and Vwf. However, as
pointed out in the ANS 16.1 procedure, cumulative releases less than about 20% can be
approximated as release from a semi-infinite surface regardless of the specimen geometry. Values
of root-time, T, the products of the cumulative amounts leached x (VI/S), and the products of the
incremental amounts leached x (Vw/S) x (]/t,) were calculated for use in the plots.
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Table 4.2. Test data from Godbee and Joy (19.74):
timea, t, root time, Tb, Cumulative Cumulative x Incremental x

d days (days)12  d fraction (Vw/S)a cm. (V./S)(1/t,), cmd-1
I1 1 1.000. 0.25 0.000425 0.00072 0.00072
2 1 1:414 1.46 0.000649 0.0011 0.00038
3 1 1.732 2.47 0.000826 0.0014 0.00030
6 3 2.449 4.37 0.001121 0.0019 0.00017
7 1 2.646 6:49 0.001239 0.0021 0.00020
14 7 3.742 10.20 0.001711 0.0029 0.00011
21 7 4.583 17.32 0.002183 0.0037 0.00011
28 7 5.292 24.37 0.002655 0.0045 0.00011
35 7 5.916 '31.40 0.003068 0.0052 0.00010
42 7 6.481 38.42 0.003541 0.0060 0.00011
50 8 7.071 45.91 0.004013 0.0068 0.00010
56 6 7.483 52.96 0.004367 0.0074 0.00010
64 8 8.000 59.93 0.004721 0.0080 0.000075
70 6 8.367 66.97 0.004957 0.0084 0.000067
84 14 9.165 76.84 0.005547 0.0094 0.000071
91 7 9.539 87.46 0.005783 0.0098 0.000057

aValues provided in Table 1 of Godbee and Joy (1974).
bCalculated using Equation. 4-6.

Using Cumulative Release

Figure 4.4a shows the cumulative amount leached x (Vw/S) plotted against the cumulative test
duration. The shape of the curve is typical for diffusive release, but the trend line does not pass
through the origin. Figure 4.4b shows the cumulative amount leached x (VI/S) plotted against the
square root of the reaction time. The fit of the entire data set (solid line) indicates the correlation
may not be linear over the entire test duration. Data for times through about 25 days are well fitted
by a regression line passing very near the origin (the dashed line and solid circles in Figure 4.4b),
but results for, longer durations .deviate positively from that line. Separate regressions of the entire
data set (solid line) and of only the long-term data (dotted line and open circles) show good
correlations, but both have negative y-intercepts. The effective diffusion coefficient calculated
from the regression to the entire data set (solid line in the figure) using Equation 4.9 is
8.82 x 10-7 cm2 d-l. The values from the short-term and long-term results (dotted and dashed lines
in the figure) are'5.23 x 10-7 cm 2 d-land 1.13 x 10-6 cm 2 d-1, respectively. An important difference
between the short-term and long-term results is that the test intervals for the first five samplings
were 1, 1, 1, 3, and 1 days, whereas subsequent sampling intervals were 7 days or longer.

Why a longer sampling interval would result in greater releases from a diffusion-controlled
mechanism is not obvious. It could occur coincidentally with the medium becoming a less- .

efficient diffusion barrier as the reaction continues, e.g., due to increasing porosity, or it could
instead indicate a change in the mechanism and the effective time-dependence of the release.
However, the difference is most likely an artifact of the sampling and solution exchange interval t,
and using a linearly averaged rate (for each interval) to represent root-time reaction kinetics.
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Figure 4.4. Data from Godbee and Joy (1974): (a) Cumulative release x (V/S) vs. time and (b)
cumulative fraction leached vs. root time with analytical fits. Filled symbols represent
exchange intervals <3 days and open symbols represent exchange frequencies >_7 days.

Using Incremental Release

To use'a set of test results to distinguish between optional mechanisms, it is necessary to
understand the uncertainty in the data. A major issue that must be addressed is the accrual of
uncertainty in the cumulative results used to measure the release behavior. An alternative plotting
method that avoids accruing uncertainties in subsequent intervals was suggested by Godbee and
'Joy (1974) wherein the product of the incremental leach rate and V,/S ratio of the test specimen
(see Equation 4.7) is plotted against the generalized mean of the square root of the cumulative
leaching time term T. As discussed in Section 4.1, using T places the data point at the time
corresponding to the average release over that interval'(not the average time). The use of such a
plot helps identify suspect data. The time dependence of the incremental leach rate is calculated as
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V 1/2

Incremental leach ratexL-J= T-1 (4.10)

Figure 4.5 shows a plot of the incremental leach rate times VW/S against the mean root time T (data
from columns 7 and 4 in Table 4.2, respectively) with a regression fit to the equation y = b T-5,
which is the form expected for diffusive release from a nonreactive substrate per Equation 4.10.
(The term y represents the left-hand side of Equation 4.10 and the parameter b representsKV12

.) The data appear to be consistent with the reciprocal root-time dependence with no

obvious outlying results. For example, none of the results are anomalously high enough to cause
the slight increase in cumulative values at long times that was seen in Figure 4.4b. Because the
uncertainty in the data up to about 7 days is hard to judge, these data were excluded from the
regression. The value of b in the fit is 0.00052 and the effective diffusion coefficient from this fit
is 8.49 x 10-7 cm 2 d-. This is similar to the value determined from regressing all data in the plot in
Figure 4.4b. The change in slope seen in Figure 4.4b occurs at about 4 d1/2 (16 days), which is the
sixth data point in Figure 4.5. In Figure 4.5, this point (which is plotted as the open circle) falls
below the fitted curve near the point of greatest curvature. The data points before and after that
point appear to be equally well represented by the curve representing the diffusion model.
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Figure 4.5. Data from Godbee and Joy (1974): Incremental leach rate vs. mean root time with
regression fit.

As pointed out by Ogard and Bryant (1982), plotting the incremental release values vs. t - (t,/2) (or
vs. T) is not equivalent to plotting them vs. Zt,, where t, is the duration of increment n, and the two
curves may differ considerably. Ogard and Bryant (1982) suggested plotting the test results (the
incremental release) vs. the increment duration tn. Such a plot will show a group of rates for a
particular test interval that decrease slightly as the interval occurs later in the test if the release rate
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Figure 4.6. Data from Godbee and Joy (1974): Plot of incremental release values vs. duration of
increment.

is diffusion controlled. This is because the diffusion path for release increases as the square root
of the cumulative time; the difference will be much greater at the beginning of the test. For
example, Figure 4.6 presents the results of tests with the cement-sludge waste discussed earlier
plotted in this way. Values next to points give cumulative duration at the end of each increment.
The releases measured in intervals of the same duration are seen to decrease with increasing test
time in most cases. The amount released in the second day is about half that released in the first
day, but the 7-day. intervals that end after 14, 21, 28, and 42 days cumulative durations all had
incremental releases of 0.000472. The amount released in a 7-day interval after 91 days
cumulative reaction time was about half the amount released in the 7-day interval at 14 days
cumulative reaction. This is consistent with the sub-linear time dependence' of the release, but the
plot provides no added insight.

4.2.5 Partition Model

The distribution of a contaminant in a material may be heterogeneous such that different
fractions have different release behaviors, including'not being leached at all. The
computer program provided in the User's Guide for the ALT computer program
(developed to evaluate data from ASTM C1308) includes a partition model in which a
fraction of the contaminant is considered to be immobile and not leachable (Fuhrmann et
al. 1990; page 80). The ALT User's Guide states: The partition model uses the model for
diffusion from a finite cylinder (or from a semi-infinite cylinder if the [cumulative fraction
leached] CFL<0.0124), but alters the result by reducing the original source term so that the
cumulative fraction leached is determined as follows:

CFL 2a -S D 1/2

A,,P V~fL ;7
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where an is the total amount of radioactive material released in all leaching periods up to
time t, A. is the initial source term which is the amount of radioactive material originally
present in the solid sample, P is the source term partitioning factor, which is O<P<I, [Vwf]
is the volume of the solid sample, S is the geometric surface area of the solid sample, and
De is the effective diffusion coefficient" (Fuhrmann et al. 1990; page A5).

In the ALT computer program, values of CFL calculated with the semi-infinite or finite cylinder
model are scaled by trial values of P to minimize the residuals between the calculated values and
the measured CFL values to within a specified tolerance. Figure Al from Fuhrmann et al. (1990)
gives the results of ASTM C 1308 tests measuring the release of 137Cs fiom cement. That figure is
reproduced as Figure 4.7 with the test data and regression fit to the diffusion equation, which is

CFL =1 0 6 0 x 133x10-7 t/2 (4.12)

where the value 1.33 x 10-7 (cm 2 d-') is the diffusion coefficient given for this data on page 80 of
Fuhrmann et al. (1990). (The method used to reproduce this and other plots taken from literature
sources in which the data were not provided is described in Appendix B.) The fit of the entire data
set to the diffusion model shown in Figure 4.7a (solid line) is similar to that shown in Fuhrmann et
al. (1990), but the time dependence of the data (shown empirically by the dotted line) is not
consistent with the t1

/
2 time dependence expect for diffusion-controlled release. Regression of the

subsets of data for samplings less than 2 days and for samplings after 2 days or longer cumulative
test duration topower-law equations indicates that the time dependence of the longer-term data
(filled squares in Figure 4.7b) is best represented by the equation

CFL = 0.297 x t0 34 1
. (4.13)

The data for the three early samplings are well fit by the diffusion equation with root time
dependence and De = 1.97 x 10 . cm2 d-1 . The apparent change in behavior beyond 1 day
(cumulative) coincides with a change in sampling interval. Empirically, the best regression fits are
power-law fits to samplings through 3 days and beyond 3 days, which show time dependencies of
tP.56 and tP304, respectively. This implies that the initial release is diffusion-controlled but releases
after longer durations are complicated by another process that affects the time dependence. The
combined effects of diffusion and reaction are considered in the next section.

4.3 Diffusion-Controlled Release with Concentration-Dependent
Reactions

Amarantos cautioned against "the danger inherent in the uncritical use of Fick's law for long-term
prediction of leaching rates" (Amarantos, 1976). Several factors that will likely be important in
practical situations are ignored in theoretical models due to either the complexity they would
introduce or the'fact that the impacts are not well understood. These include the initial
heterogeneity of the specimen itself, changes in the structure and composition of the specimen as it
degrades, the non-uniform distribution of waste components in the test specimen, and swelling that
may occur in some materials due to water uptake. In addition to (or because of) changes in the
system, the values of the rate coefficient and diffusion coefficient may not remain constant over
the test duration. The conceptual model developed by Amarantos and Petropoulos (1972) takes
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Figure 4.7. Results from Fuhrmann et al. (1990): (a) Regressed to diffusion model and power-law
fit and expected partition model fit, and (b) data for cumulative durations t < I 1day
regressed to diffusion model and data for cumulative durations t > 2 days regressed to
power-law fit.

into account the possibility that a species bound in a waste form must first be mobilized by a
reaction and then diffuse through the encapsulating matrix. The model couples a first order
reaction to mobilize the contaminant with diffusion. The mobilizing reaction could be dissolution
of the phase containing the species, oxidation of the species to a mobile oxidation state, etc.

A solution to the diffusion problem for a system in which the diffusing species is generated or
consumed by reaction at a rate that depends on its concentration was given by Danckwerts (1950)
for the absorption and subsequent uptake of a species. This analytical solution was later modified
by Godbee and Joy (1974) to represent a dissolution reaction coupled with diffusion in a system
with boundary conditions appropriate for the conceptual model given in Amarantos and
Petropoulos (1972). The Danckwerts (1950) solution and Godbee and Joy (1974) adaptations are
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presented in detail in Appendix C for the important model of diffusion with a concentration-
dependent reaction. For a contaminant mobilized at a rate that depends on its concentration as

rate=kf (C, -C) (4.14)

and the incremental leach rate at the surface is given by

S(D, kf)1/2 . [erf(kf T)1/2 + .- ]T (4.15)

where kfis the rate coefficient for the mobilizing reaction and T = i 1/2 +tj11/2 )12 . The2

complicated time-dependence is due to the interaction of the root-time time dependence for
diffusion and linear time dependence for reaction. Consider the limiting extremes. At large values
of kf T (for fast reactions and/or after long time), Equation 4. 15 reduces to

(2- ( kf i/2(4.16)

At small kfT (e.g, kfT <0.5) due to a low dissolution rate and/or short durations (noting that the2x
value of erftx) approaches -'- for small values of x), the error function term in Equation 4.15

(k T 1/2

can be written as I1/2 and the exponential term can be approximated as 1- kit. With these

substitutions, Equation 4.15 for small kfT can be reduced to

(a+ '7f )(1) (De)1/2(+kfT).T-1/2. (4.17)

At the limit kf = 0, Equation 4.17 reduces to Equation 4:7, the diffusion equation for a semi-infinite
solid. Now consider the integrated rate. Integrating Equation 4.15 over timegives (see
Appendix C)

an )Vwf .,kf t + _)erf((kft /2) t /2 (4. 18)A, s kf, )1/ 2

When kft is large due to either high dissolution rates or long durations, the second term in brackets
becomes negligible, the value of the error function approaches one,.and Equation 4.18 reduces to

"-•o fti) ' 2
.(kft +-2)± . (4.19)
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This gives a linear time dependence for the cumulative release and a nonzero intercept:

I 1/2(Dk + (4.20)A. j, S 4k...

When the product kft is small (e.g, <0.5) due to either a low reaction rate or short durations,
Equation 4.18 can be simplified by approximating the error function and exponential terms-the

2x
value of erAx) approaches 1/2 and the value of exp(-kjt) approaches (1-kit)--as

)o fte( 1. (4.21)
+ 2 D! t)

For a given value of kf, short leaching times are predicted to show a nearly root-time dependence
and long leaching times are predicted to show a linear time dependence by Equation 4.21. For
systems with kit << 2, Equation 4.21 can be further reduced to

tI-a" _V__= 2 (De " (4.22)

which is the expression for cumulative release from a semi-infinite solid (Equation 4.8).
Figure 4.8 shows the CFL values calculated with Equation 4-15 for De = I x 10-7 cm 2 d" and
various values of kf. The curve for kf= 5 is essentially linear with time (in agreement with
Equation 4.20) and the curve for kf= 0.001 has essentially root-time dependence (in agreement
with Equation 4.22). Curves for kjvalues of 0.05, 0.1, and 0.5 have a square root time dependence
at short times and approach a linear time dependence at longer times. Long leaching intervals are
needed to quantify small values of kj. Values are needed for both De and kfto apply Equation 4.18.
These can be determined by regression analysis of the appropriate experimental results.

0.003

CFL,
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kf 5.0 1.0 0 '.51'

0.002

0.001. 1

0 2 4 6 8. 10
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Figure 4.8. Plots of Equation 4.18 with De I x 10-7 and various values of kf.
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4.3.1 Example: Release of Cs from a Cement-Sludge Waste Form

The results of the test with the cement-sludge material shown in Figure 4.4a were fitted with
Equation 4.8 using the value De = 8.82 x 10-7 cm 2 d", which was determined by fitting the
complete set of results in Figure 4.4b (dashed line; see NOTE 1 below). The results were also
fitted with Equation 4.18 using values De = 4.75 x 10-7 cm 2 d-1 and k = 0.012 d-1, which were taken
from Godbee and Joy (1974) (solid line; see NOTE 2 below). The results and fits are shown in
Figure 4.9. The goodness of fit measured by the square of the residuals is 8.70 x 10.6 for the fit
with Equation 4.8 and 3.04 x 10-7 for the fit with Equation 4.18. Although the solid line gives the
better regression, the dashed line is visually more representative of the expected longer-term
behavior based on results for the six longest durations. The curves diverge beyond about 100 days
and the long-term behaviors calculated with the two equations will differ significantly. For
example,the cumulative loss will be 20% higher using Equation 4.18 (solid line fit) than using
Equation 4.8 after only 176 days. That is, a 176-day test would be required to differentiate the
models assuming 20% uncertainty in the results (e.g., the combined uncertainty in test execution
and analysis). Neither model can be selected with confidence for the purpose of calculating
releases over hundreds of years based on this data set alone. Within the uncertainty in the data,
other values of De and kfcould be selected using values of k/that approach zero, at which point the
model expressed by Equation 4.18 converges with Equation 4.8. The important point is that the
uncertainty of using a single data set can significantly affect the confidence in model selection and
long-term predictions.

0.01

Cum. Fract.
*(V wfS), CM

0.001

0 50 100 150

Time, d

Figure 4.9. Data from Godbee and Joy (1974): Plot of cumulative release vs. cumulative time for
cement-sludge material. Dashed line shows fit with the simple diffusion equation
given in Equation 4.8 and solid line shows fit with the coupled diffusion-reaction
equation Equation 4.18.

NOTE 1: Fits using Equation 4.8 with values of De determined from regressions to only the short-
term or long-term results in Figure 4.4b significantly underestimate the releases. The root-time fits
in Figure 4.4b all had negative y-intercepts that were not taken into account in the fit in Figure 4.9.
The y-intercepts in the plots can be represented by recasting Equation 4.8 with an ad hoc
adjustment term as
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a" 2( Dt 1/ + Z n -f(4.23)

The value of the y-intercept in the plot could be subtracted from the calculated cumulative releases
in Figure 4.9. ;This would shift the dashed curve down by 0.0001 cm and improve the fit to short-
term results (<50 days) slightly but worsen the fit to the longer-term results.

NOTE 2: To determine the values of De and kf for the model in Equation 4.18, the value of De
determined from Equation 4.8 was used as an initial guess with trial values of kf to determine the
value that minimized the square of the residuals between the release calculated with Equation 4.18
and the measured release. That value of kf was then used with trial values of De to again minimize
the value of the residuals to select a better value of De. Values of De and k were alternatively
refined until the sum of the squared residuals became constant at the precision deemed appropriate
for the scatter in the data. This method yielded the same values that. are given in Godbee and Joy
(1974): De = 5.5 x 10 12 cm 2 s-i and kf= 1.5 x 10"7 sec"1.

4.3.2 Linking Reaction and Diffusion

The general expression for the release of a mobile constituent given in Equation 4.18 can be
applied to complex release modes if the mobilizing reaction can be expressed as a first order
reaction. For example, it could represent the dissolution of a phase embedded in a second matrix,
such as CaCO3 embedded in concrete. Although diffusive transport occurs through the pore
structure of the concrete,. Ca 2+ must be mobilized by the dissolution of CaCO3 prior to being
transported. The dissolution of most materials can be expressed using an affinity-controlled rate
law such asthose discussed above.
The concentration-dependent reaction rate at which species are mobilized or immobilized
(generated or annihilated) that was considered above can be rewritten as

rate kf(C, -C)=kf If1-JC k,(1 - (4.24)

This is the same form as the affinity-controlled dissolution reaction in Equation 2.22, where C is
equivalent to Q and C, is equivalent to K; the saturation concentration C, must also included in the
rate coefficient k1 for this correspondence. As discussed in Section 3.1, the rate coefficient may
include expressions for the kinetic dependencies on the pH and temperature (e.g., Equation 3.3),
and perhaps other variables.

Equation 4.24 (and Equation 2.22) can be used to approximate the dissolution behavior of glassy
phases, which are thermodynamically unstable but durable due to slow dissolution kinetics. The
mechanism for glass dissolution includes simultaneous hydrolysis reactions to break the bonds
between various constituent elements and oxygen that are coupled with the diffusion of water into
the glass to access reaction sites. The hydrolysis of Si-O bonds is usually considered to be the
rate-controlling reaction for glass dissolution. Hydrolysis of B-0 and alkali metal-O bonds (the
latter are sometimes referred to as ion exchange reactions) occurs faster than hydrolysis of Si-O
bonds and the hydrolysis of other metal-O bonds may occur faster or slower depending on the
reaction conditions. The structures of most silicate glasses are established by a network of Si-O
bonds and the dissolution behaviors of many glasses have been well modeled by considering only

4.18



Si-O hydrolysis in the mechanism. The hydrolysis reaction to release orthosilicic acid from the
surface of a silicate glass can be written as

glass-Si-O-Si(OH) 3 + H20 • glass-Si-OH + Si(OH) 4. (4.25)

Application of Equation 2.22 (or Equation 4.24) to a glass will be inexact because the standard
state of Si (and other components) is different in the glass and in solution. In addition, the
principle of detailed balance that is applied on the atomic scale in Equation 4.25 With regard to the
breaking and reforming of the Si.'O bond does not hold on a macroscopic scale because the**
dissolving glass cannot be reformed. Instead, either the equilibrium constant for a simple silicate
such as chalcedony is assumed to represent the equilibrium constant of the glass for modeling
purposes, or the value of the equilibrium constant is assigned empirically based on experimental
results.

The value of kf will depend on the species of interest, how it is immobilized in the waste form, and
how it becomes mobilized. The value of D, will depend on how readily water can access the *
leachable species in the waste form and the released species can migrate out of the wasteformi this
will likely change if the waste form degrades as leaching occurs. The values of De and kf
determined by regression of test data are likely to represent effective values that must be de-
coupled. That is, the measured value of kf will probably depend on water accessibility and the .
measured value of De will probably depend on the distribution of the species in the material. It
may be impossible to distinguish the effects of mobilization and diffusion using the, results from a
single test method. For example, a small fraction of a waste component may be more readily
accessible to water during the tests than the rest of that component so that the measured value ofkf
will decrease as the accessible amount of that component decreases. In that case, the value of kf
measured in short-term tests will be too high to represent mobilization of the majority, of waste.
The opposite situation could also occur, wherein the amount of water that penetrates the matrix is
not sufficient to dissolve all of the accessible waste. In this case, the observed release would be
expected to follow the simple diffusion model as if the value of kf was small. (iLe., Equation 4.21),
although this is due to the slowing effect of chemical affinity (solubility limit) at the reaction site,
which may be within the pore structure. Likewise, the measured value of De will represent a range
of pore sizes, fractures, etc. in the test specimens, which can change over the course of the test.
This is also very sensitive to the surface properties of test specimens, which can differ from bulk
material properties due to preparation artifacts, the formation of surface skins on prepared lab
samples, etc. Confidence in projecting the release kinetics measured in short-term tests to long
times requires additional insight into the reaction being represented by kf and the transport
represented by De and possible testing interactions and artifacts. Some of these are discussed in
the following sections.

4.3.3 Solution Exchange Tests for Affinity-Controlled Release

It is of interest to understand how the release of a contaminant thatis controlled by'chemical
affinity responds in a solution exchange test. As an extreme example of coupled diffusion and*'
reaction in a semi-static test, consider the reaction of a glass-bonded sodalite waste forn'material.
The material is'composed of two predominant phases: about 70 volume% sodalite and 25
volume% borosilicate glass.. The remaining volume is occupied by insoluble oxides and halite
inclusions. The sodalite and glass phases both dissolve by a dissolution-controlled mechanism,
but have different solubilities. The halite dissolves immediately when contacted by water and'the':
oxide inclusions are essentially insoluble. Tests were conducted with a leachant having a
dissolved silica content known to exceed the solubility concentration of sodaliteand to be
unsaturated with respect to the glass phase. A series of solution exchange tests Was conducted in

4.19



which monolithic samples of two glass-bonded sodalite materials made by hot isotatic pressing
(HIP CWF) and by heating under atmospheric pressure (PC CWF) were reacted in a solution made
with 110 mg L-1 H4SiO 4 (32 ppm Si) with a test method similar to the ASTM C 1308 method
(Ebert 2005a; section IV.B.4). The tests were conducted at 90'C at a S/Vratio of 10 m 1 . This
solution is saturated with respect to sodalite, but under-saturated with respect to the binder glass
(see Section 3.3.5).

The entire solution was exchanged periodically to maintain the dissolved silica concentration near
a particular value rather than maintaining a highly dilute composition, which is the usual objective
of the C1308 test method. The tests were interrupted every 10 or 11 days for the first five
exchanges. The solutions were recovered for analysis and replaced with an equal amount of fresh
leachant solution, and then the test was continued without disturbing until the next exchange. The
exchange period was extended to 21 days for the following six exchanges to study the effect of the
test interval, and the final exchange was made after 11 days. The cumulative release of B is
plotted against the cumulative reaction time in Figure 4.10 for tests with PC CWF and HIP CWF.
Expressing the released mass as NL(B) normalizes the solution concentrations to the surface area
and the boron content of the test specimens and permits direct comparisons of the releases from
the two materials (see discussion in Section 3.2). The results for 10- or 11-day test intervals are
shown by open symbols and the results for 21-day test intervals are shown by filled symbols. The
increases in NL(B) are linear in time for both materials, but the rates of increase differ with the
exchange interval. The lower release rate at longer exchange intervals can be attributed to the
greater increase in the Si concentrations that occurs during the 21-day intervals compared to the
10- and 11-day intervals. This decreases the value of the affinity term and lowers the rate. The Si
concentrations increase to 38.4 ± 0.8 ppm Si during the 21-day intervals in tests with PC CWF and
37.9 ± 0.4 ppm Si for tests with HIP CWF, but only increase to 33.9 ± 0.6 mg L- Si for tests with
PC CWF and 34.6 ± 1.0 mg L 1 Si for tests with HIP CWF during the 10- and 11-day intervals.
Separate regression lines are drawn for the different exchange intervals to show their impact on the
dissolution rates. The rates for the short and long exchange intervals are 0.21 and 0.13 g m 2 d' in
tests with HIP CWF, and 0.17 and 0.087 g m-2 d1 in tests with PC CWF. These values represent
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Figure 4.1 0.Results from Ebert (2005a): Solution exchange tests with HIP CWF and PC CWF in
110 mg L- H4SiO 4 leachant solution. Open symbols represent 10- or 11-day exchange
intervals and filled symbols represent 21-day exchange intervals.
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the average rates over each test interval, but are not intrinsic properties of the materials. They
provide insight into the relative effects of solution feedback for the two materials at a particular
value of the saturation index.

Boron is only present in the binder glass and the rates determined from the release of B indicate
dissolution of the binder glass only. It is presumed that net dissolution of sodalite does not occur
in the supersaturated test solutions. Figure 4.11 shows scanning electron microscopy (SEM)
photomicrographs of polished cross-sections of reacted samples recovered from the solution
exchange tests. Dissolution of binder glass in the HIP CWF occurs primarily near the boundaries
with sodalite, although a slight retreat of the glass surface is seen, whereas dissolution of the
binder glass in the PC CWF is fairly uniform. The dissolution of glass from pores within the
sodalite is seen in Figure 4.11 b, where the flat sodalite surface is the original surface of the
specimen. The difference is attributed to differences in the distribution of pores and halite
inclusions in the two materials. Most pores and inclusion phases are located in the binder glass
near sodalite domains in the HIP CWF materials but are more uniformly distributed throughout the
binder glass in PC CWF. Preferential dissolution at the sodalite/glass interface has been observed
in other tests with HIP CWF (Ebert 2005a).

The point of this example is that solution exchange tests such as ASTM C1308 can be used to
distinguish between affinity-controlled and diffusion-controlled release mechanisms from waste
materials. For constant test intervals, affinity-controlled dissolution will give cumulative releases
that are linear in time, whereas diffusion-controlled dissolution will give cumulative releases that
are linear with the square root of the reaction time. The rates of both release processes will depend
on the solution replacement interval.

(a) (b)

Figure 4.11. Results from Ebert (2005a): SEM photomicrograph of(a) HIPCWF and (b) PC CWF
materials reacted with 110 mg L-1 H4SiO 4 at 900 C.
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5 Static and Semi-Static Laboratory Test Results

The theoretical backgrounds for diffusive and affinity-controlled release processes and for the
laboratory test methods discussed in the preceding sections are applied to the results of tests with
portland cement-based (grouted) and slag materials that are available in the literature. This is not
intended to be a thorough review of the literature rather, it is used to demonstrate and evaluate the
application of the test methods and models to these materials. In the following sections, data were
taken from publications and reports available in the open literature. Some of the data were
estimated from published plots and charts and then replotted for regression analysis or fitting to
model equations using Microsoft Excel or KaleidaGraph from Synergy Software. That procedure
is summarized in Appendix B. In all cases, the reproduced plots were compared visually with the
source plots for verification, but small errors are likely. These small errors do not compromise the
objective of the plots, which is to evaluate the trends in the data and the fits to various equations
used to identify and model the release mechanism. Interpretations and critiques of the model fits
are provided as a part of this report unless specifically cited as an interpretation provided by the
authors who published the data set.

5.1 Tests with Grouted Wastes

Various waste solutions with low levels of radioactivity have been solidified by mixing with
portland cement and additives (such as active silica fume and fly ash) to form cements, grouts, and
concretes. Portland cement is a porous inhomogeneous material containing micropores,
microfractures, and grain boundaries that provide diffusion paths along which ions can migrate.
These include a variety of connected and nonconnected pathways that are collectively referred to
as the pore structure. The pore structure of a cement that is made with a volume of water
exceeding the amount needed to hydrate the component phases will retain some of the excess
water as alkaline pore water typically containing dissolved Ca(OH) 2, NaOH, and KOH. Both the
pore structure and pore water are affected by additives such as active silica fume and fly ash. The
relative amounts of cement and water used to prepare a grout have a significant effect on its
performance. When a grout is immersed in water, the connected pore and fracture structures
provide preferred pathways for water to diffuse into the cement and for dissolved cement
components to diffuse out. The diffusivity of species will be affected by constrictions and
tortuosity in the pore structure and transport may be further retarded by interactions with
constituent phases. For example, the sorption of Cs is negligible within ordinary portland cement
but may be appreciable in cements with additives. These interactions are usually modeled
empirically using a distribution coefficient.

Portland cement-based materials including various grouts and concrete are considered together in
the present analyses. Grout can be modeled as an assemblage of four dominant phases:
tobermorite-14A [Ca5Si 6O16(OH)2*4H 20], ettringite [(CaO) 3(A120 3)(CaSO 4)3°32H20], portlandite
[Ca(OH) 2], and sodium hydroxide [NaOH] (e.g., Bacon and McGrail 2005). Tobermorite-14A
represents the calcium silicate hydroxide (CSH) gel phase 1.7CaOSiO 2"2H 20. The added
aggregate materials in concretes will provide additional mineral phases with which contaminant
species may interact. The dissolution of portlandite dominates the leaching behavior of the grout
itself and leads to increasing porosity. In addition to leaching, interactions with sulfate and CO2
will affect the retention of contaminants. Carbonation will be important for some waste forms,
especially those containing uranium and steel-reinforced concretes, and will depend on the
diffusion rate of CO 2 through the concrete and the extents of reactions with alkaline constituents.
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Immersion of a cement (or grout or concrete) in contaminated water can result in contaminants
diffusing through the pore water and into the pore structure of the material. In fact, the uptake of
contaminants is sometimes measured in laboratory tests to assess the performance of a grout waste
form instead of the release of contaminants from the grout. An important factor in the case of
contaminated cements is the depth to which the contaminants have penetrated. A heterogenous
distribution of contaminants will complicate the interpretation of laboratory tests and add
uncertainty to assessment models. In this report, the results of tests conducted with materials
presumed to have uniform bulk contamination levels are considered to evaluate the efficacy of
current test methods and models. The impacts of non-uniform contamination will be considered in
subsequent reports.

In the following sections, several data sets from the literature are analyzed to assess the application
of test methods to cement-based waste materials and the application of diffusion models to the
interpretation of those results. In the cases of examples for which the data were not published,
results were estimated from the plotted data and replotted for use in the analyses. This
undoubtedly introduced small errors with respect to the data itself, but the impact on the trends in
the data and how well models represent the data is insignificant.

5.1.1 Christensen

Solution exchange tests were conducted with cement-solidified ion exchange bead resins
following a procedure similar to the ANS 16.1 test method (Christensen 1982). Values read from
a plot of the cumulative fraction 137Cs released from cements with boiling water reactor (BWR)
resins against root-time (provided as Figure 1 in Christensen 1982) were used to estimate the
cumulative reaction time and intervals. The estimated data (by measurement of the plotted data,
see Appendix B) for grouts with and without added vermiculite are summarized in Table 5.1. The
cumulative fractional releases are plotted against cumulative time in Figure 5. la. Both sets of
results have the characteristic root-time dependence expected for diffusional release, and the
cumulative fractional release values are plotted against the square root of the cumulative reaction
time in Figure 5.1 b. Linear regression fits are shown for three groups of data in each test series.
The sets of data at short and intermediate test durations are separated by test intervals that are
significantly shorter than those that either precede or follow the 40 sampling of the test with grout
and the 6th sampling of the test with grout + 2% vermiculite. The effect of the test interval on the
release is significant for the grout, but less significant for the grout + 2% vermiculite. Fits to the
series of tests are also discontinuous after about 11 days (3.2 d"12) when the exchange interval was
changed from about 1 day to about 5 days. Christensen (1982) noted that there was not a linear
relationship between the cumulative fractions released and the square root of the cumulative test
intervals. Nevertheless, he fit the results from the longest test durations to the semi-empirical
expression derived above as Equation 4.23

jao =2 1/2 + f{ ,, JK ] (4.23)

to determine effective diffusivities. A linear fit to only the long-term data for grout in Figure 5.1 b
gives the equation y = 0.1261 + 0.03435x, from which

De= - 0.03435 2 =9.27x 104 cm 2 d'. (5.1)
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_______Table 5. 1. Estimated data for tests by Christensen (1982)

Root Time, Interval, Frmuactiona Root Time, Interval, Frmuactiona
time, d 112' d d Frcinltime, d 12  d d Fatoa

S______ Release ___________ Release

Grout without Additives _____Grout with 2% Vermiculite
1.01 1.02 1.02 0.09 1.01 1.02 1.02 0.04
1.43 2.05 1.03 0.13 1.43 2.05 1.03 0.06
1.82 3.30 1.25 0.16 1.74 3.04 0.99 0.07
2.03 4.13 0.83 0.17 2.02 4.08 1.04 0.08
2.26 5.11 0.98 0.18 2.31 5.33 1.25 0.09
2.48 6.14 1.03 0.19 2.44 5.96 0.63 0.10
2.67 7.13 0.99 0.20 2.67 7.13 1.17 0.11
2.85 8.13 1.00 0.21 2.84 8.06 0.93 0.11
3.02 9.11 0.99 0.22 3.02 9.11 1.06 0.12
3.19 10.16 1.05 0.23 3.20 10.24 1.12 0.12
3.88 15.09 4.93 0.26 3.88 15.09 4.86 0.14
4.50 20.23 5.14 0.28 4.58 21.00 5.91 0.16
5.14 26.38 6.14 0.30 5.03 25.28 4.28 0.16
5.76 33.19 6.82 0.32 5.51 30.34 5.07 0.18
6.36 40.48 7.29 0.35 6.10 37.18 6.84 0.19
7.05 49.68 9.19 0.37 16.68 44.56 7.37 0.20

__ __ __ __ _ __ __ __ _ _ __ _ 1_ 7.19 51.73 7.17 1 0.21

The slope is 0.022 cm d-12 for the long-term tests with grout + 2% vermiculite and the diffusion
coefficient De = 3.80 x 104 cm 2 d-1. Christensen (1982) gives values of 8.7 x 10 -4cm2 d-1 for grout
and 3.9 x 10-4 cm2 d-' for grout + 2% vermiculite. The small difference is due in part to the number
of data points included in the regression in Figure 5. 1 b and the number included by Christensen
(1982).' If linear fits to the short-term results are used instead of fits to the long-term results, the
values of De are 4.67 x 10-3 cm 2 d-1 for grout and 1.22 x 10-3 cm 2 d-1 for grout + 2% vermiculite. As
will be discussed in following sections, the value of De determined from the short-term intervals
are expected to be more characteristic of the intrinsic material behavior.

As shown in Figure 5 .2a, the long-term results can be fit with the diffusion equation if the results
for tests with grout are uniformly increased by 0. 1318 cm. and the results for tests with grout + 2%
vermiculite are increased by 0.05 15 cm. These adjustments yield the values of D, given by.
Christensen, but the fits are not consistent with the short-term results. This ad hoc adjustment may
indicate that the near-surface regions of the test specimens were partially depleted of contaminants
during preparation or have a different morphology than the underlying bulk, but it does not
provide confidence that the release is controlled by diffusion. The dashed curves in Figure 5.2a
show the fits using the D, values from the short-term data. The curve for the tests with the grout
has been shifted by 0.020 cm to coincide with the data at 3 days. Clearly, the data collected at
different sampling intervals can be fit using different D, values; the value of De determined from
solution exchange tests appears to depend on the sampling interval. The fits by regression of all
results with the simple diffusion equation and with the combined diffusion/reaction equation are
also poor, as shown in Figure 5.2b for the tests with grout. The dashed curve shows the fit using
Equation 4.8 for simple diffusion and the solid curve shows the fit using Equation 4.18 for coupled
diffusion and reaction. The release behavior described by the complete data set is not well
modeled with either simple diffusion or diffusion with reaction.
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Figure 5.1. Results from Christensen (1982): ANS 16. 1-like tests with BWR bead resins
immobilized in cement (a) cumulative release 13 7Cs VS. cumulative time and (b)
cumulative release 137Cs vs. root cumulative time.

5.1.2 Habayeb

Five decontamination solutions were immobilized in portland Type III cement and subjected to the
International Atomic Energy Agency (IAEA) static leach test, which was a forerunner of the ANS
16.1 procedure (Habayeb 1985). Five solutions simulating decontamination wastes were spiked
with 134Cs at a level of 304 nCi mLU and then mixed with the portland cement. The mixture was
cast in leach cups and cured for 32 days at room temperature and 50% relative humidity. The
surface areas of the test specimens ranged from 58.1 cm 2 to 78.5 cm 2. Each cast specimen was
immersed in 350 mL of demineralized water sequentially for four 1-day increments, one 3-day
increment, three 7-day increments, and then several increments of 14 days and longer. Test results
were provided as incremental release rates of 13 4 Cs vs. root cumulative time for durations of 1, 2,
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Figure 5.2. Results from Christensen (1982): ANS 16.1 -like tests with BWR bead resins
immobilized in cement fit (a) by shifting diffusion equation to fit the long-term results,
and (b) with regressed diffusion equation (Equation 4.8) and the diffusion + reaction
equation (Equation 4.18).

3, 4, 7, 14, 21, 28, and 77 days. The data are plotted as cumulative fractional release vs.
cumulative time and vs. root cumulative time in Figs. 5.3a and 5.3b, respectively. (The plotted
results were calculated from the incremental rates provided in Figure 1 of Habayeb (1985).) The
cumulative results show smoothly decreasing amounts of 134Cs to be released in successive
samplings. Plots of CFR against the square root of time are linear for samplings at common
intervals, but the slopes decrease with increasing interval time between samplings. The first four
1-day samplings and the three 7-day samplings each show linear root-time behavior, but the slopes
are significantly lower for the 7-day sampling intervals. The single samplings at 3 intervals could
have been included in the fits with either the 1-day or 7-day intervals within testing uncertainty.
This suggests that a variance of 2 to 4 days in the sampling interval may not be significantrelative
to the testing uncertainty. The CFR values for 49-day intervals of the final data points all fall
below the values predicted by the rates from 7-day intervals, albeit only slightly.
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Figure 5.3. Results from Habayeb (1985): ANS 16.1-type tests with portland cement (a)
cumulative 134Cs release vs. cumulative time and (b) cumulative 134Cs release vs. root
time.

5.1.3 Crawford et al.

A series of static leach tests were conducted with ordinary portland cement doped with 134Cs and
cured for various times before testing (Crawford et al. 1984). In the first test, the surface of a
4.5 cm diameter x 7 cm high cylindrical specimen cured 28 days was sealed with bitumen except
for one exposed end (about 16 cm 2). This was immersed in 1 L of distilled water for a total of
27 days, during which time seven 6-mL aliquots were removed and analyzed. The fraction of
doped 13 4Cs that was released into the solution is plotted against time in Figure 5.4a. The results
show typical behavior for diffusive release and are linear with the square root of the reaction time,
as shown in Figure 5.4b. The effective diffusion constant is 1.3 x 10-3 cm 2 d-' (1.5 X 10-8 cm 2 S'-).
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Another series of tests was conducted with cement specimens that had been cured for different
times prior to testing. The cure time affects the pore structure and crystal content of the grout.
These results are shown plotted against the square root of the reaction time in Figure 5.4c. The
effect of curing time is thought to be through constriction of the pore structure due to the
continued development (growth) of hydration products, which is expected to decrease the
diffusion coefficient. Crawford et al. (1984) fit the samples taken between 1 and 7 days, 8 and 28
days and beyond 28 days separately to determine separate diffusion coefficients. Fits to results at
different time intervals are shown in Figure 5.4c. The slopes from the plots and the effective
diffusion coefficients reported by Crawford et al. (1984) are summarized in Table 5.2. (The
coefficients reported for ranges with one data point or no data points are presumed to have been
determined using the last data point from the earlier time range and the first data point from the
later time range.) The authors attributed the observed behavior to two successive processes:
"surface wash-off, which is not diffusion-controlled, followed by a static diffusion stage"
(Crawford et al. 1984, p. 188). The authors interpreted the initial release (during the first 7 days)
to represent the surface wash-off stage in which contaminants in the surface pores equilibrating
with the solution, and that this stage was independent of the curing time. The second stage
(beyond 7 days) was interpreted to represent the diffusion of contaminants from the bulk through
the depleted surface layer.

Table 5.2. Results from tests by Crawford et al. (1984).
Time 30-day Cure 56-day Cure 95-day Cure

Range, d

slope, s-12 De, cm 2 S-1 slope, S-12 De, cm 2 s-1 slope, S-1/2 De, cm 2 S-1

1-7 0.0326 6.08 x 107- 0.0201 1.76 x 10- 0.0148 1.32 x 10-
8-28 0.0356 2.06 x 10-8 - 2.04 x 10-9 0.00874 3.98 x 10-10
>28 - 1.15 x 10- 0.0197 5.86 x 100 0.00361 , 4.18 x 10-

An alternative interpretation of the test results in Figure 5.4c is that the decreasing slopes are due
simply to the effect of increasing the sampling intervals. The intervals during the first 7 days
ranged from 0.7 to 6 days, the intervals between 8 and 28 cumulative days ranged from 5 to 8
days, and the intervals beyond 28 cumulative days ranged (randomly) from 6 to 69 days. The
relative scatter in the results within a range of sampling intervals is consistent with the expected
effects of the sampling interval (based on the effects seen in the results discussed above). That the
fits to the short-term results of the 30-day and 57-day cured specimens have negative y-intercepts
suggests that the specimen surfaces were depleted of Cs prior to testing. The results from the
initial 7 days of testing with short sampling intervals indicate that longer curing times do lead to
smaller diffusion coefficients. The shapes of the release curves at longer times are significantly
affected by the different sampling intervals.

5.1.4 Neilson et al.

Large-scale ANS 16. 1-like tests were conducted with specimens of pressurized water reactor
(PWR) evaporator concentrate waste that had been immobilized in masonry cement and BWR
evaporator concentrate waste that had been immobilized in portland Type III cement, both in 55-
gallon drums (Neilson et al. 1982). Table 5.3 provides a summary of the waste form and testing
data and Table 5.4 summarizes the test results that were determined from the plots in Neilson et al.
(1982). The releases of 134Cs and 117Cs could not be distinguished. Although the sampling
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Table 5.3. Waste form and testing data for Neilson et al. (1982).
Waste Surface Leachant
Form # Area, cm2 Volume, L Vw/S, cm

PWR Masonry 1 4-3 14130 240 17.0
BWR Portland III 4 1-3 16862 216 12.8

intervals differed significantly from those specified in the ANS 16.1 test procedure, this data set
provides a valuable insight regarding the application of the laboratory-scale test method to large-
scale. The VW/S ratios used in these tests are higher than the ratio of 10 cm that is called for in the
ANS 16.1 method and the sampling intervals differed. Figures 5.5a and 5.5b show the results as
the cumulative fraction releases of 137Cs from cement with PWR waste vs. cumulative time and vs.
root-time, respectively. Subsets of the data are fit according to the sampling interval. The
linearity of the release data as a function of the square root of the cumulative time indicates simple
diffusion-controlled release. The data for release from the masonry cement (Figure 5.5b) are
linear with root-time, but the slope varies only slightly with the different sampling intervals. The
negative y-intercept of the initial results suggest that either the outer surface was depleted of
contaminants prior to testing or the outermost surface had to degrade prior to diffusion-controlled
release, e.g., by opening pores. These test results are cited as the source for the data given in the
examples of the ANS 16.1 procedure. (Data in the example in the ANS 16.1 procedure are
reported to be adapted from the data given in this reference.)

Table 5.4. Data read from plots for release of 1'7Cs.
PWR Evaporator Concentrate Waste BWR Evaporator Concentrate Waste

in Masony Cementa in Portland T e III Cementb
Time, d root time CFR Interval, d Time, d root time CFR Interval, d

1.2 -2.629 0.0023 1.2 1.6 1.265 0.0029 1.6
2.4 -2.452 0.0035 1.2 2.4 1.549 0.0512 0.8
2.8 -2.371 0.0043 0.4 3.6 1.897 0.1000 1.2
4.4 -2.290 0.0051 1.6 6.8 2.608 0.1077 3.2
6.9 -2.081 0.0083 2.4 9.6 3.098 0.1118 2.8
9.7 -1.984 0.0104 2.8 14.8 3.847 0.1160 5.2
14.5 -1.903 0.0125 4.8 21.6 4.648 0.1250 6.8
21.8 -1.807 0.0156 7.3 28.4 5.329 0.1273 6.8
28.2 -1.726 0.0188 6.5 35.6 5.967 0.1297 7.2
35.9 -1.661 0.0218 7.7 42.4 6.512 0.1297 6.8
42.3 -1.645 0.0226 6.5 49.6 7.043 0.1346 7.2
49.2 -1.629 0.0235 6.8 56.4 7.510 0.1397 6.8
56.1 -1.581 0.0263 6.9 70.4 8.391 0.1450 14
70.2 -1.548 0.0283 14.1 84.4 9.187 0.1505 14
84.7 -1.500 0.0316 14.5 98.4 9.920 0.1621 14
98.4 -1.484 0.0328 13.7 112.4 10.602 0.1621 14
112.5 -1.452 0.0354 14.1 126.8 11.261 0.1682 14.4
126.2 -1.436 0.0367 13.7

aData from Neilson et al. (1982) Figure 4.1.
bData from Neilson et al. (1982) Figure 4.4.
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Figure 5.5. Results from Neilson et al. (1982): Full-scale ANS16.1 tests with PWR evaporator
concentrate waste in masonry cement (a) cumulative fraction release 137Cs vs
cumulative time and (b) cumulative fraction release 13 7

Cs vs. root-time.:

The release from the portland cement made with BWR waste (Figs. 5.6a and 5.6b) shows
somewhat different behavior than release from the masonry cement. Little release is seen in the.
first sampling, relatively high releases occur in the next two samplings, and then little release is'
seen in each subsequent sampling. The initial 30-second rinse called for in the ANS 16.1
procedure to remove loosely held activity at the surface was omitted for thesetests. -However, that.
is probably not the cause of the rapid release seen in Figs. 5.6a and 5.6b because the majority of
the release occurs in the second and third replacements rather than the first. A linear fit of the first
three data points against the square root of the cumulative reaction time is 0.15 d"112. Regressions
of the results of samplings beyond the first three in the plots vs. time and vs. root time give similar
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Figure 5.6. Results from Neilson et al. (1982): Full-scale ANS 16.1 tests with BWR evaporator
concentrate waste in portland Type III cement,(a) cumulative fraction release 137

Cs vs.

cumulative time and (b) cumulative fraction release 137Cs vs. root-time.

coefficients (R2 = 0.974 for the fit with time and R2 = 0.983 for the fit with root-time). Note that
separate fits to data collected at different intervals give similar slopes in the root-time plot,
whereas other diffusion-controlled releases considered in the previous examples show a
pronounced dependence on the sampling interval. The difference may be that long sampling
intervals did not occur until after relative long cumulative duration: 7-day intervals after about
21 days and 14-day intervals after about 70 days. At this stage of the reaction, the release is nearly
linear with time.
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The large scale of these tests may affect the interpretation of the results compared to bench-scale
experiments because the near-surface region that reacts is a much smaller fraction of the specimen
volume than for typical laboratory-scale •specimens. The test results are normalized to the volume-
to-surface area ratio of the test specimen to extract the diffusion coefficient. Using test specimens
having high VW/S ratios will result in CFR that are very insensitive to the effective diffusion
coefficient and (root) time. This may be another reason the slopes in Figure 5.5b are much less
sensitive to differences in the sampling intervals than the other tests that have been considered.

5.1.5 Mattigod et al.

The ANS 16.1 method and a partial replacement test method were used by Mattigod et al. (2001)
to measure the leaching of I and Tc from a grout due to reaction with a simulated Hanford
groundwater. The standardized ANS 16.1 procedure was followed at the recommended exchange
intervals through 92 days. The partial replacement test was conducted by removing 50-mL
aliquots of the leachate for analysis and replacing that with 50 mL of fresh leachant. (The total
volume of solution was maintained at 350 mL.) Although Mattigod et al. (2001) referred to this
procedure as a static test, it is better described as a semi-static partial replacement test because the
solution concentrations of the contaminants are decreased at the beginning of each interval due to
the addition of fresh leachant, albeit not to zero as in the ANS 16.1 tests. The concrete mixture
was made with cement, fly ash, aggregate, and water spiked with 1251, stable I, 99Tc, and U. The
approximate activities in the concrete were 0.35 mCi kg', 460 mg/kg, 0.03 mCi kg1 , and
10.3 mCi kg", respectively. The chemical forms of the additives were not reported; it is presumed
that Tc was added as the pertechnetate ion, I was added as iodate, and U was added as the uranyl
ion. A portion of the concrete mixture was poured into 5 molds to produce 5 replicate test
specimens (specimen numbers 1-5). Type I steel fibers were mixed with the remaining mixture,
which was then poured into 5 other molds to produce replicate specimens with steel for testing
(specimen numbers 6-10). Type I steel is a low-carbon steel commonly used to reinforce cement
mortar and concrete.

Figure 5.7 shows the results for two ANS 16.1 tests (tests with specimen numbers 1 and 2) and
two static tests with specimens of concrete without added steel (tests with specimen numbers 3 and
5) as CFL vs. cumulative reaction time. The releases in the static (partial replacement) test with
specimen 3 were more than 3 times the releases in the other tests and have been scaled (divided by
3) to better compare the release behavior with other tests; the authors speculated that specimen 3
had more extensive cracking. (Note that the label "static (3)/3" indicates a static test with
specimen no. 3 for which the results have been divided by 3 in the plot.) The releases of 99Tc and
1I in the static (partial replacement) test with specimen 5 are similar to the releases in the
ANS 16.1 tests, except for the increased release of 1211 seen in both ANS 16.1 tests sampled at
92 days. Anomalously high releases of 1251 occurred in both ANS 16.1 tests after 92 days.
Although it is certainly possible that encapsulated pockets of material rich in I were accessed in
both samples and dissolved in the final test interval, it is more likely that the increase reflects an
analytical or procedural error than the material behaviors of the four specimens, especially since
the 99Tc releases do not show corresponding increases. The results of tests with concrete and
added steel are shown in Figure 5.8. The ANS 16.1 and static (partial replacement) test methods
yield similar results, except note the increases in the 1251 releases in the final samplings of the ANS
16.1 tests, as was seen in Figure 5.7b. The similar test responses of cements with and without steel
indicate that the presence of Type I steel did not affect the release behaviors of either 99Tc or 1251
beyond testing uncertainty.
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Figure 5.7. Results of tests by Mattigod et al. (2001): Cumulative fractions released from cement
without added steel vs. time for (a) 9Tc and (b) 1251.

The similarity of the ANS 16.1 and static (partial replacement) test results is of particular interest.
The similar test responses (apart from the higher releases from specimen number 3 after about , -
10 days in Figure 5.7) indicate that the accumulation of leached and dissolved components in the.
static test leachates does not affect the release of 99Tc or 1251 during the first 20 days. The ,
subsequent releases of each radionuclide are essentially nil at longer durations (until additional :125I
appears to be released between 50 and 92 days). Figure 5.9 shows the results of tests with cement
without steel plotted against the square root of the cumulative reaction time. The 99Tc and 1251 1

releases in the -1-day intervals of the third through sixth samplings in the ANS 16.1 test are linear
with the square root of the reaction time. The longer-term results also appear to be linear, but with
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Figure 5.8. Results of tests by Mattigod et al. (2001): Cumulative fractions released from cement
with added steel vs. time for (a) 99Tc and (b) 1251.

slopes more than 10-times lower than for the early results. The apparent linearity of the long-term
ANS 16.1 results despite the different sampling intervals (approximately 14, 30, and 43 days) is a
consequence of the negligible releases.

Diffusion coefficients were calculated by Mattigod et al. (2001) from results of each test method,
with data from static tests yielding lower values than data from ANS 16.1 tests. The authors did
note that the diffusion coefficient values calculated with the incremental fractional releases were
about 50% less than the values calculated with the cumulative fractional releases. This may
indicate accumulating error in the sequential samplings, but more likely is a random outcome of
extracting a diffusion coefficient from a data set (for the static tests) that does not show diffusive
behavior.
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Figure 5.9. Results of tests by Mattigod et al. (2001): Cumulative fraction released from cement
without added steel: vs. root time for (a) 99Tc and (b) 1251.

Perhaps the key insight to be derived from these test results is the good agreement between some
ANS 16.1 and static (partial replacement) test results and the poor reproducibility of replicate tests
conducted with either of the test methods. The poor reproducibility is attributed to differences in
the pore structures of the different test specimens and the distributions of Tc and I. The agreement
in test methods suggests that the accumulation of Tc and I in the solution does not affect their
continued release from these materials.
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5.1.6 Rorif et al.

The releases of Cs and Ca from an ion exchange resin in ordinary portland cement with blast
furnace slag were compared in solution exchange tests following the exchange intervals in the
ANS 16.1 and ISO 6961 standardized methods, and those in a method called for by the
NIRAS/ONDRAF (OND 1991), which is the agency regulating high-level waste in Belgium. The
sampling intervals for the three test methods are summarized in Table 5.5, and the cumulative
fractional releases of Cs in triplicate ANS 16.1 and OND tests arid duplicate ISO tests are
reproduced in Figure 5.1 Oa (Rorif et al. 2005). The trends in the data are the same for the three
methods. The results of the ANS 16.1 tests fall within the range of the triplicate OND tests,
whereas the release is slightly higher in the ISO tests. Figure 5.10b shows the results of the
ANS 16.1 and ISO tests plotted against the square root of the cumulative test duration with each
set of replicate data points labeled with the duration of the sampling interval. The results of the
short-term tests are linear for both methods; the three ANS 16.1 tests give slopes of 0.30, 0.31, and
0.29 d"1 2 and the two ISO tests give slopes of 0.26 and 0.27 d"112. The diagonal line in Figure
5.10b is drawn with the average of these five slopes. As can be seen, the test responses decrease
significantly at longer cumulative times as the sampling interval increases. The decrease is subtle
for the ISO tests with sampling intervals of 5 and 6 days, but quite obvious for the sixth samplings
of the three ANS 16.1 tests after an interval of 14 days. The impact of the sampling interval is

Table 5.5. Sampling intervals used in ANS 16.1, ISO 6961, and OND test methods.

ANS 16.1 IS06961 OND

Cumulative Time Interval, Cumulative Time Interval, Cumulative Time Interval,
time, days days time, days days time, days days

0.083 0.083
1 0.92 1 1
2 1
3 1 3 2
4 1
7 3 7 4

10 3
15 5

16 16
21 14 21 6

30 9 30 14
35 5
42 7

45 24
59 29

73 31
88 29

90 45
100 27

179 91
.269 90
_366_....__ _ 97
455 89
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Figure 5.10.Results from Rorif et al. (2005): Solution exchange tests conducted following the ANS
16.1, ISO 6961, and OND sampling schedules: (a) CFL vs. cumulative time, (b) CFL
vs. root time for ANS 16.1 and ISO 6961 tests with identified sampling intervals, and
(c) linear fits to OND test results for different sampling intervals.
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shown to persist through much longer cumulative durations of the OND tests. Figure 5.10c shows
the OND test results fitted separately for different sampling intervals. The root-time dependence
persists through 455 days for subsets of data with uniform sampling intervals. The authors
concluded that the "diffusional stage [was] reached faster in the case of ANSI and ISO compared
to OND due to the more frequent renewal of the leachant (faster wash-off) [and the] results of
ANSI and ISO are similar and higher (conservative) than those of OND. This acts in favor of the
short-term tests" (Van Iseghem 2005). That is, the authors viewed the more rapid attainment of
the diffusion-controlled mechanism by the ANSI and ISO test methods as being advantageous.

Based on evaluation of these and other solution exchange test results, the time at which the
"diffusional stage" is reached is not a function of the sampling intervals that are used in the test.
The releases are controlled by diffusion throughout the test. Rather, the slopes and the values of
the effective diffusion coefficients that are extracted from the data depend on the sampling
interval. It follows that the diffusion coefficient that is extracted from the test data differs from the
effective diffusion coefficient by a factor related to the sampling interval (which necessarily and
artificially models the release as being linear in time). This is not an effect of solution feedback,
as in the case of affinity-controlled release, but is simply an artifact of a non-linear release being
averaged over the linear testing interval. The release is not linear over the interval because the
diffusion barrier at the specimen surface that controls the release changes over the test interval and
is evolving as components are leached. The diffusion length generally increases with time, but the
density and the tortuosity can either increase or decrease, as degradation progresses. Note that the
effective diffusion coefficient is proportional to the square of the slope, so even small variances in
the sampling interval can have a significant effect on the extracted diffusion coefficient.

Another observation from these test results is that the CFL measured in the first sampling of the
OND series after 16 days was essentially the same as the cumulative fractions measured in the ISO
series after 15 days and five solution exchanges and the ANS 16.1 series after 21 days and seven
solution exchanges. This indicates that the exchanges (and exchange frequency) have little effect
on the actual release of Cs, as is expected due to the very high solubility limit of Cs, and that they
only affect how accurately the release is being measured. This is consistent with the hypothesis
that the rate is being controlled by diffusion through the near-surface region of the test specimen
and is not significantly affected by the Cs concentration.

5.1.7 C6t6 et al.

C6td et al. (1987) measured the amounts of As, Cd, Cr, and Pb leached from four waste forms that
had been made with 0.04 M solutions of NaAsO 2, Cd(N0 3) 2, CrC13, and Pb(N0 3)2 mixed with type
N soluble silicates and Type I portland cement, with fly ash and portland cement, with fly ash and
hydrated lime, and with Na-bentonite clay and portland cement. Experiments were conducted
following the general ANS 16.1 procedure for 665 days. The results are plotted in Figure 5.11 to
compare the releases of each element from the different waste forms and in Figure 5.12 to compare
the relative releases of Cd, Cr, and Pb from each waste form (note that the y-axis is a logarithmic
scale). The results for As provided in C6tW et al. (1987) were not evaluated for this report because
the plotted values for samples taken prior to about 300 days for three of the waste forms could not
be discerned. Each set of results was regressed with a power law fit asy = bxm. The fits are
shown by the curves in Figure 5.11 and Figure 5.12 and the coefficients are given in Table 5.6.
Fits with values of m near ½2 are assumed to indicate release that is predominantly diffusion-
controlled. Fits with higher or lower values of m indicate other processes are important. The
releases of Cd and Cr from the fly ash-cement and clay-cement are well-described by bulk
diffusion, as are the releases of Pb from the soluble silicates-cement and clay-cement.
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Figure 5.12. Results from C6t6 et al. (1987): Cumulative amounts of Cd, Cr, and Pb leached from
(a) Fly ash-lime, (b) fly-ash-cement, (c) clay-cement, and (d) soluble silicates-cement
waste forms.

Table 56_ Coefficients rem~e~ed with nower-law fil~
Tbe56 Coefcet Ce~se ihnwr-a fit

Waste Form Cd b_ Cr Pb
S m b m b m b

Soluble silicates - cement 0.67 0.14 0.41 0.86 0.46 1.6
Fly ash - cement 0.55 0.035 0.74 0.096 0.36 0.52
Fly ash - lime 0.21 0.35 0.65 0.14 0.12 26
Clay - cement 0.45 0.20 0.49 0.37 0.49 3.1

C6t6 et al. (1987) regressed the cumulative amounts that were leached using an empirical
expression that included terms for dissolution with solution feedback effects, diffusion-controlled
release, and diffusion coupled with a mobilizing reaction. The cumulative amount of each element
leached was expressed as a function of time as

CAL(t) = k1 (1-e-kz)+ k 3 tl/ 2 + k 4 t
(5.2)
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where CAL(t) is the cumulative amount leached. Model coefficients k, and k2 represent the
intrinsic release rate and a solution feedback term, k3 represents bulk diffusion from a semi-infinite
source, and k4 represents constant dissolution. (Note: these terms correspond to modes 1 and 6,
mode 3, and mode 4, which were described in Section 2.) The coefficient values reported by C6tW
et al. (1987) are summarized in Table 5.7. Large k, values with k2 = oo indicate an initial time-
independent, instantaneous release due to surface wash-off. The value of the term in parentheses
is greater than 0.97 after 20 days when k2 = 0.178, after 39 days when k2 0.092, and after
293 days when k2 = 0.0 12, so the first term impacts the early release of Pb from both fly ash-lime
and fly ash-cement waste forms, and impacts the release of Pb from the clay-cement waste form
through moderate times. The initial release of Pb from the fly ash-lime waste form is significant
and dominates the release behavior seen in Figure 5.11 andFigure 5.12. The value of k, for the
release of Pb from the clay-cement waste form is also large, but the effect of kl on the overall
release behavior is not as obvious. Arrows on they-axis in Figure 5.1 Ic locate 45.55, 29.39, and
1.99 pmol, which represent the amounts of Pb released from the surfaces of the fly ash-lime, clay-
cement, and fly ash-cement materials, respectively, at t = 0 in the model. This release mode is
responsible for the release of essentially all of the Pb from the fly ash-lime and about 30% of the
Pb from the fly-ash-cement and clay-cement waste forms over the test duration, but only about 7%
of the Pb released from the soluble silicates-cement.

Table 5.7. Coefficients from the regression analyses by C6t6 et al. 1987).
Surface Phenomena Diffusion Diffusion

Element/Waste Form k_ with reaction
kE (1-e-2 _) k3 t_2 k4 t

k I k 2  k3 k4

Cadmium
Fly ash - cement 0.035 00 0.054
Fly ash - lime 0.380 00 0.044
Clay - cement 0.177 00 0.144
Soluble silicates - cement -0.843 0o 0.477 --

Chromium
Fly ash - cement 0.037 0 0.168 0.017*
Fly ash - lime 0.703 00 - 0.015
Clay - cement -0.041 0o 0.384 _

Soluble silicates - cement 0.759 0o 0.461
Lead

Fly ash - cement 1.992 0.092 0.149
Fly ash - lime 45.55 0.178 0.235
Clay - cement 29.39 0.012 1.09-
Soluble silicates - cement 1.666 00 1.122 --

*The value of 0.177 given in C6tW et al. (1987) should be 0.017.

Diffusion-controlled release is a significant contributor to the releases from the soluble silicates-
cement and clay-cement waste forms, as indicated by the relatively large values of k3. Negative
values of k, values indicate a time delay in leaching, which is probably an artifact of the
regressions.

The linear term quantified by k4 is not significant except for the release of Cr from the fly ash-
cement and fly ash-lime waste forms. Those results are shown in Figure 5.13 plotted on a linear
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scale. A slight change in slope occurs after about 350 days for both data sets. The regressed slope
for the fly ash-lime waste form in Figure 5.13 for long durations agrees with the value of k4 in
Table 5.7, but the regressed slope for the fly ash-cement waste form (0.015 for long durations) is
about 10 times lower than the value given in C6tW et al. (1987). The Cr releases from the fly ash-
cement and fly ash-lime in Figure 5.1 lb are almost the same beyond about 200 days, so the value
reported by C6t6 et al. (1987) for the release of Cr from the fly-ash-cement waste form is probably
in error. Linear regressions of the full data sets give slopes of 0.0175 and 0.0152 for Cr release
from the fly ash-cement and fly ash-lime waste forms, respectively.

12

10 0.015

fly ash-cement 0.017Cumulative 8
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Leached,
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4
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2

0
0 200 -400 600 800
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Figure 5.13. Results from CWt• et al. (1987): Releases of Cr from fly ash-cement and fly ash-lime
waste forms.

Although the leaching of As is not evaluated in this report, the discussion in C6tW et al. (1987)
regarding the release of As raises an important point: the impact of solution replacement on gas
constituents within the test vessel. In the case of As, reactions involving H2CO 3 were
hypothesized to mobilize As from the precipitated basic calcium arsenite to arsenious acid:

Ca(AsO 2)2"Ca(OH)2 + H2CO 3 ". Ca(AsO 2)2 + CaCO 3 + 2 H20 (5.3)

Ca(AsO 2)2 + H2C0 3 -. 2 HAsO 2 + CaCO3  (5.4)

The CO2 content of the test vessel is refreshed every time the solution is replaced, so the exchange
frequency could affect or even control the As release rate. The refreshment of air also supplies 02
for oxidation reactions. Small amounts of both CO 2 and 02 may enter test vessels that are not
continuously air tight.

The approach used by C6tW et al. (1987) of regressing the results of ANS 16.1 solution
replacement tests to estimate the contributions of potential release modes and model parameter
values, while seemingly efficient, is not recommended. First, the non-constant replacement
frequency does not provide a reliable measure of the diffusive release, as demonstrated in the
preceding sections. Second, the accumulated uncertainties inherent with the cumulative release
values do not provide best values for model parameters. Third, multivariable regression may not
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provide reliable parameter values for the individual processes. As stated in the ANS 16.1
procedure, the kinetics of many processes are fairly well described by a diffusion equation at the
early stages of reactions. The difficulties of distinguishing between diffusion-controlled and
affinity-controlled reactions are discussed in greater detail in Section 7.4. Instead, several test
methods shouldbe used to distinguish the effects of surface phenomena, diffusion, and diffusion
with reaction on contaminant release and the method or methods that are appropriate for the rate-
controlling mechanism should be used to parameterize the rate law.

5.2 Tests with Contaminated Slags

In general, a slag is a byproduct of smelting an ore to purify the metal. Slags usually contain
glassy phases (from silica added to adjust the melt chemistry and sequester contaminants during
the smelting process) mixed with various metals, metal oxides, metal carbides, and metal sulfides,
depending on the ore and additives. Most of the slags generated during normal steel-making
operations pose no health or ecological risks and are commonly recycled for use in concrete and
bituminous mixtures, soil conditioning, and fill. About 13 million tons of blast furnace slag was
produced in the US in 1997 during the production of about 130 million tons of steel. The
conditions under which the constituent phases of the slag are formed (e.g., the redox conditions)
will be controlled by the chemistry of the melt and, to a lesser degree, the atmosphere within the
furnace. Because slags usually form on the surfaces of molten metals, the chemistry of the molten
slag and how quickly it cools will likely affect physical and textural attributes of the slag such as
porosity. The presence of a glassy phase provides a sink for elements not incorporated into
crystalline phases. The glassy phase usually microencapsulates the crystalline phases, although
typically about 30 volume% glass is required to completely encapsulate other phases. Slags
containing non-negligible concentrations of radionuclides such as Th, U, and their daughters,
present either in the ore, recycled materials, or as additives, are referred to herein as contaminated
slags. The results of laboratory tests conducted with various contaminated slags are reviewed in
the following section. Although the focus of the testing programs was to characterize the behavior
of the contaminants, the focus here is to evaluate the degradation behavior of the slags and the
applicability of the test methods and models to these materials.

5.2.1 Pickett et al.

Leaching tests were conducted with slag specimens from the Molycorp-Washington site
(Molycorp, Inc., Washington, PA), the Cabot-Reading site (Cabot Industries, Reading, PA), and
the Whitaker-Greenville site (Whittaker Metals Corporation, Greenville, PA) following the ANS
16.1, EPA Method 1311, and EPA Method 1312 protocols (Pickett et al., 1998). These slags
resulted from alloy production at the different sites using ores containing licensable levels of Th
and U. These slags have been described as being rocklike, cemented sandstone-like, or glassy. At
least 28 phases were identified in specimens that were analyzed with optical and electron
microscopy, X-ray diffraction, X-ray fluorescence, radiography, and chemical analyses (Veblen et
al. 2004), including perovskite (CaTiO3), variously substituted zirconolites (CaZrTi2OA),
pyrochlore (Ca 2Ti2O6), various spinels (FeAI 204), and silica glass. Many of these phases are
radioactive due to the presence of U, Th, and their daughters. The gross compositions of samples
of the three slags are given in Table 5.8.

Results of ANS 16.1 tests with slag from the Whittaker-Greenville site are shown in Figure 5.14.
The slags from this site were described as having "several different appearances, including both
black and green glassy slag, and a porous, rock-like slag" (Craig and Reisenweaver cited in
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Table 5.8. Chemical compositions of Molycorp-Washington,Whittaker-Greenville, and Cabot-
Reading si e slags.

Molycorp- Whittiker- Cabot- Molycorp- Whittiker- Cabot-
Oxide, Washington Greenville Reading Element Washington Greenville Reading
mass% average WH-6a C-B5-5 Conc. average WH-6a C-B5-5

SiO2  10.1 9.18 19.10 Mo, ppm 334 137 <5
TiO 2  2.36 0.539 9.41 U, ppm 157 <20 580
A120 3  39.0 17.2 16.21 Sr, ppm 503 38.7 262
FeO 0.492 12.7 0.159 Cu, ppm 201 265 <75
BaO 6.85 0.0055 0.0610 Li, ppm 1.29 25.6 121
MnO 0.0558 0.213 0.606 Ni, ppm 3.62 37100 10.3
MgO 0.063 29.4 1.45 P, ppm <5 124 40.2
CaO 9.09 3.37 29.38 S, ppm 329 <100 660
Na20 1.65 0.0798 0.0774 V, ppm <5 329 21.7
K20 0.0106 0.0769 0.286 Y, ppm 92.8 <25 2230
Cr 20 3  <0.004 10.7 0.0304 Zn, ppm 12.1 135 7.33
ZrO2  0.165 0.0342 4.31 Ra, pCi g-' 1017 235 1040
La20 3  0.359 0.0033 0.613 Th, pCi g-1 1467 99.1 314
ThO 2  1.51 0.102 0.322 G, pCi g-' 52 <7 194

Pickett et al. (1998)). The material used in the tests had been weathered to the extent that the glass
was completely altered and replaced by alteration phases. The ANS 16.1 tests were conducted
through 19 days (cumulative) with a specimen having a surface area of 45 cm2 and a volume of
16.7 cm3. Releases of Ba, Ca, Mg, Mo, and Si are linear in time for the first 5 days but the release
rates are much lower over the following 14-day interval. This suggests that the releases are slowed
by solution feedback effects and are affinity controlled. The pH values were reported for all
leachates in this test series. The pH values after the 2-hour and 5-hour intervals increased to 8.03
and 9.4, and the pH values for longer intervals were greater than 10. The root-time plot in Figure
5.14b shows that the results for 1-day test intervals are linear with root-time, but the slopes for
each element are greater than those for the preceding samplings at shorter intervals. The 19-day
results, after a 15-day interval, show lower release rates.

The release of components from Whittaker-Greenville site slag appears to be affinity controlled.
An alternative explanation for the decreased release at long times is the formation of a surface
layer that restricts element releases. This is unlikely in an ANS 16.1 test because the solution is
replaced periodically to mitigate the concentration of elements in the solution.

The slag materials from the Molycorp-Washington site consisted of 0. 1-mm-sized metallic and
non-metallic phases encapsulated in glass. A test specimen of that slag was cut in the shape of a
parallelepiped for leach testing. The specimen dimensions were 1.7 x 1.8 x 4.8 cm, which has a
calculated geometric surface area of 39.72 cm 2. The ANS 16.1 protocol calls for a leachant
volume/specimen area ratio of 10 cm, so it is assumed that tests were conducted using leachant
volumes of about 400 mL at each exchange (the leachant volumes were not reported). Whereas
the leach rates of contaminants during each interval are computed in the ANS 16.1 method and
were the focus of the Pickett et al. (1998) report, the present interest is in the release behavior
revealed in the series of test intervals. The cumulative released masses were calculated from the
solution concentrations reported for each test interval, and these are plotted in Figure 5.15. The
data for different elements have been scaled to facilitate direct comparison of the release behaviors
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Figure 5.14. Results from Pickett et al. (1998): ANS 16.1 tests with Whittaker-Greenville site slag
plotted as (a) cumulative release vs. cumulative time, and (b) cumulative release vs.
cumulative root-time.

on a single plot. Figures 5.15a and 5.15b show the cumulative release plotted against the
cumulative test duration highlighting the short-term and long-term results, respectively. Consider
first the initial seven samplings. The first three are taken after intervals of 2, 5, and 17 hours and
then the next four after intervals of 24 hours. The cumulative releases for the fourth through
seventh samplings are linear in time, as shown by the solid line fits. (The third point can be
thought of as the origin for the linear fit to the next four points.) Releases prior to this are non-
linear, as illustrated by the Na release. The releases beyond the seventh sampling are fairly well
described with a linear fit, although the data deviate negatively. This is attributed to the increasing
interval for each successive sample. The largest deviation is between the points at 5 and 19 days.
Figure 5.15c shows the cumulative releases plotted against the square root of the cumulative test
duration. The Na release in tests through about 20 days (cumulative) is linear with root-time, but
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then deviates negatively. This is probably due to depletion of Na in one or more of the dissolving
phases, since Na is a minor component of the slag. The releases of the other plotted elements are
linear with root time beyond the first 3 days. Although the root-time dependence of the releases
beyond about 3 days is consistent with diffusion control, it is probably a fortuitous result of
solution feedback effects due to the increasingly long sampling intervals. As will be discussed in
Section 7.4, diffusion-controlled and affinity-controlled release can be difficult to distinguish in
short-term tests. The observation that the early release was not consistent with diffusion control
makes it unlikely that the later release is diffusion controlled. The pH values of the 20- and
91-day leachates were reported to be 11.42 and 11.45. The pH values of other leachates were not
reported, but the tests were conducted with demineralized water as the leachant, which has a
slightly acidic pH due to dissolved CO2. The significant increase in solution pH over moderate
test intervals (e.g., an increase to pH 11.42 after only 20 days) could contribute to the faster release
beyond the initial 3 days, since the dissolution rates of many materials increase with pH in alkaline
solutions.

The data set for ANS 16.1 tests with the Cabot-Reading site slag was incomplete in that samplings
prior to 20 days were not analyzed for all components. Only the behavior in samplings at about
20, 48, and 91 days are evaluated for multiple components. These results are shown plotted
against time and root-time in Figs. 5.16a and 5.16b. As for the other slags evaluated by Pickett et
al. (1998), the long-term results are equally well fit by the affinity-controlled and diffusion-
controlled models. The different interval durations add uncertainty to the evaluations with both
models. Only the Ca concentration was measured in all samplings and the short-term results show
release is linear in time with a slope greater than the slope for the long-term releases. (Note that
the cumulative releases in Figs. 5.16a and 5.16b only include the increments measured at 20, 48,
and 91 days, whereas the releases in Figure 5.16c include the releases in all ten increments.)

The test schedule used by Pickett et al. (1998) provides information regarding the release
mechanism. Initial short-term tests with uniform replacement intervals would indicate that an
affinity-controlled mechanism is operative for a homogeneous material if the results were linear.
The use of a longer interval for subsequent samplings would indicate an affinity-controlled
mechanism if the release is linear but slower than the release rate measured with shorter intervals.
A diffusion-controlled mechanism would show releases following root-time kinetics over the
cumulative test duration, with the rate depending on the exchange frequency. It would be easier to
distinguish between affinity and diffusion control if all of the longer intervals were of the same
duration. There is no obvious benefit to using different long-term intervals but there is an obvious
detriment: the increasing interval durations can give affinity-controlled releases the appearance of
diffusion-controlled release, as seen in the results for the Whittaker-Greenville site slag. The
effect of the testing interval durations is discussed further in Sections 5.2.3 and 7.4.3.

5.2.2 Fuhrmann and Schoonen

Several series of ASTM C 1308 accelerated leach tests (ALTs) were conducted with slags that had
been recovered during steel recycling operations (Fuhrmann and Schoonen, 1997). The results of
the ASTM C1308 tests conducted with non-radioactive slag E-1 (Steel Slag Coalition,
Washington, D.C.) at 60"C are shown in Figure 5.17. The cumulative mass loss is plotted against
time in Figure 5.17a and against root-time in Figure 5.17b. The results for different components
have been scaled to better compare the release trends over time. The early releases of Ca, Na, Si,
and Sr (through the first 24 hours)show root-time dependence within the testing uncertainty, with
regressed slopes of 13, 0.24; 0.12, and 0.015 mg di1, respectively (adjusted for scaling factors).
However, these fits have significant positive y-intercept values that are inconsistent with diffusion-

5.27



2.5

Released
Mass, mg 2

1.5

0.5

0
0 30 60 90

Cumulative Time, days

120

(a)
2.5

Released
Mass, mg 2

1.5

0.5

0
3 6 9 12

Cumulative Time, day•r2(b)
6

Released
Mass, mg

5

4

3

2

1

0

0 40 80

Cumulative Time, days

120

(c)
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controlled release. The longer-term samplings are also linear with root-time, but the fits to Ca, Si,
and Sr releases beyond 6 d172 for tests with 1-day sampling intervals have greater slopes than the
fits to the short-term tests with shorter sampling intervals: 15, 0.94, and 0.018 mg d2
respectively. This is not consistent with diffusion-controlled release; because longer intervals
should give lower slopes. The releases of all elements are also linear with the reaction time for
samplings taken beyond 48 hours (see Figure 5.17c) at 1-day intervals. The test results beyond
48 hours are fit equally well with linear and root-time time dependencies (all Si releases are well
fit with time).

The data set is not sufficient to distinguish whether the release is controlled by diffusion or
reaction affinity. However, comparing the release behaviors of Ca, Si and Sr in the initial short
sampling intervals with the behaviors in the longer constant sampling intervals and noting the y-
intercepts of the short-term root-time fits both suggest that the release is most likely controlled by
dissolution. This is because longer sampling intervals should result in lower average release rates
for both diffusion- and affinity-controlled reactions. Figure 5.17c shows lower release rates for the
longer intervals than for the individual short-term samplings. The releases of Ca, Si, and Sr
increase slightly with the sampling interval on the root-time plots.

Modified ALTs were conducted with non-radioactive slag AS-3 (Ameristeel, Knoxville, TN) in
the form of a powder that was contained in a membrane during the test. The results are shown in
Figs. 5.18a and 5.18b in linear and root-time plots, respectively. The early releases of Al, Ca, and
Si are described equally well with linear and root-time fits. A change in the release behaviors of
Al and Si occurs after about 120 hours (5 days) of testing that results in a significant change in the
slopes of both the linear and root-time fits. The release rate of Si increases and the release rates of
Al and Na decrease on both scales. This may indicate a change in the phase composition at the
sample surface, such as the most soluble phase being completely dissolved after 120 hours. It
could instead be an artifact of using powdered slag in the test. Crushing most materials generates
particles with sharp fractured edges that are more reactive than the smooth surfaces (e.g., Petrovich
1981). Dissolution rates are expected to be artificially high (with respect to the bulk material)
until the sharp edges have been dissolved. As discussed later (see Section 6.1.2), the influence of
the edges on the measured dissolution rate can decrease quickly after the sharp edges are removed.
Regardless, the release behaviors before and after the discontinuity can be well represented with
either linear or root-time dependencies. As discussed for the E-1 slag, the relative slopes for the
three short-duration samplings and the subsequent 1-day samplings favors dissolution control:
longer intervals should result in lower release rates under both diffusion-controlled and affinity-
controlled mechanisms. The releases of most elements increase on the root-time basis, contrary to
the expectation for diffusion control, but decrease on the linear time basis, consistent with the
expectation for affinity control. Therefore, the process controlling the releases is suspected to be
affinity controlled.

The release of Na shows more scatter than the releases of other elements in early samplings,
probably because Na is present in the solutions at significantly lower concentrations than other
components. The early release of Na could be a diffusion-controlled process while the releases of
other components are controlled by dissolution. The early release behavior of Na from silicate
glasses is usually seen to be diffusion-like, which may indicate that the reaction is controlled by
the diffusion of water into the glass where reaction occurs with sodium in the glass. In these tests,
the Na behavior before about 96 hours is not represented well by either model, whereas the Na
release beyond about 96 hours is described equally well with time and root-time fits.
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5.2.3 Sampling Interval

The different exchange/sampling intervals in the ANS 16.1 and C 1308 test methods were utilized
to distinguish between diffusion control and dissolution control for both the AS-3 and El slags.
Without varying the exchange intervals, the curvature in the sequential results caused by changing
affinity effects can be misinterpreted as reflecting diffusion control. The use of a single constant
interval results in solution feedback effects that are essentially constant for all intervals and a
constant release rate for an affinity-controlled dissolution mechanism (i.e., linear in time). As
evidenced by the tests with the El and AS-3 slags, some test results can be equally well described
by diffusion or affinity control. Continuing the test by using longer (constant) sampling intervals
may help distinguish which process dominates the mechanism and is appropriate for long-term
projections: diffusion control is expected to retain the root-time behavior, but with a smaller slope
(as discussed regarding the test results evaluated in Section 5.1); affinity-controlled dissolution
would remain linear (with time) with a lower slope. The expectation is that either the higher
slopes from short intervals or the lower slopes from longer intervals would distinguish between the
mechanisms.

The examples discussed in Section 5.1 indicated that short and constant exchange intervals are
needed to provide a reliable measure of the diffusion constant, and that the interval duration affects
the measured value. The examples in Section 5.2 show that diffusion-controlled and affinity-
controlled release mechanisms cannot be distinguished by using a single constant exchange
interval. At the high solution volume-to-surface area ratio used in the ANS 16.1 and C1308 test
methods, the reaction affinity decreases slightly over the test interval, but by about the same extent
for each sampling. Therefore, the extent of dissolution is about the same for each test interval.
The computer program available for the ASTM C 1308 test method includes a routine to evaluate
the similarity of concentrations in successive sampling intervals as an indication that the
concentration is solubility limited. In fact, consistent solution concentrations indicate a consistent
extent of dissolution over each interval and a constant dissolution rate regardless of the degree of
saturation. As discussed elsewhere, this is valuable information provided by constant sampling
intervals.
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6 Dynamic Test Methods

Dynamic tests in which leachant flows .continuously through a bed of crushed material (or around
a monolithic test specimen) are used to control the leachate chemistry as the specimen dissolves or
to simulate natural environments. Simple column tests are conducted using gravity-induced flow
through the column, whereas other tests are performed with the leachant forced through the
column by using a pump. Upward flow minimizes the possibility of channeling and ensures all
surfaces are contacted by the leachant. The dimensions of the column are usually selected based
on practical considerations such as the amount of material available, the radioactivity of the
material, the planned duration of the test, the need to minimize waste solutions, etc. Most
laboratory tests are conducted using Q2 mm particles because of the relatively high specific surface
area and greater homogeneity expected for small particles. Although arbitrary, separating site
materials into fractions that are greater than and less than 2 mm facilitates reliable characterization
of the surface properties of the very large volumes of material that are of interest to field analyses
by using laboratory-scale samples. This is because small particles have a proportionately higher
specific surface area (i.e., surface area per unit mass) than large particles, which is easy to scale.
For example, a spherical particle with diameter d and density p has a surface area-to-volume ratio
of 6/d and a specific surface area of 6/(dx p). The densities of metallic and non-metallic minerals
range from about 1 g cm 3 to about 12 g cm"3, with a peak in the distribution between 2.5 g cm"3

and 5 g cm-3 (Hillel 1980). Most silicate minerals have a density between about 2 g cm"3 and
4 g cm 3 . Using a nominal density of 3 g cm 3 for a geological specimen, the specific surface area
will scale as 21d. From this relationship, the specific surface area decreases rapidly with particle
diameter, such that a particle 20 mm in diameter has a specific surface area that is only 10% that of
a 2-mm particle. On the other hand, a particle that is 0.2 mm in diameter has 10 times the specific
surface area of a 2-mm particle. Therefore, conducting laboratory tests with particles that are
2 mm and smaller provides the maximum surface area (and representation of the mineralogy) with
the minimum volume. As an example of experimental convenience, a column diameter at least
30 times the maximum particle size is recommended to avoid local velocity effects such as
channeling (Relyea 1982). Particles that are 2 mm or smaller require a 6-cm diameter column,
which is available as standard laboratory ware.

Note that the fluid flows through the specimen chamber but around the particles of test specimen
in these dynamic tests, so that reaction occurs at the surfaces of the particles. A different test
method is conducted wherein the fluid is forced to pass through a porous test specimen using high
pressure. That method is discussed separately in Section 6.6. Note also that the term "steady
state" is often used in the literature to denote a constant release rate or constant concentration. In
this report, steady state refers specifically to the kinetic condition of no change in the
concentration of solution exiting the reaction cell over time. That is, the amount of a contaminant
released from the specimen due to dissolution or leaching equals the amount of that contaminant
that is removed from the system due to flow at steady state. Steady-state conditions in the reactor
lead to constant release into the effluent and concentrations that are constant with the reaction
time. The important difference is that the constant rate is a direct function of the solution flow rate
and exposed surface area, and not an intrinsic or characteristic property of the dissolving
specimen that occurs under equilibrium conditions. This is discussed in detail in Section 6.2.2.

Dyanamic test methods are usually classified according to the apparatus used to control the flow
rate and interaction with the test specimen. Six testing methods using different reactors are
considered in detail in this report: column reactor, SPFT reactor, fluidized bed recirculating
reactor, pressurized unsaturated flow reactor, forced-through reactor, and Soxhlet reactor. The
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column reactor is discussed first and results are presented for tests conducted with minerals and
various slag materials. The other methods are discussed with regard to the interpretation and
modeling of dynamic test results.

6.1 Column Reactors

Column reactor tests are often used to measure the degradation rates of minerals and waste
materials. A good description of column and flow-through reactors and how they are used to
measure the weathering rates of minerals is provided by White and Brantley (2003). Their
description and application of the test data are used here as an introduction and basis for comment
and critique:

The weathering rate of a silicate mineral, R (mol m2 S-1), is commonly defined by the
relationship

R=-Q (6.1)
St

where Q (mol) is the moles of a mineral reacted, S (M2) is the surface area and t (s) is time.. In
well-stirred flow-through experiments, such as fluidized bed reactors, e.g., Chou and. Wollast
(1984), the weathering rateD can be defined explicitly as

R-(Ci C0 )dv (6.2)
R. S dt

where Ci and Co (mol L-) are inlet and outlet solute concentrations, 03 (mol mo1-) is the
stoichiometric coefficient describing the number of atoms of solute released per formula unit
of the dissolving mineral, and dV/dt is the rate of flow of fluid through the reactor (L s-).
With Ci as a constant, the weathering rate is proportional to the product [of] the effluent
concentration and flow rate.

Plug-flow or column reactors have an advantage over stirred and fluidized bed reactors in that
they are easily designed as passive gravity flow systems with no mechanical parts, a major
consideration for long-term experimental studies. In addition, column reactors are closer
analogs to weathering in natural regoliths in which solutes in a volume of infiltrating water
progressively react with a continuum of mineral phases.

The disadvantage of column reactors is that [Equation .6.2] is only an approximation of
experimental weathering conditions. Solute gradients are produced in which reactant and
product concentrations change with distance within the column, i.e., C,-Co is not spatially
constant [...] In the present study, solute gradients within the columns were minimized by the
long duration and slow rates of the reaction that produced very dilute effluent concentrations
[...] In addition, relatively large grain sizes of similar dimensions were used to produce high
porosities and relatively homogenous flow in the column bed. White and Brantley (2003)

It is sometimes stated (as above) that the conditions used in a column test represent a natural
weathering site or that column tests, in general, provide a closer analogue to a natural site than
other laboratory tests. Although this could be true, an important question to be asked is whether
the similarity is sufficiently accurate to justify empirically extrapolating the results of tests
collected over a few years to geologic timescales. As the evaluation of data in this section will
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show, the answer is usually no. Instead, a suite of laboratory tests must be conducted to develop
and parameterize a mechanistic model that can be used to link laboratory measurements with
calculations of long-term behavior as a function of environmental conditions rather than relying on
empirical extrapolations. Although this requires a fairly extensive characterization of the waste
and a relatively large number of tests, for example, as recommended in ASTM method CI 174
(ASTM 2009a), mechanistically based models are usually considered to provide more defensible
long-term projections. A standardized procedure for conducting a column test is available as
ASTM D4874 Standard Test Method for Leaching Solid Material in a Column Apparatus (ASTM
2009d). That procedure specifies an up-flowing solution and provides for calculating the void
volume and porosity of the column. The void volume provides a convenient unit for quantifying
the amount of effluent solution. Recommendations for sampling and reporting are provided in the
procedure, for example, it specifies that the flow rate be adjusted to completely replace the
solution in the column (one void volume) within a 24-hour period and that void volumes 1, 2, 4,
and 8 be collected and analyzed. Instead of the test methodology per se, the focus of this
evaluation is on the application of test results to material behavior and modeling.

6.1.1 White and Brantley

White and Brantley (2003) measured the dissolution rates of fresh plagioclase and weathered
plagioclase that had been recovered from the Panola watershed in the Piedmont province of
Georgia, USA. Tests were conducted with 750 g crushed material in a size fraction <2 mm that
was placed in a 2.4 cm id x 1.0 m long Pyrex glass column using distilled deionized water that was
saturated with a 5% C0 2/95% air mixture at 20'C (pH = 4.5) prior to use. The leachant flow rates
were controlled by gravity and were measured throughout the test; the average flow rate was
10 mL h 1. The dissolution rate was calculated with Equation 6.2 using the measured Na
concentration and the flow rate measured at the time the sample was collected. The specific
surface area of the crushed plagioclase was measured to be 0.084 m2 g- prior to testing (BET
surface area) and 0.126 and 0.298 m2 g- after 1.66 and 6.21 years, respectively. The increase in
specific surface area may result from the particles shrinking as they dissolve or the formation of
secondary phases having higher specific surface areas than the dissolving phase (e.g., clays).
Although the specific surface area of the test material increased during the test, the mass
decreased. The reactive surface area cannot currently be quantified or distinguished from the total
surface area. The results for dissolution of fresh plagioclase are plotted in Figure 6.1 a with a
regressed power-law fit:

rate(mo m-2 s-1)= 1.49x10- 13 t-0.5 1  (6.3)

The dissolution rate of the weathered plagioclase was measured to be nearly constant over the test
duration (see Figure 6.1 b) and the results were fit to a linear (with respect to time) release
equation:

rate(mol m-2s-1)= 1.4x10-15 + 1.71x10- t (6.4)

(Note that Equation 6.4 differs from Equation 7 in White and Brantley (2003), wherein the
constant term is wrongly given as 0.0014 and the coefficient for the time dependence fails to
account for the multiplication factor of 1013 in the results.) The linear fit is shown by the dashed
line in Figure 6.lb. The power-law regression of the entire data set may provide a more realistic
fit, as shown by the solid curve in Figure 6. lb. Using Equation 6.4, White and Brantley (2003)
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Figure 6.1. Results from White and Brantley (2003): Measured dissolution rate of(a) fresh
plagioclase and (b) weathered plagioclase based on release of Na.

calculated a reaction time of 22,000 years for the dissolution rate of fresh plagioclase to decrease
to the rate that was measured for weathered plagioclase under the particular test conditions.

Granite is an igneous rock composed of aggregated minerals, including quartz, alkali feldspar
(e.g., orthoclase), and plagioclase feldspar. The dissolution rates of most (if not all) of these
phases are expected to be affected by the dissolved silica concentration through a chemical affinity
dependence. Therefore, the dissolution rates measured in the column tests of White and Brantley
(2003) probably depend on the flow rate that was used in the test. The authors noted that "lower
flow rates generally resulted in increased effluent Na" (White and Brantley 2003, p. 484), but the
effect of flow rate was not discussed further. The dissolution (weathering) rate is proportional to
the product of the effluent concentration and the flow rate (d V/dt) in Equation 6.2, but this only
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takes into account the diluting effect of the flow rate. It does not account for any dependence of
the rate on the solution composition. The relationship between an affinity-controlled dissolution
rate and the response of a dynamic dissolution test is discussed in Section 6.2. The consequence
of the flow dependence is that the dissolution rate measured at any particular flow rate is not a
characteristic rate of a material that should be used to predict its long-term behavior. The effect of
the leachant flow rate on the dissolution rate should be taken into account for long-term
projections. (See also Section 7.4.6.) Even if the experimental flow rate accurately mimicked the
infiltration rate of meteoric water, flow through the geologic environment would not have been
simulated by flow through the <2 mm particles used in the column tests. The <2 mm particles
provide a representative reactive surface for use in the test, but not a representative flow path.

In this solids-dominating test configuration, the solution composition varies continuously through
the column and becomes increasingly concentrated as it passes through the crushed material. At
high percolation (advection) rates, the material near where the leachant enters the column will
react in nearly pure leachant (without components from dissolved plagioclase) whereas the
material near the exit will react in nearly pure leachate (with the highest concentrations of
components from dissolved plagioclase attained in the column). The chemistry of the solution
changes while passing through the column. White and Brantley (2003) suggest that the long test
duration and low flow rates occurring in these tests minimized solution gradients. This may have
been true with regard to gradients normal to the advective flow, but not along the length of the
column. Concentration gradients will remain along the length of the column even after steady
state is attained. They also suggested that their use of relatively large and similar grain sizes lead
to relatively homogeneous flow through the bed. Particle sizes 0.25-0.85 mm in a column having
a 2.4-cm inside diameter are small enough to maintain even flow in column tests to measure Kd
values (e.g., Relyea 1982). Using an average particle size of 0.5 mm and assuming cubic
geometry gives a specific surface area of 0.0044 m 2 g-1 and 3.3 m 2/750 g in the packed column.
The surface area/solution volume ratio in the column is about 19,000 m'. The fluid exiting the
column was not exposed to this area for the entire residence time and the effective S/V ratio is
much lower. Contrasting this with the 10 m- ratio called for in the ANS 16.1 and ASTM C1308
test methods to maintain highly dilute conditions and the ASTM C 1285 test method to generate
concentrated solutions, these column test conditions are likely to result in far-from-equilibrium
conditions at the entrance of the column and near-equilibrium concentrations near the column exit.
The output concentrations are expected to be insensitive to the intrinsic plagioclase dissolution rate
but reflect the solubility limits.

6.1.2 Fuhrmann and Schoonen

Column tests were conducted with three different slags resulting from steel recycling (Fuhrmann
and Schoonen, 1997). Samples of the same slags were used in ASTM C1308 ALT tests that were
discussed in Section 5.2.2. The slags were crushed, but the particle size range was not reported.
Distilled water was pumped upwards through the columns at average flow rates calculated to be
63, 66, and 69 mL/day in tests with the E-1, Q-BOPA (Heckett Multiserve, Provo, UT), and AS-I
slags, respectively. The void volume of each packed column is estimated to be about 20 mL based
on the column volumes and reported porosities, so the solution in each column is exchanged more
than three times daily at these flow rates. The test results are plotted in Figure 6.2 as the
cumulative fraction released. Note that the results have been scaled to facilitate comparisons of
the release patterns of different elements over time on the same scale. The initial concentrations of
the tracked components in the slags are given in Table 6.1. The cumulative releases in the test
with slag E-1 shown in Figure 6.2a are fairly linear between nodes occurring at 6.4, 10.2, 17.3, and
24.4 days, which are indicated by the vertical dashed lines. Changes in slope occur for Na, Sr, and
Al at 6.4 and 10.2 days, for Sr, Al, Ca and Si at 17.3 days, and for Ca and Si at 24.4 days. The
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Table 6.1. Initial concentrations in slags,a as elemental mass%.
Specimen Al Ca Na Si Sr

EA1 8.3 32.0 0.064 6.0 0.021
Q-BOPA 0.69 31.7 0.016 7.6 0.017
AS-3 4.9 29.3 0.031 8.6 0.027

aNormalized to 100% total oxides.

release rate of Si increases, whereas the release rates of the other elements decrease at each node
(the Ca release rate may increase beyond 24.4 days, or this may be experimental uncertainty).
These changes correlate with an increase in the interval between effluent collection time and may
indicate a dependence of the measured release rates on the sampling interval. The sampling
intervals in tests with slags Q-BOP and AS-3 were more regular, as seen in Figs. 6.2b and 6.2c,
but the slightly longer interval between 21.3 and 24.4 days does result in a noticeable change in
the releases of Na and Sr, which decrease, and an increase in the Si release. The impact of when
and how long the effluent solutions were collected for analysis suggests the system was not at
steady-state during the initial samplings. That is, the solution concentrations varied with time.

A better understanding of the test results is gained by plotting the solution concentrations at every
sampling against the cumulative test duration, as shown in Figs. 6.3a, 6.3b, and 6.3c. (The final
page of the report BNL-71445 wasmissing and the measured concentrations are only available for
the initial samplings of the column test with AS-3 slag. The concentrations were estimated from
the reported CFL values.) The releases of particular elements have common behaviors during the
tests, (1) The concentrations of Al, Na, and Sr decrease during the first -20 days of each test. (2)
The solution concentration of Ca remains fairly constant during the three tests. (3) The
concentrations of Si increase during the first -20 days of all tests whereas the releases of other
components decrease. The solution concentrations decrease at similar rates beyond 20 days in
tests with E-1 and Q-BOP slags. The observed behaviors can be understood as follows. As the
demineralized water is pumped into the column, it reacts with and dissolves the phases in the
slags. Minute particles are dissolved quickly, due to their high specific surface areas, and the
initial samplings attain high concentrations as they pass through the column. As the small
particles dissolve completely, less surface area is available to react with the fluid that is collected
in subsequent samplings, so the solution concentrations decrease with time. Why the solution
concentrations of Si increase during the first 20 days while the releases of other components
decrease is not understood. It may indicate delayed transport of Si through the column due to
interactions with the solids. Silicon is a minor component of all three slags. After about 20 days,
the test systems attain nearly steady-state conditions when the dissolution rates of the phases
become fixed by the flow rate of the fluid. The continued decrease in solution concentrations at
longer sampling times is probably due to the loss of surface area as the particles dissolve.

The test responses depend on the phase compositions of the slags and the intrinsic dissolution
behaviors of these phases, but also on test conditions including the fluid flow rate, particle size
distribution, column porosity, and transport properties of the released species. Although the
collected eluates represent the solutions contacting the slag materials at the end of the column, the
chemistry of the fluid in the column (and the surface state of the slags) changes significantly over
the length of the column. Slag phases at the entrance of the column are reacting with
demineralized water and phases at the exits are reacting with highly alkaline solutions. At steady
state, the composition of the fluid will still vary through the column, but the concentration at any
paiticular location will not vary with time except in response to the loss of surface area or upon the
precipitation of secondary phases. This is considered further in the following section.
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6.1.3. Steady State in Column Reactors

Column reactors present a more complicatedsystem than static reactors in that the time that fluid
contacts the material surface depends on the flow rate and length of the column. In static tests, the
fluid contacts all surfaces throughout the test, released components accumulate in the solution over
time, and all surfaces are contacted by a similar solution chemistry. In column tests, the fluid
contacts a particular surface for a limited duration and the solution chemistry changes over the
length of the column. Material at the entrance of the column is continuously contacted by fresh
leachant solution and material at the exit of the column is contacted by solution carrying dissolved
components and having a chemistry that may differ significantly from the input leachant. The
effluent solution that is analyzed represents the solution contacting the material very near the exit.

The transport of dissolved components through the column provides opportunity for species-
specific retardation due to adsorption, precipitation, or other reactions with the solid materials in
the evolving solution chemistries. For example, the solution pH and Eh will likely change
throughout the transport pathway to affect the solubilities of released components. These
differences will exist throughout the column even after steady-state conditions are attained. As in
SPFT-type experiments, steady-state conditions cannot be maintained in tests with small
particulate solids due to the continuing loss of material mass and reactive surface area as the
materials dissolve.

To determine dissolution rates from experiments with packed columns, both chemical reaction and
fluid transport must be taken into account. This is because the solution chemistry of the fluid
changes as it passes through the column and contacts additional surfaces. Those surfaces will also
vary throughout the column. In the batch tests, fluidized bed, stirred reactor, and SPFT methods
discussed above, the effect of mass transport can be neglected in the fluid-dominated environments
present under most test conditions. The general equation for coupled reaction and transport can be
written as (Mogollon et al. 1996; Taylor et al. 2000a, Taylor et al. 2000b)

t C V(iD J, )+ a Rate, (6.5)
at

where D is the porosity of the medium, Cy is the concentration of species i, Jj is the flux of solute i,
and Ratei is the net rate of all reactions involving i. Consider the dissolution of gibbsite in acidic
solutions

AI(OH) 3 + 3 WI = Al3+ + 3 H20. (6.6)

For constant flow through a homogeneous column of gibbsite, the one-dimensional reaction-
transport equation can be written in terms of dissolved Al (Mogollon et al. 1996),

aCA, - D At OCAl+RateAI (6.7)

at aX2  ax

where x is the distance along the column (m), v is the true fluid velocity (m s-), and D is the
combined diffusion-dispersion coefficient (M2 s-1). In Equation 6.7, the true fluid velocity is the
ratio of the Darcy velocity and porosity. CA represents the total concentration of Al in solution
(mol m3 fluid), and RateM (Mol m3 fluid s") is the net rate of all reactions affecting the Al
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concentration. If the Al concentration is only affected by reactions involving gibbsite (i.e.,.
dissolution and precipitation), then Rate• can be replaced with aMA gibbsite Rategibbsite, where the term
aM, gibbsite is the stoichiometric coefficient for Al in the gibbsite dissolution reaction, which from,
Equation 6.6 is 1. If dissolution of another mineral in the system. generated A13+, the rate of that
reaction would be added to the right-hand side of Equation 6.7 as aA, mineral Ratemineral. The change
in Al concentration at any location in the column due to the dissolution and precipitation of
gibbsite will depend on the surface area of gibbsite that is contacted by the fluid, and that surface
area will depend on the distance along the column. The dissolution rate of gibbsite will also
depend on the temperature and pH at that location. If the advection is sufficiently high that
diffusion and dispersion can be neglected, the reaction-transport equation can be simplified under

steady-state conditions, where aCA' =0, asat

aCA, aAlgibbsite Rategibbsite (CAl, PH, x)

ax V

Consider first reaction conditions that are far from equilibrium for gibbsite. The dissolution rate
constant with respect to the Al concentration and can be written as

Rate gibbsite =kgibbsite " (6.9)
V

where kgibbsite is the forward dissolution rate at the temperature and pH), S is the gibbsite surface
area and V is the solution volume in the column. Note that the ratio S/Vis used to relate
Rategibbsite (mol m"3 s') to kgibbsite (mol m"2 s1). Substituting Equation 6.9 into Equation 6.8 and
integrating gives

c kgibbsite

out - Ci f gi(x),d (6.10)
0

where the gibbsite surface area has been discretized along the column length. By defining the
average surface area at any point along the column length as

LS=-J S(x)dx (6.11)

0

The output concentration is related to the gibbsite dissolution rate as

ACAI= L-S (6.12)
vV

and the kinetic rate coefficient for gibbsite dissolution (mtol m 2 S1) can be written as

*kgibbsiie = V' "(6.13)
L S
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Under far-from-equilibrium conditions, the output Al concentration depends linearly on the ratios
of the column length and mineral area to the fluid velocity as L-S/v. At the other extreme, the
output Al concentration will become independent of the fluid flow as the solution at the end of the,
column approaches equilibrium with gibbsite. In practice, it is difficult to reach equilibrium in
column tests at even the slowest flows. Figure 6.4 shows the results of column tests with gibbsite
conducted with leachants having four different pH values conducted at various flow rates.
Solutions in tests with pH 4.0 and pH 4.5 leachants reached equilibrium prior to exiting the
column and maintained constant Al concentrations that were independent of the flow rate (but
sensitive to the pH). Tests with pH 3.2 and pH 3.5 leachants conducted at high flow rates
(L/v < 0M5 x 10 4 yr) maintained far-from-equilibrium conditions and show the linear dependence
predicted by Equation 6.13. However, note that the fitted lines both have positive y-intercepts,
whereas Equation 6.12 predicts a zero intercept as v -- oo. This may indicate that the data are
approaching the linear rate asymptotically. The steady state Al concentrations fall well below
these lines at higher values of L/v. Dissolution at these pH values shows nonlinear behavior at
lower flow rates, which indicates a sensitivity of the rate to the solution chemistry and to AGr.

150
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X pH 4.5

100

AI, IM
0

50 0
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Figure 6.4. Results from Mogollon et al. (1996): Measured Al concentrations vs. L/v for tests

conducted with leachant having four different pH values.

Figures 6.5 and 6.6 show the results of similar tests with plagioclase using columns that were

3.5 cm and 5.0 cm long (Taylor et al. 2000b). The dissolution reaction is written as

Na0.4Ca0.6Al1. 6Si2.40 8 + 1.6 H20 + 6.5 W+ --> 0.4 Na+ 0.6 Ca2÷ + 1.6 Al3' + 2.4 H4SiO 4  (6.14)

where a small amount of Sr substitutes for Ca: the plagioclase was reported in Taylor et al.
(2000a) to contain 0.3 mass% CaO and 12.9 ppm Sr. Figure 6.5 shows the Si and Sr solution
concentrations and flow rates measured in successive samplings as a function of the cumulative
reaction time for tests in the 5.0 cm column. The rapid decreases in Si and Sr concentrations
during the first -750 hours indicate the dissolution of highly reactive surface sites; tests were
conducted using the 43-110 gim size fraction of crushed plagioclase. Steady-state concentrations
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Figure 6.5. Results from Taylor et al. (2000a): Measured flow rate, Si, and Sr concentrations vs.
L/v for 5.0 cm column tests with plagioclase.

are thereafter inversely related to the flow rate. The authors used the BET-measured specific
surface area to normalize the rates and reported no significant change in the specific surface area
before and after testing. They did not report the mass loss, which would indicate the change in
available surface area in the reactor. The plagioclase dissolution rate is related to the Si release
rate by the stoichiometric coefficients from Equation 6.14, where 2.4 moles of Si are released per
mole of plagioclase dissolved. The release of Sr is not used to calculate the dissolution rate of
plagioclase because Sr is a minor contaminant that may not be uniformly distributed.
Nevertheless, the release of Sr is quite uniform in these experiments, although the steady-state Sr
concentrations are very low at the higher flow rates.

Figure 6.6 shows the steady-state Si concentrations at various L/v for tests in both columns (Taylor
et al. 2000a). The diagonal line shows the limiting far-from-equilibrium constant rate that is
approached at high flow rates. The steady-state concentrations deviate negatively from this line
representing a constant rate at lower flow rates and approach the Si saturation limit as the flow rate
approaches zero (L/v becomes very large). Longer columns can be used to attain higher L/v
conditions and determine rates under near-to-equilibrium test conditions.

The results shown in Figure 6.5 raise an important issue regarding flow-through tests. Tests are
often conducted by changing the flow rate during a test to drive the system to new steady state
conditions. Tests are also conducted by changing the leachant composition, as discussed in
Section 6.4. While this is experimentally convenient and seemingly an efficient use of sometimes
limited amounts of material, there are potentially important consequences. In the case of changing
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Figure 6.6. Results from Taylor et al. (2000b): Measured Si concentrations vs. L/v for tests
conducted with L = 3.5 cm and L = 5.0 cm columns. The diagonal line is fit to the low
L/v data to show the far-from-equilibrium limit where the steady-state concentration is
linear with the inverse flow rate (at very high flow rates) and the dissolution rate is
constant.

pH values, non-stoichiometric dissolution will alter the surface composition of the specimen and
could affect the steady-state conditions in succeeding intervals. Another complication is the loss
of reactive surface area as the test proceeds and the material dissolves. As discussed earlier, the
mass of material that dissolves during the test can be calculated from the measured rate and initial
surface area. After 3000 hours at the far-from-equilibrium rate, the available surface area is
estimated to decrease by only 0.15%. The loss of surface area is insignificant under these
conditions, but can become significant under more aggressive test conditions. The ASTM C1662
method for conducting SPFT tests calls for separate tests to be conducted at each flow/area ratio
and uses the initial surface area to calculate the rate.

The point of this brief review is to show that the results of a column test conducted under a
particular set of conditions are not sufficient to characterize material dissolution behavior. The
leachant flow rate, particle size, column porosity, and column length all affect the output solution
chemistryin addition to material dissolution, and must be taken into account to determine the
material dissolution rate. This test method provides a means to study near-equilibrium conditions
at very high L/v, but diffusion/dispersion will become the dominant transport processes under
those conditions and the mathematics used to quantify test responses will be different that that
discussed in this report. Despite the added difficulties of interpreting the results of packed column
tests, they provide a valuable link between other laboratory tests and field behavior. This
relationship will be examined further in the subsequent report: Relationship between Laboratory.
Tests and Field Leaching.
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6.2 Dynamic Tests and Affinity-Controlled Dissolution

The dissolution rates of aluminosilicate minerals and silicate glasses are known to be influenced
by temperature, pH, and the common ion effect, wherein the concentrations of key components in
the solution affect the rates of reactions through which the material dissolves. The common ion
effect is referred to generically as solution feedback. Dynamic tests have been designed to
measure the dissolution rates of minerals under conditions in which solution feedback effects are
held constant by continuously replacing the solution contacting the test specimen with fresh
solution. Both the composition of the leachant solution and the flow rate used in the test influence
the dissolution rate of the specimen to establish a unique steady-state solution composition. By
measuring (1) the concentrations of soluble components (particularly silicon) in the solution that is
flushed from the reaction cell and (2) the solution flow rate, the dissolution rate can be calculated
at the particular level of solution feedback that is established by the test conditions that are used.
The general rate expression commonly used to model the dissolution of silicate minerals is based
on the affinity model discussed in Section 2.3. The form of the rate law used for glass dissolution
is given as (e.g., McGrail et al. 1997a; Pierce et al. 2008):

rate=ko * lajV. 1 0 7pH* exp('T-) ý:- (6.15)

where
rate = specific dissolution rate, g m 2 d1

k0 = intrinsic rate constant, g m2 d-'
-IJaj'= general term for dependence on activities of solutesj of order vj

i = pH dependence, unitless
Ea = activation energy, kJ moll
R = gas constant, kJ mol' K-'
Q = ion activity product of the solution, mol L-
K = pseudo-equilibrium constant for the glass, mol L-.

The term [-Iaji represents additional terms that may be needed to model some materials to take into
account other chemical effects, such as solutes that catalyze (or inhibit) the reaction. The kinetic
effects of species on the rate through that product term are independent of the thermodynamic
effect they may have through the equilibrium constant, K. The effect of the hydronium ion is
common enough to be shown explicitly in the general expression as a". = 107pH The term

(1-Q.) accounts for solution feedback, where Q/K gives the ratio of the solution concentration to

that of a saturated solution. Since glass is thermodynamically unstable, the solution can never
become saturated and a true equilibrium constant does not exist. Instead, the conditions under
which the dissolution rates are immeasurably low are used as a surrogate for saturation conditions
in the model, and the solution concentrations are represented by K. Note that the value of the
Temkin coefficient discussed in Appendix A is presumed to be c = 1 in this expression. This
represents the simplest transition state theory formulation of the rate law. Other values of the
Temkin coefficient and other nonlinearities with respect to the reaction free energy as discussed in
Section 2.3 may be required to model the dissolution rates of some materials.
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The SPFT test method can provide a measure of the dissolution rates at different values of pH,
temperature, and solution compositions that are controlled during the test. The test conditions can
be selected to maintain dilute solutions in which Q<<K so that the measured rate is proportional to
the intrinsic rate constant at particular pH and temperature values. Other test conditions can be
used to measure dissolution rates at various steady-state compositions at~fixed pH and temperature
values to determine how the rate depends on the value of Q/K (that is, on the chemical affinity)
and then calculate the value of K.

The dissolution rate when the value of the affinity term is one is referred to as the forward
dissolution rate (or simply the forward rate). The forward rate includes all the terms preceding the
affinity term and depends on the composition of the glass, temperature and solution pH, and may
depend on other solute concentrations. It is important to note that the dissolution rate cannot be
measured in the total absence of feedback effects because a minimum concentration is required for
the analytical measurements that are used to determine the dissolution rate. That is, the analytical
limit of quantization establishes the minimum solution feedback effect-that must be attained to
measure the dissolution rate. As discussed in the ASTM C 1662 test method, the rate in the
absence of feedback effects can be estimated by extrapolating the rates measured under various
levels of solution feedback to zero concentration. Although this is the preferred approach, many
researchers simply assign the rate measured at the highest affinity condition that is achieved to be
the forward rate.

6.2.1 Determining the Dissolution Rate from Experimental Results

An experimental dissolution rate can be calculated from the amount of any soluble component i
released into solution from a known exposed surface area over a known duration, if the material
dissolves stoichiometrically and the mass fraction of component i in the material are known. The
expression used to calculate the rate is

m(i)
rate - f(i) (6.16)

Soof(i) ot

where
m(i) = mass of element i released from the test specimen, g

S= initial surface area of the test specimen, m2

](i) = mass fraction of element i in the original test specimen, unitless
t test duration, s.

The termrai) is included to relate the mass of element i that is measured to have been released to
the total mass of the test specimen that has dissolved. For dissolution of a mineral phase having a
homogeneous composition,Afi) gives the relationship between the element that is tracked and the
mineral, and may be replaced by the stoichiometric coefficient. The solution concentrations of
species with high solubility limits are usually tracked to represent the extent of reaction. Fractions
of some components will become sequestered in alteration phases or remain as insoluble residue
on the specimen surface such that their solution concentrations do not accurately represent the
extent of specimen dissolution. Expressing the amount of the released component i as a
concentration gives
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rate= C(i) 0 V (6.17)
S0 Of(i) .t

where
C(i) = concentration of element i released from the specimen, g M3

V = volume of solution, M3 .

Under flowing conditions and at steady state, the concentration of i due to dissolution is the
measured steady-state concentration CS(i) minus the background concentration of i present in the
leachant used in the test C•(i)

C(i) = C ss (i)- Co(i). (6.18)

Defining the ratio V/t as the volumetric flow rate F and substituting Equation 6.18 into
Equation 6.17 gives

rate = [C * f(i) (6.19)

and

rate • F
C- (i) - C0(i) = (6.20)

So0 f(i)

where
C3 (i) = steady-state concentration of element i in the effluent, mg L-
C (i) = concentration of element i in the leachant, mg L'

F = leachant volumetric flow rate, M3 s"1

S* = initial surface area of the test specimen, m2
](i) = mass fraction of element i in the test specimen.

Note that the rate and steady-state concentration are both proportional to the ratio of test
parameters F/S', so that high flow rates and low specimen surface areas have the same effect on
the steady-state concentration and on the rate.

The dissolution rates in the SPFT tests (at constant pH and temperature) are calculated using
Equation 6.19. The dissolution rate is often referred to as the normalized dissolution rate, NR(i), to
emphasize that the rate is based on the release of element i and that it is normalized to the surface
area of the test specimen. Note that the value of NR(i) is in terms of the mass of the test specimen
dissolved due to theAi) term in the denominator, not the mass of element i that is released.. Note
also that Equations 6.19 and 6.20 are written in terms of the initial surface area, which can be
measured directly for sufficiently large specimens and estimated based on the mass and the size
fraction (specific surface area) of the crushed material used in the test. A commonly used method
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to take the change of surface area of crushed samples during the test into account is to model the
particles as shrinking spheres (e.g., McGrail et al. 1997a). This relates the decrease in surface area
to the amount of material that has dissolved by calculating the final surface area of the reacted
glass, Sf, from the mass of the sample at the end of the test interval as calculated from the
dissolution rate and reaction time as

Sf 1/3mf 2/3 (6.21)

where p is the density of the glass, d, is the initial diameter of the glass particle, Mis the initial.
mass of the sample, and m is the final mass of the sample. The final mass of the sample is
calculated from the mass that has dissolved as

m1 = mO - rate x So x t (6.22)

The fractional change in the surface area is

6F a 6 1/3 0 2/32/
Sf LfP~~J OI/ (6.23)

. ~do I

The pH and temperature dependencies of the rates can be determined by equating Equation 6.19
and Equation 6.15 at steady state as

[s(i)-Co(i)]•F (E~("
rate at steady state = [C ss af) - (i)e4ýE-;) (6.24)

Equation 6.24 provides the relationship between the experimental results at steady state and the
theoretical rate law for affinity-controlled dissolution. Application of Equation 6.24 requires
definition of the surface area as the initial, final, average, or weighted surface area. For tests in
which the flow rate or leachant composition is varied to attain several steady-state conditions
during the reaction of the same specimen, a different value of the surface area may be appropriate
for different intervals. It may also be possible to relate the test results to diffusion-controlled
release over a sampling increment, as quantified in Equation 4.7:

[C(i) C 0(i)] F Ao 1/jJ'
2

rate = S fi) wfT-/ (6.25)
S0 Of(i) w

It is of interest to predict the response of a material that releases contaminants by a diffusion-
controlled process in a flow test. Steady-state conditions are not achieved in a diffusion-controlled
process and the rate is expected to depend on the reaction time. This will provide evidence of a
diffusion-controlled process for a material reacted in a flow-through test.
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6.2.2 Significance of the Measured Rate

Although a dissolution rate can be calculated from the release over any test period, the
meaningfulness of that rate depends on the test conditions. The objective of most tests with waste
forms is to determine a material property or parameter value for a mechanistic model to calculate
long-term behavior, where the release is controlled by diffusion, dissolution, or another process.
Historically, the various test methods have been referred to as leach tests or dissolution tests
according to the presumed release mechanism of the contaminant from the host material being
tested. Unfortunately, these are often misnomers and a particular test method can be successfully
applied to various materials that degrade by leaching, dissolution, oxidative-dissolution, or other
mechanism. An important issue considered in this report is how to properly interpret a test
response for a particular degradation mechanism. The relationship of the rate measured in a flow-
through test and the material dissolution rate is discussed below.

Consider the reaction of a specimen with surface area S contained in a cell volume Vthat occurs
when contacted by a solution with flow rate F. As an example, consider the release of Si as a
silicate mineral dissolves with the affinity term dependent on the dissolved silica concentration.
The variation in the concentration of Si in the reaction cell over time is the difference between the
amounts of Si added by dissolution of the specimen and removed from the cell due to flow

dC(Si)=S kf I-C• i)FC(Si) (6.26)

The first term on the right-hand side of Equation 6.26 gives the rate at which Si is added to the
solution in the cell (where the rate coefficient kf represents the product of the intrinsic rate
constant, pH dependence, and temperature dependence terms) and the second term give the rate at
which dissolved Si is removed from the cell. Under constant flow conditions, steady state will
occur when the rate at which Si is added to the cell by specimen dissolution is the same as the rate
Si is removed from the cell by flow. The rate at which Si must be added by specimen dissolution
to maintain steady-state conditions at a particular flow rate is determined by setting dC(Si)dt = 0
and solving for C(Si)SS. The dissolution rate necessary to maintain steady-state conditions can be
expressed in terms of the number of moles of Si released under steady-state conditions n(Si)ss,
which is simply the product of the cell volume and steady-state Si concentration

n(Si)ss = VC(Si)s (6.27)

Expressing Equation 6.26 in terms of the number of moles of silicon (or dissolved silica)

dn(Si)ss- v{S ktlC~si)j F C(Si)}O(.8

Solving Equation 6.28 for C(Si) gives

Sky

C(Si) Sk , (6.29)
F S <

F--
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and so

*dn(Siys- Skf *
di . F+Skf ýK I

(6.30)

In the limit of high flow rates, when the value ofF dominates the value of the denominator, the
dissolution rate is independent of the flow rate:

dn(Si)ss =S

dt
(6.31)

A threshold flow rate exists at which the material dissolves at the highest possible rate and further
increases in the flow rate will not affect the reaction rate, although they will lower the steady-state
Si concentration. Lower flow rates establish a unique steady-state condition for each value of F/Sss

and a material dissolution rate corresponding to Csi • In the limit of low (but non-zero) flow rates,
the release rate will become proportional to the flow rate (and the equilibrium constant) as

dn(Si)s = KF
dt

(6.32)

These limiting rates are shown schematically in Figure 6.7. This result is very important for
interpreting any dynamic test method: the dissolution rates under moderate and slow flow
conditions relevant to Equation 6.30 and Equation 6.32, respectively, will depend on the flow rate
that is used in the test. Only those dissolution rates measured in tests conducted at flow rates high

dissolution rate at very high flow rates = S k,

Dissolution
Rate

V

dissolution rate at S k, F
intermediate flow rates - S k + F

K

dissolution rate at
very low flow rates = K F

I

- Flow Rate 0

Figure 6.7. Schematic plot of dissolution rate dependence on flow rate and limiting values.
The dashed horizontal line represents the forward dissolution rate.
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enough that the steady-state concentration of the rate-controlling component (e.g., Si for the
dissolution of most silicate minerals and glasses) is negligible with respect to the solubility product
of the dissolving material are expected to be independent of the flow rate. This corresponds to the
dissolution plateau in Figure 2.3 when AG, has a large negative corresponding to Q/K having a
value very near zero. For most materials, it will be very difficult to measure the very low steady-
state concentrations generated under these test conditions and kf can only be estimated as a limiting
value constrained by the analytical uncertainty. Note that the form of Equation 6.17 assumes a
linear dependence of the rate on the affinity term (AG,) (that is, the parenthetical term within the
braces is of first order). Nonlinearity will affect the form of Equation 6.30 but not the limiting
cases in Equations 6.31 and 6.32.

Steady state cannot be attained when the flow rate is zero. In the absence of flow, dissolution will
occur at a decreasing rate until the solution becomes saturated, at which time dissolution will
cease. This corresponds to values of QIK near 1 (which is equivalent to values of AG,. near 0). As
discussed in Section 2.3, the rate-controlling process may change as equilibrium is approached,
resulting in nonlinear behavior. In the case of glass, which is thermodynamically unstable, a
pseudo-saturation concentration is reached and dissolution continues at a very low rate that is
probably controlled by other processes involved in the dissolution mechanism, such as water
diffusion into the glass, ion exchange, or the hydrolysis of bonds other than Si-O. Similar to the
nonlinear dependence on AG, discussed in Section 2.3, another term may be required to describe
glass dissolution as AG, approaches zero.

Note that Figure 6.7 was drawn to stress the similarity with Figure 2.3. The flow rate (actually
F/S) that is used in a test will establish the steady-state solution composition and the value of the
affinity term (1-Q/K), which is equivalent to -AG,.. In fact, SPFT and column tests are used to
study the relation between the dissolution rate and the free energy. Saturated solutions can be
used as leachants in SPFT tests and saturated solutions can occur near the exit in packed column
tests conducted at low flow rates.

Finally, the release of Si was used in this discussion to measure the extent of dissolution, but
other components can be used. The component (or components) used to track material
dissolution should be selected based on the material of interest and the dissolution reaction. The
component must be uniformly distributed in the phase to reliably represent the volume (or mass)
that has dissolved and should have a high solubility limit in the leachant so that the measured
solution concentration reflects the amount that has dissolved. The release of a contaminant from
a material will usually not represent the extent of material dissolution well. Instead, the
measurement is intended to quantify the dissolution rate of the material hosting the contaminant.

6.3 Single-Pass Flow-Through Test Method

The single-pass flow-through (SPFT) test is a dynamic test method in which leachant is pumped
through a reaction cell containing the test specimen (which is usually a crushed material) at a
constant rate and the effluent solution is collected and analyzed for dissolved constituents (see
Appendix E Section E.5). Tests are conducted to attain steady-state conditions within the reaction
cell as determined by the leachant composition and flow rate and the material dissolution rate.
Tests can be conducted to maintain particular solution conditions (and temperature) to measure the
effects of specific variables on the dissolution (or precipitation) rate of the specimen. As discussed
in Section 6.1.3 for column tests, the flow rate used in an SPFT test will also influence the
measured rate and must be deconvoluted to characterize the dissolution rate of the specimen.
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The high flow rates necessary to remove the flow dependence of the dissolution rate will almost
certainly result in test solutions that are too dilute to measure solution concentrations reliably. The
effect of the flow rate on the material dissolution rate occurs through the steady-state
concentrations of dissolved components and how that concentration affects the affinity term. That
is, the dependence of the dissolution rate on the flow rate reflects the effect of the affinity term on
the dissolution rate. Therefore, the magnitude of the equilibrium constant K in the affinity term
determines the sensitivity of the rate to the steady-state solution composition (which provides the
value of Q in the affinity term). The dissolution rates of materials with small K values (i.e.,
sparingly soluble materials) will be more sensitive to the solution concentration than those of
materials with large K values (i.e., highly soluble materials) because the affinity term is sensitive
to the ratio of Q/K, which is the saturation index. That is, the amount of material that must
dissolve to slow the dissolution of a material having a large K value is greater than the amount of a
material having a small K value that must dissolve to have a similar impact.

It is important to note that the effect of a component on the affinity term is independent of the
effect that component may have on kf for the material: the effect on kf is a kinetic effect that is

quantified by the term I-Hajvj in Equation 6.5, whereas the effect on the affinity term is a thermo-

dynamic effect that is quantified by the term Q/K in Equation 6.5. The kinetic effect of a
component is usually measured under test conditions in which the affinity effect is negligible (i.e.,
under conditions in which the value of Q/K is near zero). The thermodynamic effect is measured
under test conditions close to equilibrium.

6.3.1 Forward Dissolution Rates

In practice, dissolution rates are measured under several test conditions that yield a range of
quantifiable solution concentrations approaching the analytical detection limit for the component
that is being used to track the extent of dissolution. The observed relationship between the
measured rates and concentrations is then extrapolated to estimate the forward rate when the
concentration is zero (infinitely dilute solution). With reference to Figure 6.7, the experiments are
used to measure the highest rates of the curve for intermediate flow rates to estimate the rate
represented by the dashed horizontal line for very high flow rates. An example is provided by the
results of an inter-laboratory study using the ASTM C1662 SPFT test method (Ebert 2005b). The
dissolution rate of the borosilicate glass LRM was measured based on the Si concentration in tests
conducted with various amounts of crushed glass reacted in flowing solution that imposed a pH of
about 10 at 70'C. The combination of the surface area of glass (based on the mass of glass) and
solution flow rates resulted in various steady-state Si concentrations being generated in the tests.
A particular steady-state Si concentration fixes the glass dissolution rate at a particular temperature
and pH through the value of Q according to Equation 6.5. The objective of the test series was to
measure the dissolution rates in separate tests as the steady-state Si concentration approached the
analytical detection limit. Since the steady-state concentration is sensitive to the ratio of the
leachant flow rate-to-glass surface area (F/S), the variance in F/S in the set of samplings used to
determine the steady-state Si concentration was limited to 10%. (The surface area was assumed to
remain constant during a test and the variance was attributed solely to the flow rate.) Two
examples are shown in Figure 6.8, where the ratios of the leachant flow rate to the glass surface
area and the measured Si concentrations are plotted for consecutive samplings. For the experiment
shown in Figure 6.8a, the flow rates were acceptably constant except for the first sampling (the
results of which are shown with open symbols), so the Si concentrations measured in sample
numbers 2, 3, 4, and 5 were averaged to obtain the steady-state Si concentration of 28.63 mg L-1
for the average F/S value of 1.75 x 108 m s-1. These values were used in Equation 6.9 (the Si
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Figure 6.8. Results from Ebert (2005): SPFT tests with LRM-1 glass (a) test 5(8) conducted at an
intermediate flow rate (F/S = 1.75 x 10-m s-) and (b) test 9(45) conducted at a very
high flow rate (F/S = 2.38 x 10-' m s'). The results shown by filled symbols were
used to determine steady-state F/S (filled circles) and Si concentrations (filled squares)
whereas results shown by open symbols were excluded.

background concentration was 0.42 mg L1 and the mass fraction of Si in the glass was 0.2533) to
calculate a dissolution rate of 0.168 g m-2 d'. For the experiment in Figure 6.8b, the flow rate was
acceptably constant in all eight samplings at 2.38 x 10-5 m s- and all of the measured values were
averaged to determine the steady-state Si concentration of 035 mg L-1. The Si concentration is
decreasing significantly in successive samplings due to the loss of surface area at the high
dissolution rate under these high flow rate conditions. Those values were used in Equation 6.9
(the Si background concentration was 0.08 mg L- for that test) to calculate a dissolution rate of
2.20 g m2 d1. Note that this steady-state Si concentration is only 4 times the background
concentration. Generally, an analyte is reliable if it is more than 3 times the limit of detection.
Only a slightly higher F/S value could have been used to measure the rate.

6.22



4

rate, 0 A-1 D
r2 -1 0 A-2 • E

gm 2 d 1  A-3 A F-1
3 0 B V F-2

N C E3G

2

0 10 20 30' 40

Si, mg/L
(a)

rate,gm2 d1 2.5 y•', 1.64 -0.11 1x I=0.461

g m2f d- .

2 A 
-

• " • E

0.5

0.5

0 2 4 6 8 10

Si, mg/L
(b)

Figure 6.9. Results from Ebert (2005b): SPFT tests with LRM glass (a) combined results from all
participants and (b) subset of results with rates <2.3 g m2 d1 and steady-state Si
concentrations <10 mgL"1. All of the results plotted in (b) are included in the
regression fit.

The rates measured by several participants are plotted against the steady-state Si concentrations in
Figure 6.9a. The pooled results with Si concentrations below 10 mg/L were used to determine the
rate when the silica concentration was zero and the value of the affinity term was one by linear
regression. The results provided byParticipant F-i were excluded because they represent the
initial 'dissolution rate of the fractured, surfaces rather than that of the bulk glass (see
Section 6.3.2). Figure 6.9b shows a linear regression fit to data to determine the rate at Si = 0.
The y-intercept of the linear regression line approximates the value of the affinity term at Q - 0.
For the system in Figure 6.9b, the y-intercept gives a dissolution rate of 1.64 g m2 d- .

Flow-through tests are conducted to achieve steady-state conditions to measure model parameter
values. Otherwise, the measured rates are limited to qualitative comparisons with the same or
other materials reacted under the same or other test conditions. As mentioned previously, the
initial dissolution of crushed material should be neglected in: measuring the dissolution rate with
the SPFT test method or any method that is sensitive to the initial stages of dissolution. This is
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because crushing results in fines and particles having fractured surfaces with sharp points and
edges that dissolve faster than the flat surface. Fine particulates can be removed by repeatedly
rinsing the crushed material and ultrasonication, but the sharp edges must be dissolved. This could
be done in a separate dissolution step in the specimen preparation procedure or allowed to occur
during the test. A decrease in amount of material dissolved as the sharp edges are removed can be
seen in the test response as the solution approaches a steady-state Si concentration. The initial
dissolution of fracture edges of a crushed glass was measured to occur about three times as fast as
dissolution of the flatter surfaces; the high rates shown for Participant F-i in Figure 6.9a are due to
dissolution of the fractured glass during the first several hours of the test. These results are
discussed in the following section.

6.3.2 Surface Area of Crushed Material

A significant loss of surface area occurs in SPFT tests over time as the high-energy sites that are
generated when a material is crushed for testing are dissolved faster early in the test than the
smoother surfaces that predominate later in the test. Material in the sharp edges generated during
fracturing will dissolve faster than the material on smooth faces and will dominate the initial test
response. The higher dissolution rates of these features may be due in part to the high curvatures
of the fracture edges, the residual stress from the forces that caused the fracture, the generation of
excess kink, step, and edge sites relative to the reacted surfaces, etc. (e.g., Petrovich 1981, Knauss
and Wolery 1986, Eggleston et al. 1989). Regardless, the majority of sites that dissolve
preferentially are artifacts of specimen preparation and do not represent the dissolution behavior of
the bulk material. That is, the preferential dissolution of these defect sites will lead to smoother
surfaces over time. In SPFT tests, the effect of fracture artifacts on the dissolution of material at
the beginning of the test can simply be ignored by excluding the initial solutions from analysis of
the dissolution rate. Fracture edges also affect the results of static tests with crushed materials,
such as ASTM C1 285. Although the contribution of fracture sites is included in the accumulated
solutes at all test durations, it provides a nearly constant contribution to all solutions that has a
negligible effect on the rate, which is determined from the differences in concentrations. The
contributions of the fracture surfaces to the final solution compositions become insignificant as
greater amounts of bulk material dissolve during the test. The results of static tests are often used
to characterize the approach to solution saturation, in which case the faster dissolution of the
fracture surfaces is irrelevant.

The time required to dissolve the fracture surfaces will depend on the reaction conditions
(primarily pH and temperature). The results of SPFT tests usually reveal when this occurs. An
example is shown in Figure 6.1 0a for the dissolution of a borosilicate glass at pH 11 (measured at
room temperature) and 70'C (Ebert 2005b, Figure 1 Ib). Figure 6.1Oa shows the silica
concentrations and flow rates (normalized to the specimen surface area, F/S) in successive samples
to increase from about 0.2 mg U' in the initial sample to greater than 0.6 mg L1 within the first 30
minutes (the Si concentration is plotted as squares corresponding to the left-hand axis). The Si
concentration increases during the first few samplings because those solutions include the leachant
that is present in the reaction cell and effluent line when the test is started; that solution dilutes the
Si released from the glass prior to attaining steady-state conditions within the reaction cell. Steady
state is also delayed due to the variance in flow during the first 286 minutes. The concentration
decreases rapidly after about 290 minutes to an average value of 0.400 mg U, for samples taken
between 344 and 4440 minutes (shown by the filled squares) under nearly constant flows (shown
by the filled circles). The average value was used as the steady-state concentration. The test
results for the steady-state Si concentration of 0.4 mg U' Si and F/S of 2.38 x 10- m s-' give the
rate of 2.8 g m2 d' that is plotted in Figure 6.9a at for the test conducted by Participant F-i as part
of the interlaboratory study.
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Figure 6.10. Results from Ebert (2005b): SPFT tests showing (a) leachant flow rate normalized to
specimen surface area F/S (circles) and Si concentration (squares) for each sampling
and (b) cumulative release vs. cumulative reaction time. Filled symbols in (a) were
used to determine steady-state values. Results through 600 minutes show variance
due to unstable flow and faster dissolution of fractured edges.

The continuing slow decrease in the Si concentration is due to the loss of surface area as the
material dissolves under the aggressive conditions that were used in these tests, although the
slightly higher flow rate beyond 360 minutes also contributes to the lower Si concentrations. The
Si releases plotted in Figure 6. 10b for samplings up to 286 minutes and beyond 1300 minutes
show linear increases. The initial samplings are dominated by dissolution of the fractured edges
and the later samplings indicate when all glass surfaces are dissolving at the same rate under these
test conditions of temperature, pH, and leachant flow rate. This same behavior was seen in tests
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with albite (Knauss and Wolery 1986). Knauss and Wolery (1986) referred to the constant rate
that was attained at longer reaction times as the "limiting rate" and the mass contributed by the
"disturbed" surfaces of the prepared test material as "excess mass". The y-intercept of the line in
Figure 6.1Ob indicates that the dissolution of fracture edges contributed an excess of 135 mg Si
relative to bulk dissolution. The limiting rate indicates that the results of samplings at 344, 345.5,
464, and 465.5 minutes should have been excluded from the steady state average shown in Figure
6.10a, even though the flow rate had stabilized. It is difficult to distinguish the decrease in surface
area due to the dissolution of fracture edges from the decrease in surface area due to the uniform
dissolution of the particles. This could be facilitated by fitting the decreasing Si concentration
with the equation for the surface area of a shrinking sphere.

A much longer duration would be required for the transient effects of fracture surfaces to diminish
in a packed column test than in a fluidized bed due to the lower flow rates and less aggressive
conditions. Note that significant changes in the cumulative fractions of most elements occur after
about 16 days in the column tests with the three slags. Considering the more aggressive conditions
used in the SPFT tests (pH 11 and 70'C at very high flow rates), 16 days is not an unreasonable
reaction time to dissolve the sharp fracture surfaces- in the material used in the column tests.
Subsequent dissolution behavior in column tests can also be affected by the formation of surface
layers on the test particles due to diffusive release of some components, non-stoichiometric
dissolution, and the formation of Si-bearing alteration phases from the concentrated test solutions
that could form in pores and dead-end channels.

It is interesting to note that the release rate of Si is greater at longer cumulative'durations ý(and for
longer sampling intervals) in the column tests with all three slags (see Figure 6.2). This behavior
is contrary to expectations for either diffusion-controlled or affinity-controlled release due to mass
transport. Another experimental variable that must be taken into account is the solution pH. It is
possible that longer residence times (due to lower flow rates) will result in higher solution pH
values that increase the dissolution rates of some phases (e.g., glass). However, the pH values of
the effluent solutions exceeded pH 11 in the earliest samplings. The accelerating effect of pH can
overwhelm the slowing effect of the chemical affinity, as discussed in the next section. Another
aspect of column reactors that must be considered is the effect of mass transport within the
column. Components released near the entrance to the column may interact with solids contacted
as they are transported through the column to retard their release.

6.3.3 Model Parameter Values

By using pH buffer solutions as leachants; spiking the leachant with components of interest,
dissolved gases, etc.; and conducting tests at different temperatures, various dependencies can be
measured to parameterize the rate model expression. In most cases, the leachant composition and
test conditions are selected to maintain the value of the affinity term near one (e.g., McGrail et al.
1997a; Hanson et al. 2004; Pierce et al. 2008). For example, Figure 6.11 shows the results of
SPFT tests with the borosilicate glass LD6-5412 conducted at different fixed pH values and
temperatures (McGrail et al. 1997a). Regression to the pH-dependence modeled in Equation 3.3
gives q = 0.40 and then fitting the rates at a particular pH value to the Arrhenius term in.
Equation 3.3 gives the activation energy Ea = 74.8 Id molx. The intrinsic rate constant was then
calculated to be ko = 112 g m-2 d-'). (where log k0 = 2.05). If the value of K is known (e.g., from
the results of ASTM C1285 Method B tests), the dissolution rate of LD6-5412 glass can~be
calculated with Equation 3.3 at any temperature, pH, and Si solution concentration.
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Figure 6. I1. Results from McGrail et al. (1997a): SPFT tests with LD6-5412 glass at various
temperatures and pH values.

6.3.4 Dependence on Chemical Affinity

The SPFT test method can be used to maintain a steady-state solution composition by spiking the
leachant with the components of interest. For example, Yang and Steefel (2008) conducted tests
to study the dissolution and precipitation of kaolinite at 220C and pH 4 in solutions with various
amounts of dissolved Si and Al in the leachant. The rates were calculated based on the measured
Al concentration in the effluent solution after steady state was attained. The effluent composition
was used to calculate the saturation index and Gibbs free energy of reaction

AGý =RT In[ Q (6.33),

The solubility constant was measured to be K= 107.7 close to equilibrium. Yang and Steefel
(2008) expressed the relationship between the dissolution rates and the reaction affinity as

rate -1.15x10-13[ 1- exp , (6.34)

where the rate is in units of mol n-f2 sl and the Gibbs free energy of reaction is in units of kJ moll.
(Note that Equation 6.34, which is plotted in Figure 6.12, differs from the equations given in the
abstract and discussion sections of Yang and Steefel (2008), both of which contain typographical
errors: both equations omit the negative sign in front of the constant and the equation in the
abstract includes an incorrect negative sign in the argument of the exponent.) The value of 2 in the
denominator of the argument of the exponential term gives the Temkin coefficient (a = 2). The
value of the constant term before the affinity term is particular to the test conditions of 22°C and
pH 4 and to the composition of the kaolinite specimen, probably with functional dependencies
similar to those given in Equation 6.5.
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Figure 6.12. Results from Yang and Steefel (2008): SPFT tests with kaolinite at 22'C and pH 4.
Measured dissolution and precipitation rates with dissolution rates fitted using
Equation 6.34.

Increasing the flow rate used in the test resulted in lower steady-state concentrations, lower values
of AGr due to the greater diluting effect, and higher dissolution and higher precipitation rates. The
data points labeled D2a and D2b in Figure 6.11 are from tests conducted with about 0.3 mM Si
and no added Al at flow rates of 0.041 and 0.012 mL minute", respectively. The solution is
undersaturated with respect to kaolinite in both tests, but the higher flow rate resulted in lower
steady-state solution concentrations, a lower value of AGr and a high dissolution rate. The data
points labeled Pla and Plb in Figure 6.9 are from tests conducted with about 0.5 mM Si and
0.1 mM Al at flow rates of 0.05 and 0.005 mL minute1 . The leachant solution is equally
supersaturated with respect to kaolinite solubility in both tests (AGr = 5 kU mot-'), but precipitation
occurred about 1.5 times faster in test Pla conducted at the higher flow rate than in test PIb, and
(only) that data point is consistent with the model of the precipitation rates shown by the curve.
Yang and Steefel (2008) suggested that this may have been a result of prior use of that particular
test specimen in long-term dissolution experiments under conditions far from equilibrium. This
may have resulted in a greater density of reactive sites on that specimen than on other specimens.
The other tests did not show the same degree of reversibility (i.e., precipitation) that is seen in test
Pla and display a linear dependence on AG,..

We make note of these experiments for comparison to the discussion regarding near-equilibrium
behavior in•Section 2.3 and Figs. 2.2a and 2.2b. Most of the test methods and results evaluated in
this report address conditions that are far from equilibrium. In general, the theory and
experimental methodology is much further advanced for addressing the kinetic terms of the rate
law equations (e.g., the description of the ratefo,a,.d term in Equation 2.22) than the
thermodynamic terms (e.g., the 1-Q/Kterm in Equation 2.22). A better understanding of near-
equilibrium behavior is needed to accuratelymodel degradation behavior in saturated
microsystems, such as in pore volumes within contaminated concretes or alteration layers formed
on glassy wastes.'
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6.4 Fluidized Bed Recirculating Reactor

A test apparatus in which the solution flows through the reaction cell only once is readily modeled
using the rate equations provided above. Test apparatuses that recirculate the leachate through the
reaction cell to fluidize the crushed test specimen have been used to measure mineral dissolution
rates. The bed of particles is fluidized to provide a homogenized suspension of particles to
intensively mix the solid and fluid. One concern with fluidized bed systems is that fracturing of
the particles may occur due to particle-particle collisions (e.g., Amrhein and Suarez 1992).
Fluidization prevents concentration gradients at low flow rates. The flow used to fluidize the bed
is typically 10 to 20 times higher than the flow used to introduce fresh leachant and extract
leachate for analysis.

Chou and Wollast (1984) described a fluidized bed reactor with a feedback loop that was used to
measure mineral dissolution rates and differs from the SPFT design that was considered in
previous sections. The apparatus is represented schematically in Figure 6.13. The fresh leachant
solution is pumped into the bottom of the fluidized bed at a rate P2 using Pump 2. The solution in
the bed is recirculated at a rate P1 using Pump 1, so solution passes through the bed at a rate
P1 + P2. Leachate solution is continuously removed from the fluidized bed at a rate P2 (using
Pump 2) to maintain a constant flow. Tests are conducted with a pumping rate P2 that is
significantly less than pumping rate P1 to maintain a fluidized bed without generating excessive
amounts of eluted solution.

•P1

Overlying
solution P2 Pump 2

--------- Eluted

Fluidized 
solution

test specimen -P2

P2 Leachant
source

Figure 6.13. Schematic diagram of recirculating flow-through reactor.

Figure 6.14 shows the results for dissolution of albite (NaAlSi 3O8) at pH 5.1 and pH 3.5 in a flow-
through test conducted at P1 = 2.60 mL minute-' and P2 = 0.15 mL minute". The concentrations
inthe pH 5.1 leachant approach steady-state after about 100 hours of reaction. The last four
measured Si concentrations give a slope of 3.3 x 104 j'M h 1 and the average concentrations are
0.178 pM Al, 0.408 jM Si, and 0.390 pM Na. The flow rate at which fresh leachant is added to
the reactor is 0.15 mL minute-1 and the surface area of the albite particles is about 0.3 M2. The
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Figure 6.14. Results from Chou and Wollast (1984): Dissolution of albite at pH 5.1 and pH 3.5.

flow rate P2 is used in the calculation because the albite dissolution rate is reacting to changes in
the Si concentration, not to the total flow rate per se; the flow provided by P1 serves only to
fluidize the crushed albite and does not remove dissolved components from the solution.
Assuming steady state has been attained and using Equation 6.2 (or Equation 6.9), the dissolution
rates based on Na and Si are 3.25 x 10-12 and 3.42 x 10-12 mol m2 

s-'), respectively, under these test
conditions. This is the albite dissolution rate at pH 5.1 in the presence of 0.408 pM Si. From the
discussion in Section 6.2.2, both the steady-state Si concentration and the albite dissolution rate
will be different at different flow rates and is proportional to the flow rate at low flows.

After 263 hours, a pH 3.5 HCI solution was used as the leachant and the test continued. As seen in
Figure 6.10, transient increases in the releases of Al, Na, and Si occurred that resulted in new
steady-state concentrations being approached over the next 250 hours. Similar increases occurred
when the leachant was changed to any pH value at which the dissolution rate increased. The few
changes to lower rates did not show the transient spikes. The authors speculated that the initial
increases reflected dissolution of a surface layer having a stoichiometery different from the
underlying bulk. This is reasonable based on the observed non-stoichiometry of the leachates.
The test results shown in Figure 6.10 may not have reached steady-state concentrations even after
about .240 hours (10 days). The benefits of fluidizing the sample are debatable, considering the
risk of abrasion. The response of the solution chemistry to the change in leachant composition is
expected to be sluggish compared with the SPFT method due to the higher effective volume of
solution in the reaction cell. The SPFT design has been used almost exclusively in waste form
degradation studies.

6.5 Pressurized Unsaturated Flow Reactor

The pressurized unsaturated flow (PUF) reactor was developed recently at Pacific Northwest
National Laboratory to simulate waste form degradation under hydrologically unsaturated
conditions such as those expected in the Yucca Mountain disposal system (McGrail et al. 1997b).
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The test apparatus utilizes a porous titanium plate at the exit of the reaction column to conduct
fluid but not air when the inlet is slightly pressurized. By establishing the appropriate pressure
differential, a steady flow of fluid through a bed of crushed material can be maintained under

unsaturated conditions. The fluid flows downward through the column (Pierce et al. 2006). The
bed may be comprised of various materials to simulate a disposal syster,.for example the column

may be packed with regions of crushed rock that sandwich a region of crushed waste form
material. The conditions within the column may be monitored during the test (temperature,
solution pH, etc.) and the effluent solution can be collected for analysis. The dissolution rate of a

material can be calculated from the measured effluent concentrations of components. For a

component i, the normalized dissolution rate NR(i) can be calculated

()- Ci,b)- F
NR(i)= (c, (6.35)

SP{(l_6);r(f) L fA
2 )

where:
Cuj = effluent concentration of i S = specific surface area
Cib = concentration of i in the leachant , = porosity of the packed column

d = column diameter p = density of the specimen
L = column length containing specimen f = mass fraction of i in the specimen
F =.volumetric flow rate 0 = fractional water content in the column

Equation 6.24 is rearranged from that given by Pierce et al. (2006) to show that it is equivalent to
Equation 6.13; the net dissolution rate based on the release of component i is given by NR(i). The

term in braces in the denominator gives the volume of crushed solid in the column. This value

multiplied by the specific surface area and density gives the exposed surface area S'. The ratio of
the porosity to the fractional water content in the numerator relates the effluent flow rate to flow in

the reactor.

Figure 6.15 shows the results of a PUF test conducted at 90'C with demineralized water and an
alkali borosilicate glass referred to as LAWAN102 that contains Tc and U (Pierce et al. 2006).

The results are presented as the normalized mass-loss values calculated from the effluent

concentrations of various glass matrix components, Tc, and U; data for samplings less than about
50 days could not be discerned from the published plots and are excluded from the analysis.
Those rates were higher than those shown in Figure 6.12, and the results in Figure 6.12 likely
represent steady-state conditions. Differences in the rates determined with different elements are

due to the partial retention of some elements in alteration phases, including those formed on the
glass surface. The release of U from the system is most affected by its sequestration in alteration
phases. The dashed lines show the linear decrease in the rate based on B, which is not
sequestered, and the linear increase in the rate based on U (these linear dependences on time

appear as curved lines on the logarithmic y-axis scale). Pierce et al. (2006) interpreted the
decreases in the releases of B, Na, Si, and Tc to indicate the approach to equilibrium with a rate-
limiting alteration phase despite the increasing rate shown by U. They cite a 10-fold decrease in
the rate based on the release of B over the 1.5 year experiment. The flow rate was set at 2 mL d-
and the column was vented hourly to maintain its pressure and nearly constant partial pressures of

02 and CO2. The volumetric water content increased from about 10% to 30% over the course of
the experiment. T1ie effluent pH remained between pH 8 and pH 9.
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Figure 6.15. Results from Pierce et al. (2006): PUF test with LAWANI02 glass in demineralized
water at 90'C.

Similar to other column test methods, the results of a PUF test are affected by solution flow, the
waste degradation rate, species transport, sorption, secondary phase formation, and decrease of
waste form surface area. The combined impacts of several simultaneous processes result in the
contrary behavior of U compared with other elements released from the glass in Figure 6.12. The
decreases in NL(B), NL(Na), and NL(Tc) are probably due, in part, to the decrease in surface area
of the glass particles, since the release of these elements is not expected to be retarded by sorption
or incorporation into secondary phases. The decrease in NL(Si) suggests Si is being incorporated
into secondary phases; glass dissolution commonly results in lower values of NL(Si) than NL(B)
and NL(Na). The increase in NL(U) may indicate dissolution of a U-bearing phase that had
formed early in the reaction or reflect the slower transport of U through the column. Rather than
approaching equilibrium, as suggested by Pierce et al. (2006), the results may instead reveal
steady-state behavior affected by the loss of reactive surface area as discussed previously for
column tests. The measured rates would then be a function of the flow rate and not a characteristic
of the glass.

The PUF test is a very useful method for characterizing waste form degradation under simulated
service conditions of unsaturated groundwater flow. Regions of crushed geological materials can
be included in the column upstream and downstream of the waste to simulate interactions of
meteoric water and ground water with naturally occurring phases before and after interaction with
the waste. However, the effects of several processes occurring simultaneously complicate the
interpretation of the results. In most cases, other tests are needed to characterize the individual
processes (waste form dissolution, sorption, secondary phase formation) to facilitate the
interpretation of PUF test results. The dependence of the steady-state rates on the flow rate and
other test parameters must be determined, as in hydrologically saturated column tests, to properly
interpret the test results. With regard to the dependence of the measured rate on the Gibbs free
energy (through the flow rate) illustrated in Figure 2.3, the measured rate represents some value of
AGr on the steep portion of the curve that depends on rate law dependence on the reaction affinity.
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6.6 Forced-Through Reactor

In what is referred to-as the forced-through reactor, leachant solution is forced to flow through the
pore structure of a porous test specimen rather than around the specimen. While this simulates a
disposal system in which the waste form (e.g., concrete) is more permeable than its surroundings
(e.g., clay), a more important use is to accelerate the leaching of sparingly soluble components.
The methodology has been discussed by Butcher et al. (1996). The reaction conditions are
different than other leach test due to the much higher S/V ratios within the pore structure, although
relatively high leachant flow rates can be maintained using high pressure gradients to avoid
saturation and promote dissolution. While the release kinetics under these test conditions are
probably not representative of degradation in a disposal site, this test method provides insight into
chemical reaction behavior within pore structures that may not otherwise be available using typical
laboratory test methods.

6.6.1 Butcher et al.

Test specimens were prepared with ordinary portland cement, pulverized fuel ash, dried synthetic
waste, and water (Butcher et al. 1996). The synthetic waste was prepared from the hydroxides
formed by adding NaOH to a solution of heavy metal nitrates. These were separated by vacuum
filtration and dried, then ground to about 0.5 mm. Test specimens were cast as cylinders 49 mm in
diameter and 5 mm high. The test specimen was placed in a triaxial cell and leachant forced
upwards at pressures up to 400 kPa, which was the pressure exerted on the circumference of the
specimen. (A triaxial cell is commonly used to measure permeability under a confined pressure.)
Tests were conducted at room temperature with purified water and with an acetic acid solution
(TCLP leachant No. 2; see Appendix E Section E. 10). The results of tests conducted with the
acetic acid leachant at 300 kPa are summarized in Figure 6.16. The concentrations measured in
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Figure 6.16. Results from Butcher et al. (1996): Force-through tests with ordinary portland
cement and acetic acid.
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the effluent solution have been normalized to the amounts of each metal in specimen. The effluent
pH is initially high but decreases steadily to approach the leachant pH of 2.88 as the buffering
capacity of the cement due to reactions with Ca(OH) 2 and then with Ca3SiO 5 and Ca3SiO 4. The
leaching of Ca follows the same trend as the pH and essentially all available Ca is leached midway
through the test. The Cd is readily leached, but the releases of Cu and Hg do not peak until about
150 specimen volumes have been passed; thereafter they are released congruently with Cd. The
delay may be an effect of the pH. The release of Fe is negligible until after about 300 specimen
volumes and does not peak until after about 450 specimen volumes of leachant have been passed.
The release behavior of Zn is similar to that of Cd, the release behaviors of Ni and Pb are similar
to that of Cu and Hg, and the release behavior of Cr is similar to that of Fe.

6.6.2 Poon et al.

Poon et al. (2001) studied the leaching of heavy metals from a cement-based waste form by
demineralized water using a forced-through reactor. One material that was tested was made with
type I portland cement, pulverized fuel ash, and a potassium dichromate solution. A test specimen
was cast as a cylinder 7 cm in diameter and 3 cm deep. The cured specimen was clamped in a tube
and demineralized water forced through at a pressure of about 50 kPa; the pressure was adjusted to
maintain a nearly constant flow rate. The eluate was analyzed periodically after 500 mL had been
collected. The results for leaching Ca and Cr are shown in Figure 6.17 as the percent of the Ca or
Cr that has been leached against the ratio of the accumulated leachate volume normalized to the
specimen volume. That ratio is analogous to the number of column volumes and proportional to
time for a constant leachant velocity. The results for Ca have been multiplied by 30 to show the
results on the same plot as the Cr. The results show that about 25% of the Cr was essentially
flushed from the specimen (probably as Cr20 7

2
-) with little retardation by the cement and that Ca

was released at a constant rate (probably controlled by the dissolution of Ca(OH)2 in the cement).
The delayed release of Ca may indicate that a small extent of degradation of the cement pore
structure is required prior to free release.
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Figure 6.17. Results from Poon et al. (2001): Force-through test with portland cement and water.

6.34



The authors interpreted the results by applying the diffusion equation in a moving coordinate
system that had been proposed earlier by Poon et al. (1999). In the derivation of that model, the
volume-to-surface area ratio of the test specimen is used to define a characteristic length L in the
direction of solution flow. If the fluid velocity is F, it will penetrate a depth Ft into the
specimenover time t. This transform allows advection to be included within the diffusion
equation The conservation of mass for component C is written

a- F a + Dx ea -K - kf-a,(6.36)at ax -9T a-t- at•-

where the first term accounts for advection with velocity F, the second term for diffusion with an
effective diffusion coefficient De, the third term for sorption with a linear isotherm constant K1 ,
and the fourth term for chemical reaction at constant rate kf Collecting terms gives

(=+K, -kf)PZ=-Fc + De DC (6.37)

which can be simplified as

aC _ -F aC De D2C F' aC + De'- CC (6.38)
atx (I +K, +-kf) X2  D eX 2

The modified values F' and De' include the effects of sorption and chemical reaction and cast the
equation in standard form having the standard solution:

C(x,t) A ( (x-F't) 2  (6.39)2(;r De,t)l/ 4x• )-De't

whereA. is the initial mass of the contaminant in the specimen. Poon et al. (1999) give the
concentration at the back surface of the specimen

CQt) A0  e(-(x-('F't)2 (6.40)C,=2(TDe't) 1/2 P -- • ) (6.40)'

where I is the specimen thickness. Using Equation 6.40 to calculate De' from the measured
concentrations, the value for Cr increases nearly linearly with the leaching period and the value for
Ca is D, I= 0 throughout the experiment (Poon et al. 1999). The increase in D,' probably reflects
degradation of the cement pore structure.

6.7 Soxhlet Reactor

In a Soxhlet reactor, water in a reservoir is boiled and the steam recondensed and channeled into a
reaction cup containing the test specimen, which can be a monolith or crushed material. A
schematic diagram of a typical Soxhlet reactor is shown in Figure 6.18 (adapted from ISO 2008;
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Figure 1). The volume of the sample cup is usually small enough that solution overflows the cup
and drips back into the reservoir. The solution in the reservoir is periodically sampled and
analyzed for components released from the test specimen. The reactor can be operated so that
condensed water flows into the reaction cup at a known and controlled rate to determine the
specimen dissolution rate (e.g., as if is were a SPFT test). The leachant is restricted to distilled
water (or an azeotrope solution) that can be evaporated and recondensed, but tests can be
conducted over a range of temperatures by adjusting the pressure to attain different boiling points.
The low temperatures of interest to surface waste sites require very low pressures.

6.7.1 Delage and Dussossoy

Soxhlet tests have been utilized (primarily in Europe) to measure the dissolution rates of waste
glasses. The results of a Soxhlet test conducted with a borosilicate glass referred to as R7T7 (at
90 TC in demineralized water) are shown in Figure 6.19 (Delage and Dussossoy 1991). The test
was conducted at a solution flow rate of about 500 mL h1 . The solution in the reservoir was
sampled intermittently but not replaced. The releases of B, Na, and Si are linear with time and
nearly congruent at about I g mn2 d"; the release of Li is slightly faster at about 1.2 g m-2 d1. These
tests are conducted at high solution flow rates and short durations to avoid concentrated solutions
in the reaction cup and any effects of glass surface alteration.

Condenser

Water Coil

Sample Cup (with thermocouple)

Sample

Leachant

Sampling Port

Leachate Overflow

Figure 6.18. Schematic diagram of a Soxhlet reactor.
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Figure 6.19. Results from Delage and Dussossoy (1991): Soxhlet tests with R7T7 glass.

6.7.2 Atkinson et al.

Waste forms made with ordinaryportland cement and clinoptilolite and doped with CsCl and
SrCI2 solutions were prepared and tested using a Soxhlet reactor (Atkinson et al. 1984). Both Cs
and Sr are known to sorb onto clinoptilolite. A test specimen was subjected to a Soxhlet test in
which the sample chamber and recondensed water were maintained at 30'C. The test was
conducted with 500 mL of water in the boiler that was heated so as to maintain an effective flow
rate of 3 mL/minute in the sample chamber. The distillation was interrupted intermittently to
analyze and change the water. The results were presented in terms of the calculated depletion
depth based on the measured solution concentrations of Cs and Sr plotted against the sampling
times and reproduced in Figure 6.20; it is assumed that the calculated depletion depth is
proportional to the cumulative mass loss. In Figure 6.20a, the results for the first 5 samplings
(collected at about 1 -day intervals), samplings 7 through 15 (about 1-day intervals), and for the
last samplings (2.7-day to 5.9-day intervals) are shown regressed separately. The sixth sampling
was after 2.1-day interval and the sixteenth sampling was after a 5.4-day interval; both were
excluded from the regressions because of the different sampling intervals. The results are plotted
against the square root of the time in Figure 6.17b with the short-term, intermediate, and longer-
term results fit separately. The slopes of the root-time fits increase with the cumulative reaction
time, whereas the slopes to the linear fits decrease. Both the time and root-time fits to the first and
second sets of 1-day samplings give different slopes. Atkinson et al. (1984) regressed each
(entire) data set with the diffusion equation and found that "for neither isotope does the kinetics
conform rigorously to this [root-time] relationship, but the relationship is reasonable for Cs after
approximately 4 days." Figures 6.20a and 6.20b show the results to be consistent with both linear
and root-time dependencies for subsets collected after similar intervals. However, the increasing
slopes with increased sampling intervals are not consistent with a diffusion-controlled release
mechanism; the slope should decrease. The phenomenon responsible for the apparent effect
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Figure 6.20. Results from Atkinson et al. (1984): Soxhlet tests with cement (a) depletion depth vs.
time and (b) depletion depth vs. root time. The values give the slopes of the
regression lines.

of the sampling interval is not known. In the Soxhlet test, the increase in solution concentrations
(which was used to calculate the depletion depth in the test specimen) occurs in a water reservoir
that does not contact the waste form. The dependence on sampling interval appears to be the same
as that seen in solution exchange tests. It is speculated that depletion of Cs and Sr at the specimen
surface occurs at a rate having a root-time dependence that results in the observed sensitivity to the
sampling interval. The flow rate (which is determined by the boiling and recondensation rates)
may also complicate the observed time dependence.
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7 Discussion

Insights gained from the reviews and analyses presented in the preceding sections are discussed
with regard to the suitability of current test methods to characterize the processes controlling the
release of contaminants consistent with a mechanistic understanding and the suitability of current
materials models to represent the behavioras a source term sub-model in dose assessment
calculations. Application of testing and modeling results to future analyses of site assessments are
briefly addressed, then the evaluation of test methods and process models are discussed.

7.1 Modeling Waste Site Releases

Preliminary analyses of contaminant dispersion models suggest that a layered approach may be
appropriate for modeling surface waste sites wherein the pile of slag or concrete waste (or other
waste material) can be treated as a layer with characteristic transport properties. A similar
"cellular" approach is being used in RESRAD (Yu 1987, Yu et al. 2001) and in performance
assessment calculations for the Hanford disposal system (e.g., Bacon and McGrail 2005; Bacon et
al. 2004). It is anticipated that the methodologies in these simulation models can be applied to the
near-surface piles of rubblized concrete and slag wastes subject to NRC assessment and licensing.
Possible approaches will be evaluated in Part IV of this project: Application of Leaching Model to
Dose Assessment Codes. For example, separate source term models could be assigned for the
release of each radionuclide of interest from various waste materials that comprise the pile.
Depending on the distribution of the wastes and contaminants, the pile could be treated as a
homogeneous slab or discrete cells with characteristic properties. That is, separate surface areas,
Qdissolution terms, etc., could be defined to apply the release and transport equations to these slabs or
individual cells. Existing laboratory tests could be used to identify and parameterize the
appropriate models to represent Qdissoluion for the wastes and individual contaminants in the
transport models, as discussed in this report. Estimates of the effective surface area of each waste
material and the porosity of the layer of waste materials will be required for deterministic analyses
based on inspection of the site. Alternatively, the sensitivity of the release to a range of
configurations and properties of the waste materials could be considered in a stochastic approach
analogous to the approach taken for the Yucca Mountain disposal system.

Laboratory tests are used to measure intrinsic properties of the waste material and characteristic
responses to environmental conditions that can be used to predict degradation behavior under a
range of disposal conditions. The specific test parameters used in a laboratory test will differ from
the environmental conditions in a disposal system or waste site, but the dependence of the material
property on the variable will be the same and can be related to the disposal system through the
waste degradation model. The physical dimensions of the laboratory test specimen do not need to
represent those of the actual waste material. For example, a test specimen in the shape of a right
cylinder is often used to facilitate the use of an analytical solution to the diffusion equation to
measure the effective diffusion coefficient of a contaminant in a host material matrix. The
diffusion coefficient does not depend on the geometry of the test specimen (if the release is truly
diffusion controlled). The measured diffusion coefficient can then be used to calculate the release
of that contaminant from a piece of thatmaterial with any size or shape, from fine-grained
particles to particles aggregated with other phases to boulder-size masses within the disposal
system or waste site. That calculation would take into account the dimensions of the solids and the
accessible surface areas of the materials of interest. Likewise, series of tests can be conducted at
various temperatures to model the diffusion coefficient as a function of temperature, and that
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dependence is used to predict the release at a particular temperature in the disposal system, where
the functionality of the temperature dependence determined in the laboratory tests is incorporated
into the degradation model for the waste site.

7.2 Relating Models and Laboratory Tests to Waste Sites

The key parameters for relating the kinetics measured in laboratory tests to behavior in a natural
system are the waste material S/V ratio (where V is the solution volume), water infiltration and
flow rates, range of solution pH values and temperature, and the phase compositions of the waste
materials. The surface area can be estimated based on the geometry of the system. Simple
geometries are given as an example. (More detailed models, such as those that take surface
roughness into account, will be considered in future reports.) For flow through a fracture of width
w, the S/Vratio is simply

S 2V = 2 
(7.1)V W

For simple cubic packing of spheres having a diameter d, the area and volume of each spherical
particle are 7rd2 and (ird)/6 centered in an occupied volume of d, so the S/V ratio is

S 7rd 2  6.6

V d rd3  d (7.2)

6

For a close-packed arrangement of uniform spheres,

S 17
V d" (7.3)

In many cases, the contaminant-bearing phases of interest will be dispersed as inclusions within
other materials and exposed surface areas of the wastes must be adjusted for the concentrations of
the phase of interest in the solid. For example, if the mean grain size of a phase of interest P is dp
and the phase occupies a volume fraction xp of the solid, then the number of grains per volume of
rock Np is

6 Xp
Np = (7.4)

;r dp

For porous phases such as rubblized concrete, a unit volume of waste material, the volume of fluid
within the material, V, is equal to the porosity 0, so

Ap zrdp2Np 6xp (7.5)
VL 0 dp¢
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The surface area fraction is usually assumed to equal the bulk volume fraction for uniformly
distributed phases. For any given dissolution rate, Equation 7.5 indicates the speed at which the
solution approaches a steady-state concentration as it percolates through the waste: small particles,
low porosity, and high volumetric contents of contaminant-bearing phases will all contribute to
rapid saturation of the solution.

The release of a radionuclide i includes release from all phases P in the waste form that contain
that radionuclide,

Ri = oip 'P Rp(76R, = V1  L ,R (7.6)
P V

where vip is the mole fraction (or mass fraction, matching the units of Rp) of radionuclide i in a
phase P and Rp is the degradation rate of phase P. Each phase P can be an isolated single phase,
such as a mineral or homogeneous waste glass, or part of a composite waste form. The time
dependencies of the particle sizes, reactive surface area, and material porosity can be estimated
from the geometry. As discussed above, the solution concentration of a radionuclide may be
affected by the presence of more than one phase containing that radionuclide (see Equation 3.2).
The actual concentration may be less than the solubility limit due to the slow dissolution kinetics
of the less-stable phase or exceed the solubility limit due to the slow precipitation of the more-
stable phase (see discussion in Section 3.1). Laboratory tests are available to measure these
concentrations and relate them to the dissolution kinetics of the host phases, as detailed in the
preceding sections. The precipitation kinetics of the alteration phases can be studied using some
of the same test methods developed to measure dissolution kinetics and modeled using similar
approaches, but in the opposite direction. For example, the SPFT tests conducted by Yang and
Steefel (2008) with super-saturated leachants included precipitation reactions (see Section 6.3.3).

The coupled dissolution of multiple phases is a particularly important concept for the slag wastes
being addressed in this report. As detailed elsewhere (e.g., Veblen et al. 2004), these slags are
composed of many phases including glass, mineral, silicate, oxide, and metal phases with a
complicated distribution of radionuclides and other contaminants. The compositions reflect the
ores or feed materials that were processed and the added chemicals, and the physical nature of the
slag is sensitive to the process that was used, when the slags were separated from the alloy, and
how they cooled. Some slags contain an abundant glassy phase from silica added to remove
contaminants from the metals; some are quenched and some are allowed to cool slowly. The
phase distribution is usually not the thermodynamically stable distribution and the materials may
be weathered to various extents. Any sample collected for characterization or use in testing carries
uncertainty regarding how well it represents the whole. The comparisons of any test results must
take into account the likely variability in the phase compositions of different test specimens. Tests
with crushed materials have the advantage of a high specific surface area that is expected to
provide a more representative sampling of the component phases than a monolithic specimen.
Both monolithic and crushed test specimens offer the opportunity to track the degradation of
specific components (albeit difficult) by microscopic analyses.

7.3 Testing Objectives and Test Method Selection

Test methods have been developed for several different purposes, but can be grouped as either
"benchmark performance test methods" or "characterization test methods." Benchmark
performance test methods are designed to be compared with a response that has been deemed to be
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compliant with a regulation or specification. That is, the test response is interpreted as a
"pass/fail" indicator. These are used to objectively evaluate material response under specific test
conditions that may represent a particular service condition or may be generic. Several benchmark
performance test methods have been developed by specifying the test parameters of a
characterization test based on measured sensitivities. For example, the test parametersused in the
Product Consistency Test (ASTM C 1285 method A) were selected to provide acceptable precision
and composition discrimination for crushed glass prepared in a hot cell.

Performance in a benchmark test is often touted as providing a standardized performance criterion
for comparing various waste form materials and treatment options. The Materials Characterization
Center test method number 1, which was the forerunner of ASTM C1220, was used to compare the.
durabilities of a wide variety of materials considered for use as waste forms, including glass,
cement, cermet, and ceramics. However, without considering the release modes for contaminants
and the degradation mechanism of the host matrix, there is no technical basis for using the
comparison of single data points to evaluate the relative performance of those. materials. Series of
tests may provide insight into the degradation mechanism, but a single test method is usually not
sufficient to project the long-term durability of a waste form under disposal •conditions and can be
misleading. For example, material A may dissolve at a higher rate than material B but have a
lower solubility limit. A benchmark test that generates solution conditions that are more dilute
than those expected to occur in a disposal system would rank candidate waste forms in reverse
order with respect to durability under disposal conditions: material A would dissolve, faster than
material B in the dilute test conditions, but dissolution of material A in the disposal system would
essentially cease when the groundwater became saturated while material B would continue to
dissolve.

Characterization test methods are designed to provide information regarding material behavior; for
example, to support development of a mechanistic model that can be used to predict the long-term
degradation behavior. The ASTM standard practice C 1174 outlines the various purposes of testing
to develop material degradation models (ASTM 2009a). These include attribute tests to measure
intrinsic materials properties such as density, thermal conductivity, and hardness; characterization
tests to identify alteration modes and environmental effects; accelerated tests to increase the
reaction rates and aging of the material; service condition tests to measure alteration under
anticipated service conditions; and validation and confirmation tests to validate the process model
and confirm its applicability in the disposal system. The standard does not identify specific test
methods for use as attribute tests, characterization tests, etc., since these will depend on the
material being evaluated and the disposal system. A particular test method can serve more than
one purpose depending on the test conditions.

Too often, waste form materials are subjected to test methods without forethought about whether
the method is appropriate for the material or represents the service condition, or about the
significance of the test response. A good example of this is applicati6n of ASTM C1285 Product
Consistency Test (PCT) Method A (ASTM 2009a); because the PCT has been shown to be
appropriate for tracking the consistency in the dissolution rate of glass waste forms as a function of
their composition, it is commonly applied to measure the dissolution rates of a wide variety of
materials, many of which do not degrade by an affinity-controlled mechanism. Even the direct
comparison of PCT responses for various glasses is sometimes invalid. This is because the PCT
calls for a particular mass ratio of glass and water, because glasses With different densities will
have different specific surface areas the reactive surface areas that are available in the tests can
differ significantly. (Failure to address'the specific surface area of glass used in the test is a short-
coming of the current ASTM C 1285 method that should be addressed.)
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In most of the examples provided in this report, a material was subjected to a particular test
method, the results were fit with equations based on hypothetical models, and then model
coefficient values were extracted, with the degree of uncertainty being indicated by the goodness
of fit. Sometimes a modification of the equation to reflect an adjustment in the mechanism was
necessary to fit the trend in the test results, and sometimes the abilities of different models to fit
the results were compared empirically. It was shown for several examples that deviations from the
model used to interpret the data could be attributed to experimental artifacts, such as the effect of
the sampling interval or preferential dissolution of fracture edges generated by crushing. In other
examples, the wrong model had been applied to the test results. When predicting long-term
behavior, using the wrong process model can lead to significant errors in the projected
performance of a waste material or waste form. Therefore, it is prudent to evaluate test methods
and test results with regard to optional process models to gain confidence in how the data are
interpreted and used in predictive models.

Most of the test methods used to generate the literature results discussed in this report have been
summarized in the text. Appendix E provides summaries of other laboratory test methods that can
be used to assess waste material degradation and contaminant release. Several test methods have
been developed to measure the extent of contaminant extraction into particular solutions, including
demineralized water, acetic acid, and mixtures of inorganic acids, that are intended to mimic
natural conditions. The U.S. Environmental Protection Agency (EPA) has mandated the use of
specific methods for quantitative comparison of material responses with regulatory limits for
EPA-regulated hazardous contaminants in municipal and industrial wastes. The most commonly
used methods are the EPA Toxicity Characteristic Leaching Procedure (TCLP) and Synthetic
Precipitation Leaching Procedure (SPLP), the ASTM test method of shake Extraction of Solid
Waste with Water (ASTM D3987), and the State of California Waste Extraction Test. Other
agencies and organizations use common test methods to establish 'compliance to particular
specification and to assess environmental impacts. The U.S. Geological Survey (USGS) uses
various field extraction methods such as the Field Leach Test (USGS 2005) and Net Acid
Production test (e.g., Fey et al. 2000; Hageman 2004) for assessing environmental impacts of mine
wastes and predicting surface runoff, etc. These have been referred to as "reconnaissance" tests.
Although these test methods fulfill the purposes of assessing regulatory compliance or gross
characterization, they are not useful for the purpose of modeling waste material behavior for the
purpose of performance assessment. For example, most methods do not provide a test response
that can be quantified on the per-area basis needed to extrapolate to specific field systems.

7.4 Interpreting Test Results

Several aspects of how test results are evaluated and the potential uncertainties of the conclusions
that are drawn are discussed. Probably the most important information that can be garnered from
the test results is the process that controls the observed test response. This will be influenced to a
significant degree by the test method that is used because the test conditions can highlight one
process over others and could lead to misinterpretations by force-fitting a process model to the
data. The model may fit the short-term test data adequately, but could deviate significantly from
the long-term behavior. Therefore, it is important that the mechanistic basis for the laboratory test
response be understood and that the test method highlight the process that will control the long-
term behavior. In addition, possible artifacts of the test method must be understood and taken into
account when interpreting the results and applying them to the model. Several test methods were
developed to parameterize a particular process model. The best example is probably the ANS 16.1
method developed for diffusion-controlled release, where solution exchange is performed to
maintain dilute conditions to represent a mathematical model that presumes an infinitely dilute
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solution phase. As a part of this discussion, the responses are considered for materials governed
by a process other than the process for which the test method was developed. Such an
understanding can avoid misinterpreting the relationship between the measured test response and
behavior represented in the source term model.

7.4.1 Affinity vs. Diffusion

The initial accumulation of released soluble components may be similar regardless of whether the
release is controlled by diffusion or by reaction affinity, and the mechanism controlling the release
may not be discernable from the trend alone. For example, each test result plotted in Figure 7.1 is
from a separate ASTM C1220-type batch test conducted with a simple borosilicate glass in which
the released Si accumulated during that test duration to the measured concentration (Bourcier
1991). These are not the cumulative releases from several test intervals with the same test
specimen that are typically plotted for diffusion tests. Rather, each data point represents the result
of a separate batch test. In the series of ASTM C1220 tests shown in Figure 7.1, the cumulative
release from six separate test specimens was measured after a different duration and the results
combined to show the release as a function of time. The results were evaluated by Bourcier (1991)
using both the affinity model and the diffusion model, as shown by the solid and dotted curves in
Figure 7.1.

100

Si conc.,
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Figure 7.1. Results from Bourcier et al. (1991): Static tests fit to diffusion and affinity models.

The equations used for diffusion-controlled release and for affinity-controlled release both fit the
data well within the presumed test uncertainty, which is plotted at 10% of the measured value.
The equations that were fit, regressed coefficient values, and residuals are

"•[Si]=A+Bt°5 with A =4.2 andB=14.1 JZresidua12 = 26.3 (7.7)
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for diffusion-controlled release and

kf
[Si]=1 kf withkf =ll.Oand K=100 Zresidual2 =142 (7.8)

t K

for affinity-controlled release. (Note: Equation 7.8 was derived from Equation 2.22 by defining
the rate as [Si]/t, both cumulative values, setting Q = [Si], and then solving for [Si].) The diffusion
equation gives a better fit based on the residuals. An effective diffusion coefficient can be
calculated from the slope and the dimensions of the test specimen.

Whereas the short-term predictions of the models are nearly identical, the model predictions
diverge at longer times. Assuming 10% analytical uncertainty, tests run 50 days and longer would
be required to distinguish the Si concentrations predicted by the two models. This shows how
simple regression of short-term test data without consideration of the mechanism can be
misleading. First, the simple diffusion equation is not valid for test conditions resulting in such
high concentrations of the diffusing species. Derivation of that equation assumed infinite dilution
of released components. Second, glass is known to dissolve by an affinity control mechanism
rather than dissolution (Bourcier 1991). Although the release of Si is certainly not diffusion
controlled, this example shows that an effective Si diffusion coefficient could be determined from
this short-term data with confidence. The release of waste components can be misjudged just as
easily. Therefore, it is important to understand the responses of different release mechanisms in
various laboratory tests and how test conditions can be used to distinguish those mechanisms.

7.4.2 Comparing Responses from Static and Semi-Static Tests

The ASTM C1220 test method uses separate test specimens and solutions to measure the
accumulated release of a species over several test durations. The test specimens used in a series of
tests are assumed to be equivalent such that the releases measured in different tests can be scaled
to the specimen surface area. That is, the data are assembled to represent the release from a single
test specimen. For each successive interval, the solution concentration at the beginning of the
interval is the same as the solution concentration at the end of the previous test interval. The
surfaces of the test specimens also evolve during the test.

In a common modification of the ASTM C 1220 test method, the release of a species is monitored
using a single test by periodically sampling the solution. The series of solution results represents
the reaction of a single test specimen. The removed leachate may or may not be replaced with
fresh leachant. Either way, interpretation of the test results based on the solution concentrations is
complicated. If the leachate is not replaced, then the solution concentration at the beginning of the
interval is the same as the solution concentration at the end of the previous test interval, but the
effective S/Vratio of the test will increase after each sampling. This effect may or may not be
negligible, depending on the volume of the aliquant taken and the reaction rate. If the leachate is
replaced, the solution will be diluted and the reaction affinity will increase slightly between
intervals. The solution concentration will be lower at the beginning of the interval than at the end
of the previous test interval. Both the solution chemistry and the condition of the test specimen
surface will evolve as the test proceeds.
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In the ANS 16.1 and ASTM C1308 methods, the cumulative release is assembled from the
releases measured over all intervals. The same sample is used throughout the test and the
diffusion path length increases with every successive test interval. In the sequence of test
intervals, the solution concentration is re-zeroed at the beginning of each test interval but the
condition of the test specimen surface evolves. The surface region becomes depleted of leached
components and may become more or less porous as the matrix responds to the chemical changes.
Further evolution of the leached layer may include ion exchange with other components in the
solution, condensation reactions within the layer, precipitation of alteration phases, etc. The
model for diffusion from a semi-infinite solid is based on the surface concentration of contaminant
species remaining at zero and no modification of the leached layer.

The dissolution of a material could be misidentified as being diffusion-controlled just as easily
with each of the three test methods. The ANS 16.1 and ALT tests mimic a SPFT test conducted at
a low effective flow rate. If the reaction intervals are of constant duration and about the same
amount of material dissolves during each interval, the measured rate will appear to be constant
even though the actual rate is not constant. Diffusion-controlled release rates will decrease during
the test interval due to the increasing diffusion path length in the specimen, whereas affinity-
controlled release will decrease during the test interval due to the increasing solution concentration
and decreasing reaction affinity. Replacing the leachate with fresh leachant will reset the affinity
term in a dissolution-controlled reaction mechanism to one (thereby maintaining a high gradient to
promote diffusion), but it does not affect the diffusion path length that also affects the release rate
in a diffusion-controlled release mechanism.

7.4.3 Effect of Sampling Interval

The effect of the sampling interval on the incremental release rate when the release slows with
time is shown schematically in Figure 7.2. If the release follows the solid curve, the average rate
over the test interval from -1A to tj (Rate A shown by the dashed line) is higher than the average
rate over the test interval from tj-1 to tj+l (Rate B shown by the dotted line). The roll-over could be
due to either affinity control or diffusion control of the release. In either case, the true rate can
only be measured using a sampling interval over which the curvature is negligible. In practice, the
shortest meaningful sampling interval will be determined by the analytical capacity to measure the
concentration of the contaminant in the test solution and the measurement uncertainty. This will
depend on the species to be analyzed and its release rate. The effect of the sampling interval will
also depend on the specimen surface area/solution volume ratio used in the test: higher ratios will
generate more concentrated solutions faster than lower ratios.

The approach recommended in ASTM C1662 (SPFT test) to overcome analytical limits can be
applied to solution exchange tests such as ASTM C1308. In that approach, several series of tests
are conducted to measure the dissolution rates at different solution flow rate/specimen surface area
ratios to measure the rates over a range of steady-state solution concentrations. The rates are
plotted against the steady-state concentrations and the correlation extrapolated to zero
concentration. Solution exchange tests can be conducted using different (constant) exchange
intervals and the measured rates (or the diffusion coefficients that are extracted from the rates)
extrapolated to represent the rate (diffusion coefficient) for an infinitesimally short exchange
period.

7.8



incremental rate =.A
for interval t to t /

Conc.. /

/ incremental rate=
for interval t to t

j _-1 j+1

I. t

t t t

j-1 J j+l

time, days

Figure 7.2. Schematic illustration of effect of sampling interval on incremental rate.

7.4.4 Effect of Solution Exchange on Affinity-Controlled Release

The effect of the leachate exchange frequency on the release from a material that dissolves
following an affinity-controlled mechanism is* illustrated schematically in Figure 7.3a. The figure
shows the cumulative releases when the leachate is exchanged at 1 -day, 2-day, and 3-day intervals.
Shorter exchange intervals minimize the influence of solution feedback on the dissolution rate. In
other words, the average value of the affinity term over the interval remains higher (nearer to 1) in
shorter intervals. The rate observed for the over-all test duration is highest for 1 -day exchanges
and lowest for 3-day exchanges. The effect of the exchange frequency in replacement tests such as
ANS 16.1 and the ASTM C1308 test is analogous to the effect of flow rate in dynamic flow-
through tests. Compared with the simple system described in Figure 7.3a, changing the interval
times in a series of exchanges will result in complex release behavior that will be difficult to
attribute to either mechanism. Analyzing each leachate sample would generate a linear plot for
each series, but the release rates (slopes) determined by the tests would decrease with increasing
time between samplings. Figure 7.3b compares the expected responses of materials with affinity-
controlled and diffusion-controlled releases to leachate replacement. The replacement has little
effect on the diffusion-controlled release because the release is controlled by diffusion through the
test specimen; the solution composition has only a small effect on the release rate except perhaps
at long replacement intervals. The replacement has a significant effect on the affinity-controlled
release because the dissolution rate is controlled by the solution concentrations of dissolved
components. When those dissolved components are removed (after 1, 2, and 3 days in Figure
7.3b), the value of the reaction affinity is reset to 1 and dissolution resumes at the forward rate.
The periodic analysis of recovered solution from an affinity-controlled reaction (filled circles at 2
and 3 days) results in a reaction rate that appears to be linear (shown by the dashed line) whereas
the solutions from a diffusion-controlled reaction (open circles at 2 and 3 days) will describe the
root- time diffusion behavior (bold curve). This is because the time dependence derives from the
generation of a depleted region on the test specimen that is not affected by the solution
concentration.
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Figure 7.3. Schematic illustrations of (a) the effect of leachant exchange frequency on measured
release rate and (b) the expected responses for diffusion-controlled and affinity-
controlled release mechanisms.

The illustrations in Figure 7.3 are idealized to emphasize the difference between affinity-controlled
release and diffusion-controlled release. In reality, the response of a material with affinity-
controlled release will have a minor diffusion-controlled component due to changes in the surface
during reaction and the response of a material with diffusion-controlled release will have a minor
affinity-controlled component due to solution feedback effects. These complicating effects can be
minimized by using short test intervals.

7.4.5 Effect of Flow on Diffusion-Controlled Release

The effect of leachant flow is to remove dissolved components from the surface of the dissolving
material. In the case of affinity-controlled dissolution, flow maintains a constant solution
composition near the specimen surface that depends on the material dissolution rate and the
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solution flow rate. Flow is less important for diffusion-controlled release. The driving force for
diffusive release is the activity gradient between the interface of the specimen with the solution
and a point in the bulk. This is expected to become less sensitive to the flow rate as the near
surface region is depleted of the contaminant being leached. The difference is shown
schematically in Figure 7.4a. The curve shows a sigma-shaped decrease in contaminant activity
from the high bulk value to the lower surface value due to earlier leaching. The depletion
thickness is usually identified by the inflection point in the curve. Continued diffusion is expected
to be less sensitive to the activity in solution than is dissolution at the surface because the low
activity in the depletion zone drives diffusion almost as effectively as low activity at the
surface/solution interface. That is, changes in the solution concentration will affect the activity in
the depletion zone very near the specimen surface, but the activity gradients for species within the
depletion zone will not change significantly. For example, a sudden increase in the solution
activity could change the profile within the depletion zone to a U-shaped profile, as shown in
Figure 7.4b. Diffusion on the bulk side of the zone would continue to be driven by the gradient to
the bottom of the U, whereas surface dissolution would slow or even cease.

.1

Contaminant
activity

Specimen
bulk

Specimen
surface

Solution activity
(function of flow)

Depletion Zone

(a)

Increased solution
activity

Contaminant
activity

Specimen
bulk

Depletion Zone

(b)

Figure 7.4. Schematic illustration of depleted surface region of diffusion-controlled release
(a) before and (b) after increase in solution concentration of contaminant due to an
external source.
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7.5 Conclusions and Comments

The following conclusions are based on the initial anaayses of literature data summarized in this
report. These conclusions should be viewed as preliminary and may be modified as work proceeds
in the evaluation of field testing, characterization of concrete and slag materials, and integration of
release mechanisms with reactive transport computer simulations.

The objective of this series of reports is to relate laboratory tests with measured and modeled field
behavior of contaminated materials. Computer codes developed to predict contaminant migration
through engineered and natural systems use the same governing equations for chemical reactions
coupled with transport. Contaminant source terms due to the weathering of waste materials can be
incorporated as time-dependent functions and combined with terms representing advective and
dispersive transport, precipitation, sorption, colloid formation, radioactive decay, etc. Factors
affecting contaminant transport may lessen the impact of waste material and waste form durability
on the system performance, including solubility controls (precipitation of sparingly soluble phases)
and irreversible sorption to immobile materials. The same mathematical models used to describe
*the release of contaminants from specimens in laboratory (and field) tests and can be used to
predict the long-time releases of contaminants from full-sized wastes and waste forms at the
disposal site. However, modeling field behavior requires-the coupling of various process models
whereas most laboratory tests are controlled by a single process. How well a particular laboratory
test or series of tests provides an understanding that is relevant to an actual disposal system will
depend on how well the test specimen represents the actual waste (e.g., the phase assemblage and
distribution of contaminants) and the extent to which the test response represents the processes
controlling the behavior of the waste in the disposal system.

7.5.1 Contaminant Source Term Models

Three processes are of primary importance to modeling contaminant release from waste materials
and waste forms: diffusion, oxidation, and dissolution. The relative importance of each will
depend on the contaminant, the encapsulating phase (if any), and the reaction conditions.

Diffusion-controlled release from waste materials and waste forms is modeled using the same
equations that govern diffusive transport in hydrologically saturated and unsaturated media.
Analytical solutions to the governing differential equations have been derived for various sample
geometry and boundary conditions appropriate for the specimens used in laboratory tests. These
include mechanistically based equations for diffusion from a semi-infinite solid and from a finite
cylinder, and for diffusion coupled with a first-order reaction to produce or consume mobile
constituents. These equations can be used to model systems in which the slow diffusion of
reactants (water and oxygen) is coupled with reactions 'to release contaminants by rapid diffusion
from waste materials as well as systems in which slow reactions to mobilize contaminants are
coupled with the diffusion-controlled release of the contaminants.

Oxidation is important for multi-valent contaminants due to the different solubilities of the
metallic and various oxide phases. Conceptual electrochemical models have been developed but
are incomplete. Despite all of the research that has been conducted worldwide to model the
dissolution of spent U0 2 fuel, empirical models are currently being used in repository assessments.
The approach commonly used to empirically model reaction kinetics can be applied to model
redox-sensitive reactions: the free energy term describes the difference between the potential at the
surface of the waste and the redox potential of the groundwater. The effecis'of solutes and
temperature are modeled empirically.
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Dissolution models have been developed to quantify the effect of chemical affinity on the
dissolution kinetics using non-equilibrium thermodynamics. The rate coefficient and
environmental effects on the dissolution kinetics, including waste composition, temperature, pH,
and various solute species, are represented by empirical models. For example, the dissolution
rates of most silicate minerals can be represented using an intrinsic rate constant, empirical terms
quantifying the dependence on pH and temperature, and a simple affinity term (e.g., where only
silica need be taken into account). Simplified models that neglect solution feedback can be used
for systems that will remain far from equilibrium and usually provide overly conservative
estimates. The adequacy of that approach will depend on the waste material, disposal system, and
required precision. More realistic models address the system's approach to equilibrium and
accompanying decrease in weathering rate.

In most cases, diffusion, dissolution, and sometimes redox reactions will all contribute to the
release kinetics of a contaminant. Which process is dominant will usually depend on the waste
material and the reaction conditions. The conditions used (or attained) in a laboratory test will
highlight a particular process, which may or may not be important in the disposal system. It is
crucial that the process(es) responsible for a test response be understood before using laboratory
test results to predict long-term behavior. A particular process model is sometimes imposed on a
particular test response when that test response is more a consequence of the test procedure,
testing artifacts, or how the results are compiled and presented than the material degradation
behavior or radionuclide release mechanism. This is clearly the case for the ANS 16.1 test
method, which uses a diffusional release mechanism for all materials. This is acceptable for the
expressed purpose of that test "to measure the ability of the solid to impede the release of
radioisotopes when water comes into contact with them" (ANS 2009), but it must be recognized
that those test results are not appropriate for projecting long-term behavior. In many cases, more
than one test method must be used to determine the degradation mechanism or demonstrate the
hypothesized mechanism. Comments regarding testing approaches, test methods, and
interpretations of test results are provided in the following sections.

7.5.2 Testing

Tests are conducted for a variety of purposes and to address behavior at a range of scales. Of
particular interest in this report are tests conducted to understand and model the release of
contaminants from a waste material or waste form. The models used to interpret test results are
based on scientific understanding at a nearly atomistic (microscopic) scale that can be quantified
using explicit algebraic expressions. The laboratory tests measure the environmental effects on the
kinetics of material degradation and contaminant release on a moderate (mesoscopic) scale that
averages minor inhomogeneities present in the specimen and differences in the reactivities that
may occur at the atomic scale. The models are then used to predict the long-term release
behaviors of radioactive contaminants into an environment of macroscopic scale over century-long
durations. Mechanistic models are the key to reliable long-term predictions, although some
aspects of the degradation/release processes can only be modeled empirically or
phenomenologically. For example, the temperature dependencies of activated processes are
described by the well-established Arrhenius form, which is an empirical expression that has not
been improved upon 120 years after it was first proposed.

Many laboratory tests provide information regarding the interactions of pure phases with well-
characterized solutions and provide material-specific values. However, details such as identifying
the reactive sites (surface steps, pits, defects, etc.) that are important at the atomic scale are usually
invisible to testing. For example, particular reactive sites on mineral surfaces are identified as
reactants in atomistic models, but these cannot currently be quantified for testing or analysis, and
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experimentally measured rates are instead normalized to the entire surface area. The disposal
systems and waste sites of interest cannot be characterized or evaluated to the same accuracy as
laboratory systems due to the much more complex combinations of materials, ground water
chemistries, chemical and physical interactions, flow paths, etc. occurring in natural systems.
Modeling these systems requires the use of "effective" values that may represent the combined
responses of several materials and several processes rather than the material-specific or process-
specific values that are usually measured in well-controlled laboratory tests and used to
parameterize the models. The effective values can be estimated by mathematical combinations of
values measured for various materials and conditions, or by conducting laboratory tests with
complexmixtures of solids or groundwaters that represent the waste site. Comparisons of
laboratory tests and field measurements will be considered in greater detail in a subsequent report.

7.5.3 Laboratory Test Methods

For convenience, test methods are grouped as dynamic, semi-dynamic, and static depending on
whether the solution phase is refreshed continuously, intermittently, or not refreshed during the
test. Specific test methods are differentiated by the state of the test specimen (crushed or
monolithic) and the dynamics of the solution contacting the specimen (continuously or
intermittently pumped, recondensed, physically decanted and replaced, or static).

The responses measured in dynamic tests such as column tests, SPFT tests, stirred reactor tests,
recycling flow-through tests, and Soxhlet tests are sensitive to the leachant flow rate. The effect of
the flow rate on the measured test response must be taken into account to determine the intrinsic
material property to parameterize a model. This usually requires that tests be conducted at several
flow rates to quantify the effect. The system must also come to steady state to determine the
material dissolution rate under the particular conditions used in the test. In many instances, tests
have been conducted under conditions that are expected to minimize the effect of flow or simulate
natural conditions, but this is often neither justified (i.e., demonstrated experimentally) nor
realistic. The testing conditions required to avoid experimental artifacts often do not represent the
natural system. For example, the very high flow rates required to minimize solution feedback
effects do not represent flows in a disposal system and the finely crushed materials used to provide
the high surface areas needed to generate measurable solution concentrations do not represent
waste materials. The use of experimental techniques to highlight a particular material response
presumes that the response can be extrapolated to relevant service conditions. In the examples just
cited, the effect of flow rate on the dissolution rate occurs due to the influence of the solution
concentrations of key solutes on the value of the affinity term, which reflects the deviation of the
system from equilibrium. The dissolution rate varies with the deviation from equilibrium, and so
will vary with the steady-state solution composition that is determined, in part, by the flow rate
used in the test.

Laboratory rates are measured on a per area basis and directly scaled to field dimensions in
performance calculations. Crushing materials to provide large surface areas in laboratory tests
introduces fracture surfaces and defects that dissolve faster than the bulk materials. The effects of
fractured surfaces on the laboratory-measured rate must be either taken into account with a
separate transient rate term or avoided by ignoring the initial test response in the test. Because the
reactive surface areas cannot be measured directly, laboratory rates are normalized to the physical
surface area, which itself can be defined either as the area measured by gas adsorption or the area
approximated geometrically. Although the measured surface area is physically well-defined, most
experiments scale better using the geometric surface area rather than the measured area (e.g•,
Oversby 1982). The geometric surface area is also expected to be more appropriate for scaling to
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macroscopic systems that are characterized geometrically; this will be evaluated in the subsequent
report on the relationship between laboratory testing and field leaching.

The responses measured in semi-static solution exchange test methods such as ANS 16.1 and
ASTM C1308 (ALT) are sensitive to the sampling interval regardless of whether the release of
contaminants is controlled by diffusion or by dissolution. This is because while the release
kinetics is not linear over the sampling interval, only a linear average release rate over the test
interval can be determined from the test data. Model parameter values derived from these tests
will depend on the sampling interval and may not represent the intrinsic material property well in
performance calculations. This is because the analytical equations used to calculate diffusive
release provide an instantaneous release rate whereas the experiments provide the integrated rate
for each interval. Data sets with short and constant exchange frequencies should be used to
quantify the release rate. Test conditions (e.g., the solution volume/specimen surface area ratio)
should be adjusted to attain measureable solution concentrations within a few days sampling
interval. Test series with variable exchange intervals demonstrate the effect of the interval
duration on the test response and are useful for determining the release mechanism, but they do not
provide dissolution rates appropriate for modeling long-term behavior. Based on the analyses
summarized in Section 7.4.3, the variance in sampling intervals in the ANS 16.1 method and the
use of the average value from different intervals are not consistent with the diffusion-controlled
mechanism that is used to calculate the leach index. Because of this, the leachability index does
not provide a reliable measure of the effective diffusion coefficient that is needed for performance
modeling or any other characteristic of the material that is used in the test.

Diffusion-controlled and dissolution-controlled release mechanisms cannot be distinguished in
static tests such as ASTM C 1220 and ASTM C 1285 because the effects of the buildup of released
constituents in solution and the formation of a diffusion barrier on the test specimen lead to similar
short-term release trends. Solution feedback effects can affect contaminant release rates regardless
of whether the release is controlled by diffusion or by dissolution. The effect is usually (but not
always) more significant for dissolution-controlled release than for diffusion-controlled release
because matrix components such as silica often have lower solubility limits than the contaminants
of interest. The chemical affinity for the reaction controlling mineral dissolution is expected to be
more sensitive to the solution concentration than the concentration gradient between a species in
the bulk and a site near the surface that promotes diffusion.

Short-term solution exchange tests can distinguish between diffusion-controlled and dissolution-
controlled release mechanisms based on the time dependence. Diffusion-controlled release
increases as the square root of time and dissolution-controlled release increases linearly in time if
the value of the affinity term remains near one (assuming the pH and temperature remain
constant). A 1-day exchange interval should maintain sufficiently dilute solutions to avoid
solution feedback effects for most materials and significant pH excursions, so the response of a
dissolution-controlled mechanism is expected to provide a measure of the forward dissolution rate.

The response of a dynamic test is affected by the effective solution flow rate except when the flow
rate is high enough that the specimen is reacting at the highest possible rate. This typically
requires fluidization of crushed material to maintain highly dilute conditions, such as the
ASTM C1662 SPFT test method. Column tests in which leachant is allowed to percolate through
a bed of crushed material or is pumped through the bed at a moderate rate (or at a rate thought to
simulate a natural environment) may also provide data useful for determining dissolution model
parameter values, although the test response will be affected by the flow rate, flow paths, and
interactions that may retard the transport of some species. The effect of the flow rate must be
deconvoluted from the measured release rate to determine the dissolution rate, and this can only be
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done after the system has attained steady state. The system may be complicated by a range of flow
paths, nearly static cells related to porosity, and, for tests conducted with crushed materials, the
uncertain effects of fracture surfaces. This test method is better suited for use as a service
condition test, for example, to calibrate a model with respect to groundwater flow under
representative conditions, rather than quantifying a material response.

7.5.4 Laboratory Test Interpretations

The predominant approach taken in the literature that was reviewed as a part of this evaluation was
to regress test data to a model to determine a model parameter, usually an effective diffusion
coefficient, with too little concern regarding the appropriateness of the model. As stated in the
ANS 16.1 procedure and discussed in Section 4.2.1, the early stages of material reaction usually
appear to be controlled by diffusion whether diffusion is the controlling process or not. The data
sets are, therefore, usually fitted with a form of the diffusion equation appropriate for the shape of
the test specimen and an effective diffusion coefficient value is extracted. In the majority of the
literature results that were analyzed in this report, the value of the diffusion coefficient that was
extracted depended on the subset of data that was used. Sometimes the subset was determined
based on the exchange interval, but it was usually selected based on which data were better fit with
the diffusion equation. In many cases, the selected data were measured after long cumulative
reaction times and over long sampling intervals. Considerations of the reaction behavior and test
methodology as described throughout this report provide a technical basis for generating and
selecting data sets to extract model parameter values. These include diffusion coefficients,
reaction rate constants, pH and temperature dependencies, and saturation concentrations.

Geochemists have found that the in-the-field dissolution rates of many minerals are significantly
lower than the rates measured in laboratory tests, in some cases five orders of magnitude lower.
Several reasons for the discrepancies have been discussed in the literature: sorption of organic and
inorganic materials masking reaction sites, uncertainties in the true reactive surface areas of the
reacting materials in laboratory tests and in nature, increase in density of reactive sites due to
crushing, different surface finishes in field materials and laboratory test specimens, different fluid
chemistries in microclimes within the pore structure and surface regions of materials in the field,
restricted fluid flow through fractures, bacteria, experimental measurement uncertainties, and other
factors. While the cause of such discrepancies and the relevance to waste material and waste form
degradation and contaminant release rates will be addressed in greater detail in a future report, it is
important to add to that list a conclusion from this review: the use of an inappropriate laboratory
test method and misapplication of test results. The release rates measured under particular test
conditions should not be interpreted as being a characteristic rate of the waste or waste form
without consideration of the process controlling the release, artifacts of the test method, or the
effects of testing parameters. Several examples were found in the literature reviewed for this
report where the release rate measured in a subset of the test data that looked right, such as
showing the expected root-time dependence or being linear, was used to extract an effective
diffusion coefficient or release rate for use in calculating long-term behavior. Beyond being
scientifically indefensible for modeling data and for predicting long-term behavior, the apparent
behavior of the subset may have been contrary to the rest of the data set and taken out of context.
In some cases, interpretations were biased by the way the data were presented, for example, by
plotting incremental or cumulative fractional release values rather than measured concentrations,
plotting against linear or square root cumulative time, or not verifying that steady state was
achieved. In many cases, data must be exercised using different models with several presentations
to determine the relationship to a test variable, and often also compared with the results of other
tests to discriminate between different possible interpretations.
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For complex systems, it is usually necessary to study contributing processes separately and
develop separate process models that are later combined to represent the system. When modeling
waste form performance, it is important to both verify that the analytical model represents the
physical or chemical process being modeled and to confirm the role of the modeled process
affecting waste performance in the disposal system. Historically, standardized laboratory test
methods have been used to characterize waste form materials with little regard to the relevance of
the test method (or test response) to the disposal system. These tests include the PCT (ASTM
C 1285 Method A), ANS 16.1, and various EPA methods. Although these methods provide
comparisons of the responses of different materials, those responses are usually not related to the
degradation mechanisms that are operative in a disposal system and so the comparisons are usually
anecdotal. For example, most laboratory tests are conducted with a great excess of water relative
to the amount of water in a disposal system in order to facilitate analyses. Material behavior may
be quite different under these test conditions and under the actual hydrologically unsaturated site
conditions (for example), and material degradation in the field could even be controlled by a
different process than the process responsible for the response measured in the laboratory test.

7.5.5 Recommended Test Methods

For most waste sites, the amount of testing and modeling necessary to determine and parameterize
a mechanistic model to reliably predict long term behavior will not be feasible with regard to cost
or the time required. In addition, the level of complexity and variations of the waste itself (phase
composition, inhomogeneity of contaminant distribution, range of physical dimensions, etc.) will
greatly increase the effort required to develop, validate, confirm, and apply mechanistically based
models for predicting long-term performance. For example, homogeneous borosilicate waste
glasses have been studied for many years, and that research has drawn on a long and rich history of
research addressing commercial and archaeological glass. Nevertheless, several aspects of glass
degradation important to its long-term performance as a waste form are still poorly understood,
such as identifying the process that controls continued glass degradation in concentrated solutions.
Modeling the degradation of slag wastes that may contain several dozen oxide, silicate, and
metallic inclusion phases bound within a glassy matrix is much more complicated than modeling
waste glass. This is because interactions between the various phases and a common solution will
impact the dissolution behavior of all phases, the dissolution of less-durable phases will slow the
dissolution of more-durable phases, the assemblage of alteration phases will establish solubility
limits different than those controlling the dissolution of isolated phases, etc. Representations of
the waste (or waste form) and disposal site (or system) must be simplified for long-term
performance assessments using reasonable models that capture the time dependencies of the
processes controlling the degradation, contaminant release, and transport behaviors, but are
compatible with limited characterizations of the complex waste solids and limited computation
capacity.

The critical review that was conducted as part of this report was intended to identify aspects of
laboratory tests that are important for understanding the underlying mechanism and providing
defensible measures of parameter values used in a simplified model. One objective was to identify
a small number of tests that could be used to characterize the waste degradation behavior to
support performance assessments when detailed studies were not practical. Some nuances of the
degradation behavior may not be detected in short-term tests, such as reactions to provide
transportable components that are subsequently released by a diffusion-controlled process or the
complex relation between the solution chemistry and release rate in an affinity-controlled process.
To the extent possible, the limited data base of short-term tests should utilize insights regarding the
waste material to select the test method, test conditions, and process model that will best inform
the performance assessment. Probably the most important aspect of long-term predictions is the
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time dependence of the process controlling contaminant release, and whether that is a diffusion-
controlled or affinity-controlled process. The long-term effects of environmental variables such as
temperature, pH, Eh, and groundwater chemistry will likely be less than the transport-related
variables such as groundwater flow and geochemical effects that retard contaminant dispersal.

If the likely degradation and release mechanisms of a waste material are known based on the
nature of the material (e.g., concrete, glassy, or crystalline composite), then the relevant test
method can be selected to characterize the material for modeling (and verify the process) and
extract a model parameter. It is important to recognize how a material that degades by a

mechanism that is different than the one highlighted by the test method will respond in order to
add confidence that the correct process model is being used. The first two methods are minor
modifications of existing standardized test methods ASTM C1308 and ASTM C1220 based on
analyses of test results discussed in this report. The third method is a hydrid of the two that is
proposed based on a technical understanding of the two methods but has not been implemented.

For materials that react by a diffusion-controlled release mechanism (e.g., relevant to cement-
based wastes), a modification of ASTM C 1308 is recommended with two series of sampling
frequencies (for example, six 1-day intervals followed by six 7-day intervals). Contaminants
released by a diffusion-controlled mechanism are expected to show CFL values that are linear
with root-time for both intervals, but with different slopes. The results for the 7-day exchange
intervals are expected to have a smaller slope due to the longer sampling interval. The
releases in the 1-day interval samplings can be used to extract an effective diffusion
coefficient. This presumes that (1) a 1-day interval is sufficient to generate measurable
solution concentrations of the contaminant of interest, and (1) the effect of the 1-day sampling
interval on the extracted value of De is within the test uncertainty. If this test method is
applied to a material having an affinity-controlled dissolution mechanism, the six 1-day
intervals and the six 7-day intervals are both expected to show linear behavior with time
(instead of with root-time), but the rate from the 1-day intervals will be higher and
approximate the forward reaction rate. The lower rate from the 7-day intervals will reflect the
decreasing reaction affinity as the test solution becomes more concentrated over the longer test
duration. Using two sampling intervals will help distinguish between diffusion-controlled and
affinity-controlled release and provided insight into the model parameter values that are
extracted: in the case of De extracted for diffusion-controlled release, the difference in slopes
in the CFL vs. root-time plot provides confidence that the release is controlled by diffusion
and that the value of De from the short sampling intervals represents the contaminant and
material. In the case of kf, the difference in slopes will provide some insight into the value of
K. The difference in rates will be greater for materials having smaller values of K, although
the difference will not be sufficient to determine a value of Kthat can be used in modeling.

For an affinity-controlled dissolution release mechanism (e.g., relevant to slag wastes), a
modification of ASTM C1220 is recommended with small sample aliquants (the minimum
volume required for reliable analysis) taken at increasing intervals (without replacement).
When normalized mass-loss values (which can be used to adjust the solution concentrations to
the S/Vratio at each sampling; see Equation 3.5) are plotted against time, the early samplings
are expected to show linear release and the later sampling are expected to deviate negatively.
The data set can be regressed with theaffinity model to determine the forward rate (kf) and an
effective saturation concentration (K). This is the saturation concentration responsible for the
decrease in the rate from the forward rate (i.e., at the dissolution plateau at very negative
values of AGr). As discussed in Section 2.3, a different functional dependence on the
saturation index (and K) could control the dissolution rate under near-equilibrium conditions.
The value of K relevant to near-equilibrium conditions should be measured by conducting
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ASTM C1285 Method B tests with periodic samplings to track the solution composition as
equilibrium is approached. (The slight change in the S/Vratio of the test will not affect the
solution composition or approach to equilibrium;fresh solution should not be added to the
test.) Both kf and Kwill represent average values for all phases bearing the contaminant of
interest weighted by the fraction each phase contributes to the surface area and the intrinsic
dissolution rate of the phase. Application of the modified ASTM C1220 test method to a
material for which the release is diffusion-controlled is expected to show root-time behavior,
but may deviate negatively over time if high solution concentrations are generated.

If the release mechanism is not known, a hybrid test method that combines aspects of the
ASTM C 1308 and ASTM C 1220 methods in sequence is proposed to (1) measure the
diffusion coefficient or intrinsic dissolution rate (at particular temperature and pH),
(2) distinguish between diffusion-controlled and dissolution-controlled release mechanisms,
and (3) estimate the saturation concentration for dissolution-controlled reactions. The initial
samplings are conducted following the ASTM C1308 methodology by replacing the entire
solution at constant 1-day exchange intervals. These samplings are expected to indicate
whether the contaminant release is linear with the square-root of time (characteristic of
diffusion-control) or linear with time (characteristic of affinity-controlled dissolution), or has
an intermediate time-dependence, which could indicate that both diffusion and reaction
processes ate important. The subsequent samplings are conducted weekly following the
ASTM C1220 method without adding fresh leachant. A diffusion-controlled mechanism is
expected to show root-time release (at a lower rate) and an affinity-controlled mechanism is
expected to deviate niegatively from linear release due to the decreasing reaction affinity as the
solution becomes more concentrated. The combined evidence from the initial ASTM C1308
test and subsequent ASTM C1220 test with the same specimen and solution is expected to
reveal the release mechanism and provide model parameters. The ASTM C1308 samplings
would provide a value of either De or kf, and the ASTM C 1220 samplings would provide an
estimate of K and confirmation of the controlling process.

7.5.6 Concluding Remarks

Relatively simple laboratory tests are used to evaluate the release of contaminants from concrete
and, more recently, slag waste materials. The theoretical models used to interpret these test results
range from simply fitting (or force-fitting) the data with an analytical equation for diffusion (e.g.,
from a finite or semi-infinite solid) to using the test results to extract parameters for affinity-
controlled or combined diffusion/reaction processes. The evaluations discussed in this report point
out the relationships between how test data are collected and interpreted in the laboratory and how
they are applied in a particular process model. As shown with several examples taken from the
literature, the trends in some data sets that indicate a problem in the way a model was being
applied can be explained as testing artifacts that can be easily eliminated or taken into account.
The first examples address the effect of the sampling interval used in a solution exchange test such
as ANS 16.1 and ASTM C1308 (and the earlier methods that evolved into these standardized
methods) on the extracted value of the diffusion coefficient. Other trends may indicate an
unavoidable limitation of the test method or test conditions. The second examples address the
effect of the flow rates used in column tests, SPFT tests, and PUF tests. The flow rate is known to
affect the dissolution and contaminant release rates that are measured, but the effect is often not
taken into account when relating the measured rates to material behavior. In some studies,
particular test conditions were used to simulate a system and provide a direct measurement of the
reaction rate in the field. Such condition-specific rates are generally not useful for parameterizing
a rate law and may lead to erroneous predictions due to difficulties in replicating the field
conditions, including flow path and contacted surface area, and flow rate. This will be discussed
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in more detail in the following report on the relationship between laboratory tests and field. How
the laboratory test data are compiled can also contribute also to misinterpretations and errant
predictions. For example, focusing on the cumulative release of a contaminant of interest is not
relevant for a dynamic test system approaching steady state, but will nevertheless provide a
misleading time dependence. Additional insights are summarized below:

* Analytical expressions are available for quantifying material degradation processes that occur
during laboratory tests, including dissolution, mass transport (bulk diffusion), oxidation, and
simply coupled processes based on a molecular-scale understanding of the major processes.
The models provide relationships between contaminant release and process variables,
environmental variables, and transport-related variables. Laboratory tests can be used to
determine the values of model parameters for specific waste materials that can then be used for
predicting their long-term behaviors under a wide range of environmental conditions.

" Theoretical frameworks are available for improved modeling and better utilization of test
results in performance calculations. The relationship between material, rate-controlling
process, test method, and modeled results should be understood before predicting long-term
behavior in a disposal system. Different test methods or test conditions are often required to
describe behavior under different environmental conditions and after various extents of
reaction. For example, in the treatment of coupled reaction and diffusion processes by Godbee
and Joy (1974) discussed in Section 4.3.1 and Appendix C, the reaction component was
modeled using a constant dissolution rate. Although this is probably sufficient in the dilute
conditions that exist in a solution exchange test, taking the affinity term into account may
provide a useful means to model the release under more relevant conditions that are closer to
equilibrium in highly concentrated solutions.

* The sampling interval used in solution replacement tests such as ANS 16.1 and ASTM C 1308
will affect the value of the effective diffusion coefficient that is extracted from the data. Tests
should be conducted with a short and constant sampling interval so the test results are
consistent with the model. Specifically, the model equation for diffusion-controlled release is
derived using an infinitesimal time interval that should be approximated with a short sampling
interval. The interval must be long enough for a measurable extent of reaction to occur.

* The effective diffusion coefficient of a contaminant is determined from test data based on the
geometry of the test specimen, but the value itself is independent of that geometry. The extent
of diffusion from that material in the field will depend on its geometry.

" Short-term static and semi-dynamic tests may not be sufficient to discriminate between
diffusion-controlled and affinity-controlled releases, and long-term predictions of the two
mechanisms will differ significantly. The time dependence of the initial stages of affinity-
controlled release in a static solution is often well fit using a root-time dependence, even
though the process is not a function of t" 2. For example, effect of the affinity term on the
dissolution rate could lead to an apparent root-time dependence. Different test conditions,
longer duration tests, or a different test method may be necessary to determine the release
mechanism and time dependence.

* The leachant flow rate affects the dissolution rate of materials in dynamic tests including SPFT
tests, stirred reactor tests,. and column tests (both hydrologically saturated and unsaturated
systems) except at very high flow rates that maintain far-from-equilibrium conditions. The
effect of flow rate occurs because the steady-state solution composition that is established
depends on the material dissolution rate, surface area, and flow rate. This should not be
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confused with erosion of the material, which is a physical effect of flow. Erosion may be an
artifact of very high flow rates due to the abrasion of particles due to turbulence within the
reaction cell.

* The transport of released components through packed columns (in column and PUF tests) may
be retarded relative to the transport of water and soluble components due to the interactions of
solutes with other solids. Longer test durations may be required for some components to
attain steady-state concentrations at the column outlet.

* Crushing materials to increase the accessible surface area in a test generates artifacts,
including fine materials, fracture edges, defect sites, and strained and roughened surfaces.
Material at these sites dissolves at a higher rate than the bulk material. This leads to initial
transient rates that are anomalously high but decrease to the bulk rate as the artifact sites are
dissolved. The influence of these fast-dissolving sites on the test response should be avoided,
e.g., by discarding the initial test solutions, or taken into account when evaluating the data.

* Steady state may not be attained in flow tests due to the loss of surface area during the test,
particularly under far-from-equilibrium conditions. Because the steady-state concentrations
depend on both the dissolution rate and the surface area, it may be difficult to discriminate
between the loss of surface area due to the dissolution of high-energy surfaces early in the test
from the loss of surface area after the high-energy sites have been dissolved.

* Crushed test material should be sized according to maximum and minimum sieve mesh sizes
to better constrain the particles size and surface area used in the test. This is important for
relating the measured rate to the surface area available during the test. Small particles and
fines may completely dissolve during a test and result in misleading results due to a significant
decrease in the surface area during the test.

" The specific surface area of particulate samples used in dissolution tests are usually measured
by gas adsorption (the BET method) or estimated geometrically based on sieve fraction size.
Although the BET surface area is often measured both before and after the test, the actual
mass of material remaining after the test is seldom (if ever) reported, probably due to the
difficulty of recovering all of the sample from the reactor. Knowledge of the after-testing
specific surface area is by itself of little or no value. Tests consistently show the preferential
dissolution of fracture sites during the initial stages, so the particles are becoming smoother as
they become smaller. The smaller size increases the specific surface area of each particle,
whereas the loss of fracture sites decreases the specific surface area. The formation of
alteration phases on the sample surface will also increase the specific surface area that is
measured, although this does not increase the reactive surface area of the test material, and
may decrease the reactive surface area by blocking access to the material surface.

Conducting dissolution tests for long durations complicates the determination of the reaction
rate due to increased uncertainties in the reactive surface area. The surface area remaining at
any time during the test can be estimated from the measured dissolution rate, test duration, and
initial specimen mass. Whereas the specimen surface area is used to scale the rate measured in
the laboratory to the field, it is the reacted volume that is related to the measured solution
concentrations. The relevance of details regarding laboratory tests and modeling to
performance calculations will be examined further in the subsequent report: Relationship
between Laboratory Tests and Field Leaching.
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Appendix A

Affinity-Controlled Dissolution

Dissolution reactions are usually modeled as competing forward and reverse reactions, where the
forward reaction results in the release of a component into solution and the reverse reaction results
in the consumption of a dissolved species in a condensation reaction. The net rate of a reaction
step is simply the difference between the forward and reverse rates:

ratene, = rate formard - ratereverse- (A. 1)

which can be rearranged as

ratenet = ratefoar * 1 ratereverse (A.2)rate forard

For a system at equilibrium

Sratereverse 1, (A.3)
rate forward

and the net rate is zero. For a system that is not at equilibrium

rate reverse e( - (A.4)
rate forard ) RT,

where A is the reaction affinity, R is the ideal gas constant, and T is absolute temperature. The
reaction affinity is defined as the negative partial derivative of the Gibbs free energy G with
respect to the reaction progress variable 4.

C ._a (A.5)
a )T,P

The Gibbs free energy is a function of temperature, pressure, and the number of moles of each
species, and its derivative can be written as

dG= CG I3 dT + CG-~) TN + OG+ dPI. (A.6)
Aa T aP,N t u aP n TN p ti T,P,Njo i

At constant temperature and pressure, this reduces to

A.1



dG= aK)j dN,.
a ,T,P,Nj4i

(A.7)

The partial derivative of the Gibbs free energy with respect to the extent of reaction is

TP

where pu, is the chemical potential and vi is the stoichiometric coefficient of species i in the
reaction. Substituting for the chemical potential as

(A.8)

pi- pi 0+ RT~naj (A.9)

in Equation A.8 gives

(5G)
-a )T,P

= :(po±+RT In aju (A.10)

which can be rewritten

C G) = p, i u, + Z RTlnai 'a T,P
(A.11)

The summation of a,' in the second term in Equation A. 11 is the ion activity product, Q. By
definition,

Z1 °ui = AG' = - RTIn K,

where K is the equilibrium constant. Therefore, Equation A. 11 can be written as

t0G-)J =-RTlnK + RTInQ= RTIn{Q)=-A.

l T,PK

(A.12)

(A.13)

The last equality is written based on Equation A.5. Substituting this expression for the affinity, A,
in Equation A.4 results in

A.2



Sratereverse r oQn ))

rateforward)=CP RT J kK)(. 4

and then Equation A.4 into Equation A.2 produces

ratenet = rate forward 1-Q (A.15)

The parameters A, Q, and K represent a particular intermediate reaction step in the overall
dissolution of the material, namely, the decomposition of the activated complex that results in
dissolution. The progress of the overall reaction is related to the progress of each reaction step in a
sequence

A = jucj Aj, (A. 16)

where aj is the rate of the intermediate reaction step relative to the overall reaction rate (sometimes
called the Temkin constant or Temkin's average stoichiometric number) and A and Aj are the
chemical affinities for the overall reaction and intermediate step. Substituting A/a for A in the
above derivation for the decomposition of the activated complex (where a is the Temkin constant
for that step) produces

ratenet = rateforward 1 [(Q-. (A.17)

This is the general rate expression for affinity-controlled dissolution where the measured rate, Q,
and K for the overall reaction are related to the decomposition rate of the activated complex.
Following transition state theory, the reaction rate depends primarily on a particular intermediate
step referred to as the rate limiting step. The value of a can be determined from experimental data,
but is often assumed to be a = I for the rate limiting step. Lasaga (1995) has argued that the
formulation may be invalid when a#• 1. As discussed in Section 6.3.3, Li and Steefel (2007) fit
test data for the dissolution of kaolinite at 22'C and pH 4 to Equation A. 17 with a = 2.
Equation A. 17 is commonly applied to silicate minerals and glass using a = I for the hydrolysis
reaction breaking the Si-O bond of the activated complex of a terminal Si(OH)4 group bonded to
the silicate lattice as the rate-limiting step. In the case of glasses, which are thermodynamically
unstable, the value of K is approximated by that of a fictitious Si0 2 phase having a solubility equal
to the apparent solubility established by the kinetic limits on the dissolution rate. Of course, the
values of Q and K determined from experiments relate to the overall reaction. Approaches for
determining the value of a from dissolution tests are discussed by Bourcier et al. (1994) and
McGrail et al. (1997).
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Appendix B

Method Used to Reproduce Data Plots from Literature

Test data were extracted from plots in literature publications when tabulated data were not
provided to facilitate the analyses and evaluations of the data sets conducted as part of this Task.
Measurements were made using enlarged photocopies of the plots to increase the accuracy. An
architect scale with 50 divisions per inch was used to measure the distance between the center of a
plotted point and both the x-axis and y-axis. The scale was also used to measure the distance from
the origin (or convenient point of reference) to the furthest unit on each axis. For example,
consider an x-axis representing time in days with the furthest tick mark being 12 days. The
distance on the axis from the origin (0 days) to the tick mark at 12 days is measured to be 430/50
inches. A data point measured to be 248/50 inches from the origin corresponds to a test duration
of (the denominators of 50 cancel and are excluded)

( 12 days
x - value of data = 248 inches x = 6.92 days (B. 1)

430 inches)

Each measured value is estimated to have an uncertainty of 2/50 inch (1/50 at each end of the
measured range). For the above example, the range of values for the time is 6.83 days (if the data
point was at 246/50 inches and the tick mark for 12 days was at 432 days) to 7.01 days (if the data
point was at 250/50 inches and the tick mark for 12 days was at 428 days). The relative
uncertainty is highest for data points near the origin.

The reproduced plots were compared with the original plots to verify qualitative agreement. When
possible, fits to the reproduced plots were compared with the equations provided with the original.
Reproducing plotted data in this way permitted alternative fits to the data, analyses of subsets of
the data, and estimation of the goodness of fits.
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Appendix C

Diffusion-Controlled Release with Concentration-Dependent
Reactions

Following Danckwerts (1950), consider a semi-infinite medium having a uniform initial
concentration of the mobile species C = 0 that increases with time and a saturation concentration
C,. Additional mobile species are provided at the surface at a rate = kf (Cs - C) per unit time and
volume (e.g., by sorption from a contacting gas or liquid phase). The surface concentration is
maintained at C, and no additional species are provided (sorb) when C = Cs, The diffusion
equation must satisfy mass balance across the surface of a layer having thickness dx over time dt
including the following terms

Diffusing in: flux= - D OC dt . (C. 1)ax

Diffusing out: flux D dt(.+ "C dx2 ]. (C.2)

Reacting: - kf C dt* dx . (C.3)

Combining these terms produces

-Ddt rta "Ilk
-D ' Dd a+-C dx-k Cdto'x. (C.4)Lx OI aX2 fj

The net increase in C within volume defined by dx is

D z-kCd dx dCdx, (C.5)

where the increase in C within the volume of interest is expressed as dC. Rearranging
Equation C.5 by eliminating dx and dividing by dt produces

aC a 2C
= 2 -k C. (C.6)

a~t aX2 f
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This has been solved by Danckwerts (1950) for.the condition where the concentration at the
surface is maintained at saturation by using the following boundary conditions:

C=o
C=Cs
C=0

X > 0
X 0
X (DO

t=O0
t>O0
t >0

The solution is

C 1[ [ (k'•2 f X (k/2+ [x ( k )' /]erf x ÷k~/
-- {exp-x-- C[ /2 _ (kt)j+ expx - j c + (kt)l/2 (C.7)

To apply Danckwerts' solution to the condition where the concentration of C at the surface is
maintained at 0, Godbee and Joy (1974) introduced the variableAx,t) and saturation concentration
C,, where

C Ax, th)e=C -C(x, o )
Comparison of the boundary conditions is provided in Table C. 1.

(C.8)

Table C.1. Boundary conditions in Danckwerts (1950) and in Godbee and Joy (1974).

Boundary Conditions In Danckwerts In Godbee and Joy

forx> 0 t=0 C=0 f=0 =CS
forx= 0 t>0 C=C, f=C, C=0
forx= oo t>0 C=0 f=0 C=CS

Relatingj(x,t) to C(x,t) produces

-fac __f_ ____

f - and -f= Cat at aX2 a•X2

Substituting these expressions into Equation C.6 produces

=f_ D a:U kf f(x,t)
at axz 2

which can be rearranged as

af=a 2 - kf

at a2t2 f(~

(C.9)

(C.10)

(C. 11)
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The solution to Equation C. 11 for the condition that the surface concentration of C is maintained at
zero is

fxt-C exp -x ) erC[ 2_-(kf t)1/ + exp X erfc 2D)/2 +-(kt)'/ .

(C.12)
Rearranging the expression in Equation C.8 as C = C5-f(x,t) and then substituting for the variable
f(x, t) in Equation C. 12 produces

C=C--exp _-x21 erfc[ x/2 -(kf t)i-- exp Xk)112 1 erfc[ 2 +(kt)l-
2 D rf 2(Dt)' 2 D 2 FJ F

(C.13)

This expression provides the concentration of the mobile species in the medium as a function of
position x and time t. As in Danckwerts (1950) and Godbee and Joy (1974), Equation C.13 is first
differentiated with respect to position and then the concentration gradient at x 0 is evaluated to
calculate the flux at the surface:

x:0 -Cs L [ k t)1+ /2 (C.14)

Fick's first law is used to calculate the flux at the surface

__ - D('C-) =0=C,. °) + (•kft (C.15)

The variables in Equation C. 15 are related to experimental variables as:

q =-,; Q I--- C =7 AV (C.16)
S S w-f

and

dq a• (C. 17)
dt St,

where y is a constant relating the saturation concentration to the initial concentration of the

contaminant C in the test specimen and, by definition, De = y 2D. Making the substitutions given
in Equation C. 17 (and using the average mean root cumulative time T for the interval) produces
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( - -= (D, kf )1/2 - [erf(kf T),/2 + e-kT 2 (C. 18)

for the incremental leach rate at the surface. At large kf T, the incremental rate in Equation C. 18
reduces to

(2flL-f 1 ýý(D, kf )l 1/2

Ao S .t' (C. 19)

At small ksT(e.g, kfT<0.5) due to a low dissolution rate and/or short durations, the value of erj(x)2x

approaches 2x and the exponential term can be approximated as ]- k1 t. Equation C.18 can

therefore be simplified to

At the limit k!= 0, Equation C.20 reduces to Equation 4.7. Integrating Equation C.18 over time,
with Q being the total amount of mobile species that has left the medium in time t per unit surface
area, and substituting the values from Equation C. 17 produces

Q z= CS 0(Dek f)12 .(t+i1erf(kftý /2 + t |e -kt (C.21)

Using the relationships given in Equation C. 16, the total amount leached is related to test
parameters as

Q S, _~ (C.22)
c, AY Ao 7s

/ wf

and

Ea, j(LK-j =(De ks)112 t+ erf((kft)I/2)+ + t 1 e-k'j (C.23)

Note that time in Equation C.23 is the cumulative time, not the root mean time T. Since the
limiting conditions of large and small kf t are of interest, it is convenient to express Equation C.23

in an equivalent form by multiplying the right-hand side by -:
ks
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f =(De + kL-J er dk t)I) + e~ (C.24)

which reduces to

112-< - 1/-- - -- 1/2
a, = * t + -Jerf((kf t) /) + ekfe (C.25)

When kit is large due to a high dissolution rate and/or long durations, the second term in braces
becomes negligible, the value of the error function approaches 1, and Equation C.25 reduces to

A,,. SI l_,l .• k-f 2o

which gives a linear time dependence and a nonzero intercept

a,, Jr.f ('9 k j/ + t D, --- (C.27)

When the product kit is small (e.g, <0.5) due to a low reaction rate and/or short durations, the2x
value of erJ~x) approaches 2x and the exponential term can be approximated as (1 - kft). With

these substitutions, Equation C.25 reduces to

[Z ~1/ 1/~±I 2( ~ +( 1/2( C2)

which reduces further to

Z , L f D / f IJ)12[(2kft +±1) + (I1-kft . (C.29)

This can be simplified as

A, )•S 7r
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For a given value of kf, short leaching times are predicted by Equation C.30 to show an
approximately root-time dependence and long leaching times are predicted to show a linear time
dependence according to Equation C.25. In the limit kft << 2, Equation C.30 reduces to

I"' ýf=2( (C.31)

Very long leaching intervals are needed to quantify small values of kf. Values are needed for both
De and kfto apply Equation C.25. These can be determined by regression analysis of the
appropriate experimental results.
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Appendix D

Diffusive Release from a Finite Cylinder

The release of components by mass transport through a solid is modeled based on the diffusion
rate being proportional to the concentration gradient, as formulated in Fick's second law:

aC D, V2 C, (D.1)
at

where C is the concentration of the species of interest, t is time, De is the effective diffusion
coefficient, and V2C is the spatial rate of change in the direction of the concentration gradient.

The model for diffusion through a semi-infinite medium is usually appropriate for porous
materials that give low CFL values in the ALT (e.g., CFL < 0.2). It is the simplest model and
provides an initial value of De for use in other models. The CFL is calculated in the semi-infinite
solid model as

• "1/2

CFL 2 A S [D (D.2)

where a, is the total amount of the species of interest released in all leaching intervals through time
t, Ao, is the initial amount of the species of interest in the specimen (i.e., the source term), S is the
surface area of the specimen, V is the specimen volume, and De is the effective diffusion
coefficient.

The model for diffusion through a finite cylinder takes into account depletion of the solid due to
leaching and is usually appropriate for materials that give high CFL values in the ALT (e.g.,
CFL > 0.2). The mathematical solution is based on diffusion from a cylindrical solid of height H
and radius R. In the finite cylinder model, the diffusive fractional cumulative release is calculated
as a double series expression:

CFL = A'. = (I_ 1 2 S, (t) S,(t)) (D.3)

with the series

S exp-(2n-1)2 Z2Dt (DA)

n=1 (2n- 1)2 'H ]
and the series
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W (Df2)
S(t)= 1 2 R2  (.

where the parameter #,m represents the mth zero of the zeroth order cylindrical Bessel function.
Values of the 13m for m=1 to 20 are provided in Table D. 1. In the ALT program provided with
ASTM C1308, an ad hoc term is added to Equation D.3 to account for the nonzero y-intercept
typical in experimental results. The numerical convergence for these open series is extremely
slow, and analytical closed forms expressions have been developed (Pecsatore 1990). The closed
forms include separate terms to represent the closed series and the maximum absolute error
introduced by truncating the open series. The equations developed by Pescatore (1990) are given
here for completeness. For the Sp(t) series

SP (t) = SpN (t) + Ep',Nv) (D.6)

N exp-(2n-) 2yV2 (t) N exp[(2 1)2 yz2)] y(t)ef(2 1) y(t)]

SpN W -2__ + 72ep-(2N 1- 2t) - y~)erfcL(2N - )+]n=1 (2n - 1)2 (2N -1) 2

(D.7)
with

7 7)=(Det)12 (D. 8)
H

and the error term

0 < PINW < 1 F2 (t) + 2 ep-(N-1) D96(2N - 1)1 [ (t) 2N - 1)22

The values n and N represent the series term and the number of terms included in the sum. For the
S,(t) series

Sc (t) = Sm (t) + EM (t), (D.10)

S"M ()= Im exp--flm2 0 2 (t)) [l---1-exp[-1 i 2 2 (t (t) erfc[/MfY (t)]
m~ 2if + 2gý 2 I -f" ()

(D.11)

withfM =Zz M >> 18TM 2 '
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O (Dt)y2
R

and the error term

ECM(t)< f o H2(t)+__ ] exp[-fiM' 92(t)].(t)l < 6t6 m W JM

(D. 12)

(D. 13)

The values m and Mrepresent the series term and the number of terms included in the sum.

Table D.1. Values of the parametersf,8 for m = I to 20a.

m PPm m m m m m M
1 2.4048255577 6 18.0710639679 11 33.7758202136 16 49.4826098974
2 5.5200781103 7 21.2116366299 12 36.9170983537 17 52.6240518411
3 8.6537279129 8 24.3524715308 13 40.0584257646 18 55.7655107550
4 11.7915344391 9 27.4934791320 14 43.1997917132 19 58.9069839261
5 14.9309177086 10 30.6346064684 15 46.3411883717 20 62.0484691902

aThese parameters satisfy the equation Jo(Jlm) = 0, with Jo(x) the zeroth order cylindrical Bessel
function.
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Appendix E

Summary of Laboratory Test Methods

Two approaches commonly used to study the weathering rates of materials are laboratory tests and
experiments under controlled test conditions and field studies under uncontrolled and natural
conditions. In most cases, the objective of laboratory tests is to measure alteration behavior from a
materials perspective on a small scale (on a scale of centimeters) to develop a mechanistically
based model. The models and simulations that are developed based on laboratory tests are on an
atomistic scale (nanometers), and the use of empirical model components is minimized. Field
studies are focused on the impact of specific environmental conditions on material behavior on a
large scale (on a scale of meters); this information is needed to first identify the range of service
conditions that must be addressed by the model and then calibrate or confirm the model. Each
increase in scale in going from the model to laboratory studies and then to field studies adds
uncertainty due to decreasing homogeneity of the material and conditions on each scale.

In the context of this report, the terms test and experiment are distinguished with regard to the
level of mechanistic understanding and expectation regarding the test response. In general,
experiments are conducted to identify and understand important processes, whereas tests are
conducted to measure parameter and coefficient values for characterizing known processes. The
same methodology can serve as an experiment or a test, depending on the level of expectation of
the response. For example, the same test method can serve as an experiment to determine whether
mass diffusion is an important process in the degradation mechanism or as a test to measure the
effective diffusion coefficient at a particular temperature.

Laboratory tests used to study the dissolution of a material can be categorized into a small number
of test types according to how the solution contacts the material. There are a limited number of
ways a test specimen can be contacted by water

" it can be immersed in a fixed volume of water,
* it can be immersed in a volume of water that is partially or completely replaced with fresh

water on a prescribed schedule,
* it can be immersed in a stream of flowing water,
* it can be contacted by dripping water that is added to or recondensed within the system, or
" it can be contacted by water vapor that condenses directly on the sample (due to thermal

and deliquescence effects).

The test specimen can be a monolith (defined to have measureable macroscopic dimensions), to
provide a low specific surface area, or an amount of crushed material to provide a high specific
surface area. Because most test responses are due to surface reactions, specimen preparation can
have a significant effect on the test response such that the response of a specimen in a short-term
test may not represent the behavior of the bulk material. The effect of the specimen surface must
usually be determined experimentally or inferred from changes in the response as the surface is
dissolved during the test. Depending on the material, the surface finish of monoliths can be made
consistent by polishing, heating, etc. A surface film may form on a cast material that behaves
differently than the bulk. Crushed materials provide a range of fracture surfaces, edges, points,
and stresses that affect the dissolution behavior. These usually react faster than bulk material due
to the additional strain energies. These effects must be taken into account when conducting tests
and interpreting results. It may be necessary to pre-react some materials to eliminate anomalous
surface effects and measure behavior representing the bulk material.
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The solution prior to contact with the specimen is commonly referred to as the leachant and the
solution after contact with the specimen is referred to as the leachate, even though the degradation
mechanism may not include leaching.

Particular standardized test methods specify the leachant solution composition, specimen
preparation, and various test parameters including temperature, solution-to-specimen surface area
ratio, duration, and sampling schedule. The advantage of standardized test methods is that test
parameters are well defined and the test responses of different materials can be compared directly
within and between laboratories. However, the meaning of the comparison depends on whether or
not the materials degrade by the same mechanism. If not, then the comparison is empirical and
only applies to the particular test conditions. Many laboratory tests and experiments can be
considered modifications of standardized methods. For example, tests to measure a distribution
coefficient can be considered a modification of ASTM C1285 (PCT). This is because the sized
fraction of particulates are immersed in a fixed volume of solution at a known ratio at a controlled
temperature and the solution is sampled and analyzed for the change in concentration of elements
of interest at particular durations.

Table E.1 summarizes the test parameters for several standardized test methods and useful
modifications of those tests. These test methods are usually used to study the degradation
behavior of a material and are not intended to simulate a particular environment, although aspects
of the tests are sometimes intended to represent important aspects of the anticipated service
environment, such as the ranges of temperature and the solution chemistry. In general, the tests
are conducted to understand the dependence of material degradation on key environmental factors
to model a range of conditions rather than directly measure the response under a specific set of
conditions. Of course, verification tests can be conducted under specific conditions to evaluate the
fidelity of the model to the service environment.

Various test methods are used to impose extreme conditions (relative to the service environment)
and highlight particular aspects of the material degradation mechanism. Different test methods
can be used to maintain dilute solutions with low concentrations of dissolved components,
generate concentrated solutions with high concentration of dissolved components, or provide some
control of the evolving solution chemistry. Test methods can maintain dilute solutions by
immersing specimens with low specific surface areas (monolithic specimens) in large solution
volumes so that dissolution has only a small effect on the solution chemistry (e.g., ASTM C1220),
by occasionally replacing some or all of the leachate with fresh leachant (e.g., ASTM C1308), or
by continuously replacing the leachate with fresh leachant (e.g., ASTM C 1662). Other test
methods can quickly lead to high concentrations of dissolved material components by reacting
specimens having large specific surface areas (crushed specimens) in small solution volumes (e.g.,
ASTM C 1285) or restricting the leachant to very small volumes (e.g., vapor hydration test).

The advantage of field studies is that the system of interest is characterized directly. This provides
important environmental information needed to guide laboratory studies, such as the water contact
parameters (volume, flow rate, chemistry, etc.) and temperature. The disadvantage is that
measurements reflect the combined and often convoluted effects of many processes under the
particular conditions when the measurements were made. These do not provide information
regarding the weathering mechanism that can be used to calculate long-term performance or
evaluate the impact of other potential conditions. Probably the best use of field studies (for the
purpose of performance assessment) is to calibrate the mechanistic model developed by laboratory
studies and provide a measure of the fidelity of the model to the system.
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Table E. 1. Summary of test methods.

Leachant
Test Method Specimen Leachate Replacement Composition Analytes

Contact Method Schedule

ANS/ANSI 16.1 Monolith, Immersion, pseudo- Total replacement after Demineralized water Soluble components
cylindrical dynamic specified intervals

Demineralized water; silicate Soluble
solution, brine solution; pH components;

ASTM C 1220 Monolith Immersion, static Leachate not replaced buffers; groundwater (actual or
synthetic); etc.

Small fraction removed for Demineralized water; silicate Soluble
Modified C1220 Monolith Immersion, pseudo- analysis; may be replaced or solution, brine solution; pH components;

dynamic not replaced buffers; groundwater (actual or specimen surface
not__replacedsynthetic); etc.

ASTM C 1285 Crushed Immersion, static Leachate not replaced Demineralized water Soluble components
Modified C1285 Demineralized water; silicate Soluble

Crushed Immersion, pseudo- Small fraction replaced solution, brine solution; pH components;dynamic buffers; groundwater (actual or specimen surface
synthetic); etc.

ASTM C1308 Monolith, Total replacement after Demineralized water Soluble componentsc lindrical Immersion, static specified intervals _eminealize_ wateSolubecomonent
Demineralized water; silicate

ASTM C 1662 Crushed Immersion, dynamic Continuous replacement by solution, brine solution; pH Soluble components
flowing leachant buffers; groundwater (actual or

synthetic); etc.
ISO 16797 Monolith or Immersion, pseudo- Slow replacement by Condensed water Soluble components
Soxhlet crushed dynamic condensed water
Vapor hydration test Monolith Condensed water, static Leachate not replaced Condensed water Specimen surface

Soluble
Modified vapor Monolith Condensed water Periodic replacement by Condensed water components,
hydration test condensed water Specimen surface

trl
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Table E.1. (cont.).

Leachant
Test Method Specimen Leachate Replacement Composition Analytes

Schedule

EPA 13 1OB
Extraction procedure <9.5 mm Immersion, agitated Leachate not replaced Acetic acid solution pH 5 Regulated metals
(EP) toxicity test
EPA 1311
Toxic characteristic <3/8 inch Immersion, agitated Leachate not replaced Acetic acid solution RCRA-regulated
leach procedure particulates components
(TCLP)
EPA 1312
Synthetic <2mm Adjust to pH 4.2 withpretic ptue Immersion, agitated Leachate not replaced AjstopH Soluble componentsprecipitation leach particulates H2SO4/HNO3

procedure (SPLP) -200 mesh
Net acid production (<0.075 mm) Immersion, static Leachate not replaced 30% H20 2  Acidity by titration

CA( WET5 2 mm
pa WETt<2mm Immersion, agitated Leachate not replaced 0.2 M sodium citrate Soluble metalsCAWTparticulates - Slbemtl



Brief descriptions of several standardized test methods are provided below with comments
regarding the benefits and uncertainties associated with each method. Whenever appropriate,
approaches found to be successful with similar waste forms should be considered first. The
recommendations are based on experience in testing homogeneous glass, glass-bonded ceramic,
cement, and alloyed metallic waste forms. It is possible that an approach used previously will not
be successful for a particular waste form and a modified or alternative approach must be
developed. If that is the case, then the methods used should be documented in detail and
provided when reporting the results. New or modified test methods used to address waste
acceptance issues, such as product consistency, should be formalized and evaluated as consensus
standards. Thorough technical review of the procedure and the use of the results will add
credence to the method and support waste acceptance.

E.1 ANS 16.1 Leach Test (ANS 2009)

The ANS 16.1 test method provides "a uniform procedure to measure and index the release of
radionuclides from waste forms as a result of leaching in demineralized water for 5 days. The
results of this procedure do not apply to any specific environmental situation except through
correlative studies of actual disposal site conditions." The method is not intended to address
long-term leaching behavior. A test specimen with a simple geometric shape (cylinder or
parallelepiped) and known dimensions is immersed in a volume of demineralized water at room
temperature for specified interval and then removed and immersed in the volume .of fresh
demineralized water for a specified interval. The volume of water, in cm 3, is 10 times the surface
area, in cm 2. The water is analyzed for components released from the specimen after the
specimen is removed. The leachate solution is to be replaced with fresh demineralized water at
intervals of 2, 5, 17, 24, 24, 24, and 24 hours, which is a cumulative duration of 5 days. The
extended test includes additional exchanges at intervals of 14, 28, and 43 days for a cumulative
test duration of 90 days.

The test results are interpreted using a diffusive release model for a semi-infinite solid. A
diffusion coefficient value is calculated with the results for each test interval. If more than 20%
of the leached species is removed during an increment, then a geometry-specific model must be
used to determine the diffusion coefficient. Solutions for diffusion from cylinders are provided in
the test method, and it is recommended that tests be conducted with cylindrical test specimens.

E.2 ASTM C1220 Monolith Immersion Test (ASTM 2009a)

The ASTM C1220 test method is a static test in which a monolithic specimen of known
geometric surface area is immersed in the appropriate volume of leachant to provide a low
specimen surface area-to-solution volume (S/V) ratio (between 0.5 and 10.0 ml). The test vessel
is sealed and placed in a constant-temperature oven for a prescribed duration. The solution
concentrations of components of interest are measured at the end of the test. Tests can be
conducted with demineralized water, synthetic or actual groundwaters, pH buffer solutions, etc.
The test has been used to compare the relative reactivities of various waste form materials
(usually in 28-day tests at 90'C and 10.0 m-'): ASTM C1220 is more sensitive to the waste form
composition than most other test methods because the test response is dominated by waste form
dissolution. Short-term tests at low S/V ratios (e.g., 1 m') can be used to measure specimen
dissolution rates at chemical affinity values near 1 and are convenient for measuring the effects of
temperature and pH. Modified long-term tests at high S/Vratios (e.g., 100 m-') can be used to
promote corrosion for examining corroded surfaces.
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The geometric surface area of a specimen can be measured to allow accurate calculation of the
specific dissolution rate. The surface finish of the test specimen can be controlled by polishing.
The test is easy to run, can be conducted under a wide range of conditions, provides sufficient
solution volumes for analysis, and is economical. Only small volumes of waste solution are
generated. Short-term tests can be used to measure the effects of temperature, pH, and
components in the leachant on the dissolution rate of materials that degrade by dissolution.
Responses in longer-term tests become affected by the chemical affinity of the solution and can
be used to estimate the solubility of the waste form by regressing data with the rate expression.
For metallic specimens, aspects of ASTM G31 regarding specimen preparation and cleaning
should be followed when conducting ASTM C 1220 tests.

The solution chemistry evolves over the test interval as the specimen dissolves and only the
cumulative changes are measured. The effect of the chemical affinity can be taken into account if
the solubility is known. Initial dissolution is affected by artifacts from sample preparation (e.g.,
surface finish). The production of monolithic samples is usually the most difficult aspect of the
test when conducted with radioactive materials.

E.3 ASTM C1285 Product Consistency Test (ASTM 2009a)

The ASTM C1285 test method is a static test in which a crushed material is immersed in a
volume of leachant at a known mass/volume ratio. The mass and size fraction of the crushed
material in the test is known and can be used to estimate the surface area for nonporous materials
(e.g., glass). The test vessel is sealed and placed in a constant-temperature oven for a prescribed
duration. The solution concentrations of components of interest are measured at the end of the
test. The ASTM C1285 method A (PCT-A) is conducted under specific test conditions:-100+200
mesh size fraction material; demineralized water; solid/solution mass ratio of 1/10; 90 QC; 7 days;
Type 304L stainless steel vessel. ASTM C1285 method B (PCT-B) permits the use of different
test parameter values and can be conducted with actual or synthetic groundwaters. PCT-B tests
are useful for generating concentrated solutions to study chemical affinity effects on the
dissolution rate and can be used to measure solubility limits (for thermodynamically stable phases
such as minerals) or apparent solubility limits (for kinetically stable phases such as glass). PCT-
B tests at high temperatures and high glass/solution mass ratios can be used to promote the
formation of alteration phases to (1) identify the kinetically favored alteration phases (2)
determine their propensity to sequester radionuclides, and (3) evaluate the effect of their
formation on the continued waste form dissolution rate.

The test response is sensitive to solution feedback after very short test duration and concentrated
solutions are generated after little material has dissolved. It is easy to run and economical. Only
small volumes of waste solution are generated. The test method is best suited for studying
dissolution in concentrated solutions and the effects of solution feedback; it is less sensitive to
variations in the waste form composition than other tests (e.g., ASTM C1220). Method B
provides well-controlled test parameters representing a wide variety of static tests with crushed
material at a constant temperature. This includes test methods commonly used to measure
solubility limits of thermodynamically stable phase, such as mineral phases formed to sequester
radionuclides. Method B can also be used to measure apparent solubility limits that are due to
kinetic constraints as in the case of borosilicate glasses.

The surface area of the crushed material must be estimated; the surface is affected by artifacts due
to crushing (e.g., high-energy sites such as edges and points). The test results in very rapid
changes in the solution composition even after short reaction times (i.e., within minutes) that
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occur too fast to be tracked. Since the sample mass is used as a test parameter, the density of the
material will affect the surface area that is exposed during the test. This must be taken into
account when comparing the test responses of materials having significantly different densities
and presenting the results on a per unit area basis. Alternatively, the masses of materials used in
the tests can be adjusted to achieve a common S/Vratio.

E.4 ASTM d1308 Accelerated Leach Test (ASTM 2009a)

The ASTM C1308 ALT is a modification of the ANS/ANSI 16.1 test method that can be used to
(1) determine whether the release of a component is :controlled by diffusion and (2) determine the
effective diffusion coefficient based on a model for diffusion from a finite cylinder. It is a semi-
dynamic test in which a monolithic specimen of prescribed dimensions is immersed in a large
volume of leachant in a sealed vessel for a relatively short interval. The leachate solution is
removed for analysis at prescribed time intervals and replaced with fresh leachant to continue the
test. The cumulative amounts of species of interest released from the specimen in successive test
intervals are fitted with the diffusion equation for a finite cylinder. The test results can be used to
qualitatively determine whether the release of a component is controlled by diffusion alone,
partitioned into leachable and non-leachable fractions, or affected by solution saturation effects.
Although evaluation of the diffusion coefficient requires the use of a monolithic specimen having
right cylinder geometry, the test method can be modified for use with crushed materials to
determine (qualitatively) whether release is being controlled by diffusion. Very large volumes of
waste solution can result from testing, and waste disposal constraints should be considered when
designing the test. To the extent possible, small specimens and small solution volume-to-
specimen area ratios should be used to minimize the volume waste solution that is generated
during the test.

The ASTM C1308 test method provides for the determination of an effective diffusion coefficient
using a mechanistic model. The procedure can be used to determine whether release from small
or irregular specimens is controlled by diffusion or matrix dissolution, even though the specimens
cannot be modeled to determine a diffusion coefficient from the test data. Use of ASTM C1308
is recommended instead of ANS/ANSI 16.1 because the modeling aspects of ASTM C1308
provide a calculated diffusion coefficient value rather than the leaching index provided by
ANS/ANSI 16.1.

Test results can be affected by retention of species of interest in non-leachable fractions (in the
waste form or precipitation after release) and the effects of surface films on test specimens
formed by casting.

E.5 ASTM C1662 Single-Pass Flow-Through Test (ASTM 2009a)

The ASTM C1662 test method is a consolidation of various SPFT test methods that have been
used in different laboratories; the ASTM method was specifically developed to measure glass
dissolution rates, usually under controlled temperature and pH conditions, using specific
procedures for specimen preparation, test execution, and data analysis to facilitate inter-
laboratory comparisons. It is a dynamic test method in which leachant is flowed through a
reaction cell containing crushed glass that is held at a constant temperature. The mass and size
fraction of the crushed glass is known and used to estimate the surface area (or the specific
surface area can be measured directly). The effluent solution is sampled periodically to measure
the flow rate and concentrations of dissolved components. When steady-state concentrations are
attained, the dissolution rate can be calculated from the steady-state concentration, flow rate, and
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material surface area. Tests with a range of flow rates and specimen surface areas can provide a
measure of the dissolution rate when the'chemical affinity value is near 1. Tests conducted at
various temperatures and with controlled leachant compositions can be used to measure the
effects of temperature and solution composition on the dissolution rate. Notethat SPFT tests
have been conducted at several laboratories for many years, but researchers followed different
procedures that affected the test results. The ASTM C1662 test method was developed to provide
a single procedure to allow direct comparison of the results from different laboratories. The test
is moderately complicated to conduct (compared with ASTM C1220) and several tests are needed,
for each set of conditions to take the effects of solution flow rate, into account. Large volumes of
waste solution are generated under most test conditions..

The composition of the leachant solution can be controlled precisely and dissolution rates can be
measured fairly precisely to determine the effects of temperature and pH. The effects of the
solution flow rate and sample surface area are taken into account when determining the
dissolution rate using the rate equation for borosilicate glass dissolution. The test method should
be appropriate for other materials that dissolve by a surface dissolution mechanism sensitive to
solution feedback effects, such as aluminosilicate minerals. The SPFT test is best suited for use
with crushed materials to provide a large surface area, but can be conducted with monolithic-
specimens if analyzable solutions are generated. The method can be used to measure the effects
of various leachant components when waste solution volume is not a limitation (e.g., with non-
radioactive materials).

Use of crushed material results adds uncertainty to the surface area of the sample, artifacts due to
crushing (e.g., high-energy edges and points that dissolve faster than the bulk material), and non-
negligible decreases in sample surface area as the material dissolves in the test. Dissolved
components can precipitate or plate out onto the tubing exiting the reaction cell. These effects
must be taken into account when calculating the dissolution rate.

E.6 Pressurized Unsaturated Flow Test (McGrail et al. 1997a)

The pressurized unsaturated flow (PUF) test was developed to simulate the flow of water/air
mixtures in a hydrologically unsaturated environment. The test method is similar to the SPFT
and column test methods in that the water/air mixture flow through a crushed sample and the
effluent is collected periodically for analysis, although some in situ measurements can be,
conducted continuously. The leachant can be preconditioned by placing other materials upstream.
of the sample, for example to measure interactions with geologic or engineering materials, and,
interactions of released species can be simulated by placing other materials downstream of the
sample. Reacted sample materials can be extracted and analyzed at the, end of the test.

The PUF test method can be used to directly incorporate materials interactions in the test and
simulate integrated hydrologically unsaturated systems. Leachant composition is controlled and
can be preconditioned prior to contacting the specimen. Altered specimen and alteration phases
can be collected for analysis after testing. It is appropriate for confirmation testing of waste form
corrosion mechanisms under integrated environmental conditions, whether hydrologically
saturated or unsaturated.

The surface area of crushed samples, including fracture edges, preferential solution flow paths
through sample, and interactions between the effluent and downstream surfaces prior to collection.
will all affect the results. The data resulting from several processes occurring in parallel or series
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can be difficult to relate to each specific process. The PUF test apparatus is complex, relative to
the other methods that have been discussed, and the test method has not been standardized.

E.7 ISO 16797 Soxhlet-Mode Chemical Durability Test (ISO 1982)

The Soxhlet test is used to measure the chemical durability of waste glasses and other materials at
temperatures up to near the boiling point of water (or an azeotrope). Fresh leachant is generated
as recondensed water vapor periodically drips into a sample cup holding the sample. The drip
rate depends on the refluxing conditions. A range of boiling temperatures can be attained by
varying the pressure in the system, and the condensate can be cooled prior to dripping into the
sample cup. The volume of the sample cup determines the effective S/V ratio conditions during
the test and the flow rate of condensate into the cup can be held constant (typically within 10%)
by controlled heating. Both affect how quickly dissolved glass components are removed from the
sample cup by overflow into the reservoir. The dissolution rate of the test specimen is
determined from the mass loss of the specimen and the concentrations of soluble components in
the reservoir at the end of the test duration as if it were a static dissolution test. Tests are
typically conducted for between I and 28 days, but can be run for longer durations. The solution
pH in the sample cup is not controlled and the composition of the solution in the cup is not
monitored during the test. Both will vary as the specimen dissolves, with the volume of the
sample cup, and with the effective water flow rate through the cup. The solution is sampled as it
accumulates in the reservoir separate from the specimen.

Although it has been used to measure initial glass dissolution rates and temperature dependencies,
the Soxhlet test method is not recommended for determining release or degradation mechanisms
or measuring model parameter values because of limited range of test parameter values that can
be studied and lack of control. The possible impact of the effective flow rate through the reaction
cell is usually not taken into account, other than qualitatively being deemed fast enough. Use of
other test methods providing greater control of test solution volume and flow rate and simpler
sampling is recommended.

E.8 Solution Replacement Tests (Johnson et al. 2002)

Several researchers have used test methods in which a small portion of the leachate solution in a
static test is periodically removed for analysis and replaced with fresh leachant. Such
replacement tests are intended to simulate very low flow rates that are difficult to attain using
mechanicail pumps, and are sometimes referred to as pulsed flow tests. The tests are
characteried by the fraction of solution that is replaced and the replacement interval. Either
monolithic or crushed specimens can be used, and various leachant compositions can be used.
The ANS 16.1 and ASTM C 1308 test methods are complete solution replacement tests conducted
under specified conditions and intended for materials that degrade by diffusion-controlled
releases. The results of tests with materials that degrade by other mechanisms can be interpreted
using other models, including affinity-control, constant dissolution, and surface rinse models.

Solution replacement tests provide a convenient means for comparing the relative releases of
different components from a waste form and from different waste forms. The dissolution
behavior can be monitored for long durations in a single test with the same test specimen. The
method can be used to assess the qualitative effects of solution composition on the waste form
dissolution rate. This test method is recommended for use in scoping tests to assess the
significance of variations in the waste form composition and environmental conditions, but is not
recommended for quantifying the effects of either. Tests may be used as part of model validation
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to distinguish between competing processes, such as diffusion and ,saturation effects. The test
may also represent wet/dry cycling in confirmation tests.,

The test responses of materials that are sensitive to the solution composition (e.g., borosilicate
glasses) will be affected by the replacement interval and the solution fraction.. If the volume of
leachate removed for analysis is replaced by an equal volume of fresh leachant, the test solution
will be diluted and will cause the dissolution rate to increase slightly. If the aliquant is not
replaced, the effective surface-to-volume ratio of the test increases slightly for subsequent test
intervals and the dissolution rate will decrease slightly. Due to uncertainties in quantifying the
effect of solution replacement, the test responses provide only qualitative insights to dissolution
behavior.

E.9 Lysimeter Tests

Lysimeters can be used in field and laboratory tests to determine coupled leaching and transport
characteristics due to percolation of groundwater through soil and waste material degradation.
Tests with lysimeters provide an intermediary between small-scale laboratory tests and full-scale
field tests, and can be conducted in a laboratory or in the field. In the laboratory, the lysimeter
can be used as a column test in which a leachant percolates through a bed of crushed solids,
which can be layered to represent the host geology, waste form, and backfill of a disposal system,
at a controlled rate and is then collected for analysis upon exitingthe column. In the field, the
lysimeter can be buried such that groundwater enters and flows through the bed(s) of materials
within the column, which may include buried waste forms, and is collected as it exits the column
for periodic recovery analysis. Lysimeter test methods per se do not exist; instead, lysimeters are
usually designed to include materials representing the disposal system and probes for real-time
monitoring and analyses. Fluids can be sampled during the test, and core samples can be taken at
the end of the test for detailed analyses in the laboratory.

Lysimeters can be utilized in both laboratory and field applications as model validation and
confirmation tests. In field tests, they can be used to measure environmental parameters such as
groundwater composition and complex interactions such as sorption on minerals in the host
geology and engineering materials coupled with waste form degradation. Lysimeter field studies
require long-term commitments (e.g., >10 years). The fidelity of the experimental design to the
system being modeled and the evaluation of the model must be demonstrated. For example,
variations in ambient rainfall may not represent the groundwater flow rate over long times.
Additional water may be required to generate sufficient solution for analyses in field tests. Test
responses are usually dominated by transport behavior and variances in groundwater volume and
flow, both of which obfuscate waste material corrosion behavior. Lysimeter test results are better
suited to confirming release/transport models than measuring model parameter values. Due to the
variability in the geometries of the lysimeter, collection cups, etc., test methods utilizing
lysimeters should be fully documented.

E.1O EPA Methods

Several test methods have been promulgated by the US Environmental Protection Agency for use
in regulating hazardous wastes. For the most part, these methods provide a measured response
under particular imposed conditions that is directly compared with benchmark value. These
responses are not directly related to a waste material property that can be integrated into a
performance calculation. However, data from these tests may be available for waste materials
being analyzed and may provide insight useful in interpreting other test results.
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EPA Method 1310B: Extraction Procedure (EP) Toxicity Test Method and
Structural IntegrityTest (EPA 2009)

The extraction procedure is used to determine whether a waste is characteristically toxic with
regard tothe procedure. The waste may be crushed to pass through a 9.5 mm sieve (3/8 inch) or
formed into a cylinder for measuring the structural integrity. The specimen is leached in
demineralized water under agitation for 24 hours. Then 100 g of material is leached with a mass
of leachant that is 16 times the mass of solids. The leachate solution is acidified to below pH 5
using acetic acid, if necessary. This procedure or procedure 1311 can be used to measure toxicity
with respect to As and Pb.

EPA Method 1311: Toxicity Characteristic Leach Procedure (EPA 2009)

The EPA Method 1311, commonly referred to as the Toxicity Characteristic Leach Procedure
(TCLP) was developed to determine whether material containing a regulated component is
characteristically hazardous. In the test, the solid material is reduced in size, if necessary, to
<9.5 mm (3/8 inch) and immersed in one of two leachant solutions: if leaching in demineralized
water results in a leachate with pH <5, TCLP is conducted with fluid #1; if the pH >5, TCLP is
conducted with fluid #2 (fluid #1 has a pH near 4.93 and fluid #2 has a pH near 2.88). The sized
material is immersed in the appropriate TCLP fluid (50 g solid/1000 g fluid) in a sealed
polyethylene bottle and agitated for 18 hours at room temperature. The leachate solution is
filtered and analyzed for the species of interest. The measured concentration is compared with
the regulatory level and universal treatment limit, which are listed in Table E.2 for regulated
inorganic constituents.

Table E.2. Regulatory levels for RCRA-regulated inorganic elements.
Universal

Regulatory Universal treatment Element Regulatory Unatensan
Element level, mg L-1 standard limit, mg L"E level, mg L' treatment standard

limit, mg L!
Ag 5.0 0.14 Hg 0.2 0.025
As 5.0 5.0 Ni - 11
Ba 100- 21 Pb 5.0 0.75
Cd 1.0 0.11 Se 1.0 5.7
Cr (total) 5.0 0.60

Use of the TCLP is required to determine whether a waste form is hazardous if it contains RCRA-
regulated metals, whether a hazardous material has been treated sufficiently to be declared non-
hazardous, or to meet land disposal requirements. The test is only recommended to show
compliance with RCRA requirements. The method may be useful for screening materials for
compliance during waste form development. The test response is expected to vary with the size
range of the crushed material due to differences in the exposed surface area, so similar size
fractions should be used when comparing different materials. For example, the EPA method does
not allow for sieving the > 3/8 inch fraction to reduce the particle size range. The leaching
solution cannot be modified to evaluate pH effects caused by the waste.
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EPA Method 1312: Synthetic Precipitation Leaching Procedure (EPA 2009)

EPA Method 1312, commonly referred to as the Synthetic Precipitation Leaching Procedure
(SPLP) was developed to provide a measure of the mobility of species in wastes, soils, and
liquids. In the test, the solid material is size-reduced, if necessary, and immersed in one of two
leachant solutions for 18 ± 2 hours. If the material is a waste, a pH 4.20 ± 0.05 extractant
solution (fluid #1) is used. If the material is a soil, fluid #1 is used for soils east of the
Mississippi River and a pH 5.00 ± 0.05 extractant solution (fluid #2). is used for soils west of the
Mississippi River. Fluids #1 and #2 are prepared by adding appropriate amounts of a 60/40 mass
percent mixture of sulfuric and nitric acids to reagent demineralized water. Reagent water
(referred to as extratant fluid #3) is used to leach cyanide-containing materials to avoid forming
hydrogen cyanide gas. Liquids are analyzed without extraction. Method 1312 includes
provisions for analyzing samples containing volatiles and pore water. At the end of the extraction
period, solids are removed by filtration and the leachate solution is analyzed.

EPA Method 1320: Multiple Extraction Procedure (EPA 2009).

The EPA Method 1320, commonly referred to as the Multiple Extraction Procedure (MEP) was
developed to provide a measure of the leachability of a waste by acid rain. In the test, the solid
material is size-reduced, if necessary, and leached following the Extraction Procedure Toxicity
Test (EPA Method 1310). If the material is a waste, a pH 4.20 ± 0.05 extractant solution (fluid
#1) is used. If the material is a soil, fluid #1 is used for soils east of the Mississippi River and a
pH 5.00 ± 0.05 extractant solution (fluid #2) is used for soils west of the Mississippi River.
Fluids # 1 and #2 are prepared by adding appropriate amounts of a 60/40 mass percent mixture of
sulfuric and nitric acids to reagent demineralized water. Reagent water (referred to as extratant
fluid #3) is used to leach cyanide-containing materials to avoid forming hydrogen cyanide gas.
Liquids are analyzed without extraction. Method 1320 includes provisions for analyzing samples
containing volatiles and pore water. At the end of the extraction period, solids are removed by
filtration and the leachate solution is analyzed.

E.11 Other Test Methods

ASTM D3987 Shake Extraction of Solid Waste with Water (ASTM 2009b)

This method is intended to rapidly extract leachable constituents from a solid waste into reagent
water. The test is conducted with 70 a solid and an amount of water that is 20 times the mass of
solid. The mixture is continuously agitated for 18 hours, then passed through a 0.45-pmr or 0.8-
pm pore size filter. The leachate is analyzed for pH and dissolved constituents.

ASTM D4793 Sequential Batch Extraction of Waste with Water (ASTM
2009b)

Particulate solids are leached in reagent water under agitation. The test is conducted with 100 g
solid and an amount of water that is 20 times the mass of solid. The mixture is continuously
agitated for 18 hours, then passed through a 0.45-gm or 0.8-pm pore size filter under pressure.
The leachate is analyzed for pH and dissolved constituents. The filtrate is analyzed and the solids
are recovered and placed back into the extraction vessel to repeat the test.
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ASTM D5284 Sequential Batch Extraction of Waste with Acidic Extraction
Fluid (ASTM 2009b)

Particulate solids areleached in a 60/40 sulfuric acid/nitric acid solution under agitation. The
leachant is diluted to achieve the desired pH value. The test is conducted with 100 g solid and an
amount of leachant that is 20 times the mass of solid. The mixture is continuously agitated for 18
hours, then passedthrough a 0.45-jim or 0.8-4im pore size filter under pressure. The leachate is
analyzed for pH and'dissolved constituents. The solids are recovered and placed back into the
extraction vessel to repeat the test.

ASTM D4874 Leaching Solid Material in a Column Apparatus (ASTM 2009b)

This method "addresses the use of gravity-flow and pressurized column apparatuses. Particle size
is restricted to less than 10% of the column diameter and particle size reduction is not
recommended. The column is filled by compacting or vibrating, then saturated with reagent
water. The pressure or hydraulic head is adjusted to achieve a flow rate of 1 column volume in
24 hours. Column effluents are to be collected continuously in discrete void volume increments.
At a minimum, effluents from volumes 1, 2, 4, and 8 are analyzed.

California Wet Extraction Test (WET) Procedure (CA WET 2005)

This method is used to measure extraction into a 0.2 M sodium citrate solution (except Cr is
extracted into demineralized water). Fifty grams of crushed and sized solid is extracted with
0.5 L leachAnt under agitation for 48 hours between 20'C and 40'C. The resulting leachate is
passed through a 0.45-jim pore size filter and analyzed for the metals of interest for comparison
with regulatory limits.
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