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ABSTRACT

This report summarizes the work performed for the Accelerated Leach
Test(s) Program at Brookhaven National Laboratory in Fiscal Year 1985 under
the sponsorsiiip of the U.S. Department of Energy's Low-Level Waste Management

Program (LLWMP),

Programmatic activities were concentrated in three areas, as listed and
described in the following paragraphs.

(i) A literature survey of reported leaching mechanisms, available
mathematical models and factors that affect leaching of LLW forms has been
compiled. Mechanisms which have been identified include diffusion, dissolu-
tion, ion exchange, corrcosion and surface effects. Available mathematical
models are based on diffusion as the predominant mechanism. Although numer-
ous factors that affect leaching have been identified, they have been con-
veniently categorized as factors related to the entire leaching system, to the
leachant or to the waste form. A report has been published on the results of
this literature survey.

(ii) A computerized data base of LLW leaching data and mathematical mod-
els is being developad. The data is being used for model evaluatior by curve
fitting and statistical analysis according to standard procedures of statis-

tical quality control.

(iii) Long-term tests on portland cement, bitumen and vinyl ester-
styrene (VES) polymer waste forms are underway which are designed to identify
and evaluate factors that accelerate leaching without changing the mechanisms.
Results on the effect of temperature on leachability indicate that the leach
rates of cement and VES waste forms increase with increasing temperature,
whereas, the leach rate of bitumen is little affected.
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PROGRAM SCOPE AND OBJECTIVES

An objective of the U.S. Department of Eneryy's Low-Level Waste Manage-
ment Program is to provide support for the disposal of low-level waste in a
manner which reduces risks to the public health and safety over botn *he short
and long term. One long-term concern is the release of radionuclides Ly
leaching of solidified LLW after disposal in shallow land burial. To provide
a technical basis for understanding leaching behavior and, hence, to allow
more realistic prediction of leachability, Brookhaven National Laboratory has
initiated investigation(s) to predict long-term leaching behavior of low-level
radioactive waste (LLW) forms in their disposal environments,

The objective of this program is to develop an accelerated leach test(s)
that can be used to predict the long-term leach.ng behavior of solidified
low-level waste forms. This is to be accomplished through an understanding of
the prevailing leaching mechanisms and the factors which control leaching be-
havior. Leaching mechanims for selected solidification agent/waste types are
being deteri.ined through a literature survey, by experiment and by data analy-
sis utilizing curve fitting to mathematical models. A comprehensive evalua-
tion of the rate controlling factors associated with specific leachant and
waste form comgositions will establish.the basis for the development and
validation of an accelerated leach test{s) under a variety of envirenments,

The scope of this investigation over the past year has encompassed work
in the following three areas:

(i) Compilation of a literature survey of reported leaching mechanisms,
available mathematical models and factors that affect leaching of LLW forms.

(ii) Development of a computerized data base of LLW leaching data and
mathematical models.

(ii1) Experimental investigations including long-term leach tests on port-
land cement, bitumen and vinyl ester-styrene (VES) polymer waste forms de-
signed to identify and evaluate factors that accelerate leaching without

changing mechanisms.

The results of the literature survey have been compiled in a reportl.
The information from Item (i) and Reference 1 provides direction for work in
Items (ii) and (iii). Since the results of the literature survey are avail-
ablel, only a brief description necessary for continuity with the efforts
under Items (ii) and (iii) is given here. Additionally, results obtained
under the Leaching Mechanisms Program, which was a short-term effort preceding
this program are reported in Reference 2.

“X]=



1, INTRODUCTION

One of the most important potential initiating events for the return of
radioactivity from solidified wastes to man is exposure to water. For this
reason, the chemical stability of a waste form is invariably determined by
conducting a leach test which involves the direct or indirect measurement of
the release of radionuclides to aqueous media. In the absence of national and
international agreement on leach test methodology, it is often difficult, if
not impossible to compare the results obtained by different grouns of workers
even for similar waste forms. Although the release of radioactivity from a
solidified waste to an aqueous environment is acknowledged to be due to one or
more mechanisms such as diffusion, dissolution, corrosion and ion-exchange,
most leaching studies have been limited to the early stages of the leaching
process, and are insufficient to characterize long-term leachability over
hundreds of years, However, the response of an effectively solidified waste
to the leaching process is so slow that an extremely iong period of time is
required to complete one test which will characterize the long-term leachabil-
ity of a waste form. Therefore, an accelerated test is needed to adequately
assess the tong-term leaching behavior of solidified radicactive wastes in
their disposal environment., This involves an understanding of prevailing
leaching mechanisms and factors that affect leaching of waste forms in dis-

posal.

-1-



2. SUMMARY OF THE LITERATURE SURVEY

A literature survey of reported leaching mechanisms, available mathemat1-
cal models and factors that affect leaching of LLW forms has been compiledl.
Since a similar effort has been completed for the defense high-level waste
borosilicate glass waste form3, the information reported in Reference 3 was
reviewed for applicability to the LLW leaching mechanisms program. Although
some information from the HLW program was useful, in general it was not ap-
plicable because the solidification agents, waste types and disposal en-
vironments are different and the time span of concern for LLW is shorter than
that for HLW.

Most leaching data obtainazd from standard leach tests are analyzed us-
ing models wiich assume diffusion with a constant diffusion coefficient in a
homogeneous, semi-infinite medium to be the leaching mechanism. Such models
are probably inadequate if any of these assumptions are not met in reality.
In particular, the semi-infinite medium approximation sevzrely limits the
range of validity of such models to real waste forms. Currently available
standard Teach tests may not be suitable for predicting long-term leaching
behavior of waste forms since they do not simulate actual disposal environ-

ments.

2.1 Leaching Mechanisms of Several Solidification Agents for LLW

Efforts were concentrated on reporting the leaching mechanisms of port-
land cement, bitumen, the vinyl ester-styrere copolymer and soda-lime glass.
These solidification agents represent four materials types--hydraulic cement,
thermoplastic, thermoset and glass, respectively--and are either in use or
being considered for solidification of LLW.

Reported leaching mechanisms have included diffusion, dissolution, ion
exchange, corrosion and surface effects. Diffusion has traditionally been
considered to be the most important Teaching mechanism. However, it has been
indicated that dissolution is also important for waste containing soluble
salts and that ion exchange is important when scrbents such as zeolites or
clays are included in the waste form. Cemented waste forms tend to accumulate
carbonate on the surface when either the waste form or leachant is exposed to
air. This surface carbonation has been shown to reduce the leachability of
strontium. Measurements have been reported which indicate that portland ce-
ment itself is a relatively poor sorbent for both cesium and strontium. It
has been speculated that both strontium and cobalt slowly react with cement to
become part of the hydrated cement matrix. Leaching from bituminized waste
forms has been analyzed as resulting from diffusion, from dissolution and from
a combination of both mechanisms. Some waste types, including ion exchange
resins and sulfate wastes, cause substantial swel]ing of bituminized waste
forms in water which may affect the release mechanism from the waste form.
Little information on the leaching mechanisms of polymeric solidification
agents has been reported. One study on diffusion of cesium and water through
polymer films has been reported. Leaching mechanisms of borosilicate glass
have been extensively investigated, reviewed and modeled as part of the de-
fense HLW program. It is not clear how much of the knowledge gained about



borosilicate glass leaching behavior is applicable to the LLW glass which is
different both chemically (soda-lime silica versus borosilicate) and physical-
1y (the LLW glass is a two-phase system incorporating incinerator ash whereas
the HLW glass is single-phase glass) from the HLW glass.

Cement

The mechanism of Cs leaching from pure portland cement has been shown to
closely follow diffusion kinetics by numerous experimeniers. This appears to
be so because cesium is neither chemically bound by cement nor is it sorbed to
any significant extent onto cement. Additionally, the high soiubility of Cs
in the typical cement pore water environment suggests that most if not ail of
the cesium inventory in a cement waste form is free to leach upon contact with

water.

Additives which sorb cesium, such as zeolites, certain clay< and silica,
can reduce cesium leachability by factors of a hundred or more, depending upon
the additive. When sorption is the dominant mechanism of cesium binding in an
additive-doped cement waste form, tnen cesium leachability decreases and may
be dependent upon displacement of the sorbed cesium by calcium Tron the ce-
ment, In such cases cesium leaching may follow diffusion kinetics, however,
the actual leaching mechanism (i.e., the rate limiting step) is release frcm
the sorbent. The amount of any such additive is also important to the long-
term leachability in that the continued slow reaction of Ca(OH)2 with avail-
able silacious material reduces the sorbing capacity. Thus, if the amount of
additive is not sufficient to consume all of the Ca(OH)» liberated by the
purtland cement in the long term, then the sorptive value of the addicive can
be lost over time .nd the long-term leachability can increase. Also, such
systems may be very sensitive to the ionic strength of the leachant in that,
if more cations are available in the leachant to compete with cesium for the
available sorptive capacity, then cesium leachability can increase over that
observed in deionized water.

Sr leaching from cemented waste forms does not appear to be simple dif-
fusion, It has been shown to be affected by the presence of COp and by the
presence of non-radiostrontium which may be added to waste forms to control Sr
release by solubility and dilution considerations. It has been speculated
that, over the long term, Sr may be chemically incorporated into cement
although no direct evidence for this has been reported.

Cobalt leachability from cemented waste forms appears to be controlled by
the Tow solubility of Co in the high-pH cement environment. Although Co can
exist in two oxidation states, no specific effects of Eh on cobalt leachabil-

ity seem to have been reported.

Polymers

Mechanistic studies on the leaching of polymer-solidified waste forms ap-
pear to be in a preliminary phase of measuring characteristics of permeation
through polymer membranc-. Such studies are necessary preludes to considera-
tion of the effects of waste loading on leaching behavior,



alass

The leaching mechanisms and leach rate controlling factors for HLW glass
have been intensively studied and extensively reviewed for conditions in a HLW
deep-geologic repository. The LLW glass which has been investigated is of a
somewhat different composition than the HLW glass and is a two-phase system as
cpposed to the single-phase HLW glass. These differences do not appear to af-
fect the short termm leaching behavior in that the leachabilities of both glass
waste form types are reporiedly similar in teste of up to 80 days duration.
Long-term behavior of the LLW glass waste form has not been investigated.

Bitumen

Mo definitive mechanistic studies of leachability of bituminized waste
forms were found. Although leach data have been analyzed assuming diffusion,
diffusion plus dissolutiszn and dissolution, none of the available interpreta-
tions seems definitive or convincing. Swelling of bituminized waste forms
during leaching often complicated data interpretation.

2.2 Factors That Affect Leaching

Factors that affect leaching have been divided into three categories:
(i) system factors, (ii) leachant factors and, {iii) composition of the solid
waste form.

System factors include time, temperature, pressure, radiation environment
and ratio of waste form surface area to leachant volume. Leach rate is a
function of time and the functional dependence typically changes over the long
term. /finy attempt to predict iong-term leachability must account for long-
term changes in leaching behavior. Temperature is generally the first param-
eter to be varied in attempts to analyse rate processes since, if the rate be-
havior obeys the Arrhenius equation, then an apparent activation energy can be
assigned to the process. Correlating apparent activation energies with rea-
sonable physicochemical processes is a traditional tool for analyzing rate
processes. Leach rates of some glasses follow Arrhenius behavior. The
leachability of cement increases with temperature; however, an irreversible
change in the poie structure of cement with increasing temperature complicates
any attempted Arrhenius aralysis. No definitive trends in the leachability of
bituminized waste forms with temperature have been reported. Pressure ef-
fects in near-surface burial of LLW may be negligible except for bituminized
waste forms, which will probably deform by creep. The affect of creep de-
formation on the leachability of bituminized waste has apparently not been
investigated. There is considerable information available on the effects of
irradiation on the Teachability of LLW forms. Irradiation should have no ef-
fect on glass leachability, based on the HLW glass studies. Cemented LLW,
including cemented organic ion exchange resins, showed no effect of irradia-
tion on leachability up to at least 109 rad. Both bituminized LLW and viny!
ester-styrene solidified LLW showed no increased leachability up to 108 rad.

Leachant factors include the effects of pH, Eh, flow rate or replacement
frequency and composition. The solubility of most cations is strongly depen-
dent on pH. The high pH of cement 1imits the solubility of most radionuclides
with the notable exception of cesium. The leachability of glass is near its
minimum in neutral pH conditions. Eh controls the oxidation state, and thus
the solubility of elements such as cobalt with multiple oxidation states. The
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Eh of hydrated cement has been measured and found to be moderately oxidizing.
Leachant flow rate or replacement frequeincy affects the degree of saturation
of the leachant with respect to leached material. This not only exerts strong
control over leachability but aliso determines the boundary conditions which
need to be accounted for in any modeling analysis of leaching behavior.
Leachant composition may affect the leachability of different waste form types
in different ways. While demineralized water as leachant often produces high-
er leach rates than brire or 'tap water,' waste forms containing ion exchange
resins or sorbents generally show higher leach rates in brine and leachants
which contain exchangeable ions.

Waste form factors include composition, surface condition, porosity and
waste form surface area to volume ratio. LLW forms are generally multi-phase
systems in which the solidification agents matrix and the incorporated waste
are physically and chemically distinct. Waste form composition, including the
physicochemical nature of the solidification agent and the waste materials,
determines the possibility that these components may react chemically. Cement
and glass are both chemically complex and may react with waste components
whereas bitumen and VES have been described as inert encapsulants. Surface
condition may change as a result of leaching. Glass forms a 'gel layer' upon
extended leaching while cemented waste forms are known to accumulate carbonate
on the surface from leachants containing carbonates and leachants exposed to
air. Porosity in a solid is a major factor affecting diffusion within the
solid. Changes in porosity due to dissolution of soluble material or other
factors may affect long-term leachability. The surface area to volume ratio
of a waste form controls the time required to deplete the waste form of leach-
able substances. Accordingly, it has been used as an accelerating factor in
HLW glass leaching studies. For diffusion as the leaching mechanism, it has
been shown that leaching from small-scale samples can predict leaching release
from larger waste forms as long as the semi-infinite medium approximatior is

valid.
2.3 Modeling Considerations and Mathematical Models

Mathematical models which quantify any understanding of leaching are
general ly regarded as desirable and necessary for long term prediction of
leaching behavior. Such models incorporate specific mechanisms into equations
and are fit to data using numerical constants or parameters. Diffusion coef-
ficients, rate constants and equilibrium constants are common parameters.
Although these parameters are generally assumed to be constant, there is rea-
son to expect that the diffusion coefficient, D, varies with both concentra-
tion and changes in porosity in the waste form. The effect of variations in D
on leaching behavior are discussed in Reference 1. The initial and boundary
conditions assumed for modeling purposes must be met for the model to be a
valid representaticn of the problem. The standard initial condition is that
of a homogerneous medium with a uniform concentration prior to leaching while a
typical boundary condition assumes that the leachant concentration remains
negligible during leaching., The stated initial condition is at variance with
the fact that real LLW forms are multi-phase systems while the assumed bound-
ary condition is clearly an approximation for slow flow and semi-dynamic leach

tests.

Several mathematical models for LLW leaching release are available. All
are based on the diffusion equation and all but one assume D constant. Leach-

ing release equations are available in which diffusion is the only mechanism
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for both the semi-infinite medium and for realistic geometries such as cylin-
ders. Two different diffusion plus dissolution model equations have been
solved and the leaching release equations reported; however, both of these are
limited to the semi~infinite medium. In one of these models, the dissolution
mechanism is equivalent to corrcsion of the surface of the waste form. Models
incorperating diffusion plus a specific form of chemical reaction or equilib-
rium and diffusion plus ion exchange are also available. An empirical equa-
tion which was developed for glass leaching may be of some use for analyzing
LLW Teachability. When models become too complex to solve analytically, in
closed form, then numerical solution procedures such as finite element analy-
sis codes may be used to obtain approximate solutions. One such model has
been reported for LLW leaching. This model incorporates a concentration-
dependent diffusion coefficient plus dissolution, corrosion and radioactive
decay. A very sophisticated numerically calculated model, PROTOCOL, for glass
leaching in geologgc repositories was developed for the HLW leaching
mechanisms program>. However, it is not clear how this model could be

usefui for LLW Leaching.

There has been virtually no consideration given to the effect of possible
variation in the diffusion coefficient in modeling LLW leaching behavior. The
one exception is a numerically calculated model program, which assumes a con-
centration-dependent diffusion coefficient of the form.

C

D(C) = Do (1 + a :..__)
Csat
D(C) = the value of the diffusion coefficient at concentration, C.
Do = the Timiting value of the diffusion coefficient at zero
concentration.
a = constant
Csat = concentration at saturation.

However, the physiochemical justification for this form of concentration de-
pendence was not clear. There seem to be good reasons to expect that diffu-
sion coefficients in waste forms incorporating soluble wastes would increase
with Teaching since dissolution of the soluble waste would increase the poros-
ity of the depletion zone. Theoretical equations are available for estimating

the variation in D with porosity.
2.4 Summary and Conclusions From The Literature Survey

The Leaching Mechanisms Report reviewed information on leaching mecha-
nisms, models and factors that affect leaching for Tow-level radioactive
waste. Leaching mechanisms are complicated processes which are generally not

fully understood.



Tne literature survey on mechanisms and models for LLW leaching behavior
resulted in the following conclusions:

(1)

(i)

(iii)

(iv)

(v)

(vii)

(viii)

Knowledge of leaching mechanisms and factors that affect leaching
is necessary for long-term prediction of leaching behavior,

The leaching tests currently avaiiable may be adequate for short-
term comparison of leachability between different waste forms, but
are probably not adequate for long-term prediction.,

LLW forms are generally multi-phase systems in which the solidifica-
tion agent matrix and waste material are physically and chemically
distinct. The consequences of this on modeling leaching behavior
have not been investigated in more than a very preliminary manner.

Little information on the long-term aging of LLW forms is available
except for irradiation studies. Chemical and physical aging phenom-
ena due to leaching in a disposal environment have been addressed

only sparsely.

Although analysis based on diffusion as the principal leaching
mechanism has been generally accepted as a standard procedure, ro
adequate experimental investigation of the validity of this has been
reported. Virtually all reported analyses are limited to a small
region of fractional release in the early stage of leaching in which
the semi-infinite medium approximation may be valid.

The use of mathematical models to curve fit leaching data requires
adherence to conditions during the leach test to comply with the
boundary conditions necessary for validity of the mathematical
models. Adherence to boundary conditions is generally assumed
rather than assured by testing. No systematic studies on the
effects of changes in boundary conditions have been reported.

The problem of scaling to enable data taken from small, laboratory
sized samples to be extrapolated to predict leaching from full-scale
waste forms has been partially addressed for LLW forms. The report-
ed scaling law is based on diffusion in a semi-infinite medium. The
validity of this scaling law has not been investigated beyond the
range of valicity of the semi-infinite medium approximation.

Although mathematical models cannot describe all of the complexity
of real waste forms in their disposal environment, such models may
be used to test hypothetical leaching mechanisms quantitatively.

The literature survey identified several areas in which sufficient infor-
mation is lacking.

There is an apparent need for a computerized data base on leaching of LLW

forms.

This information will help in the determination of leaching mechanisms

and in radiological assessments of waste disposal. The data base currently
being developed by the LLWMP is limited to immediate program needs.

-7-



It appears from the literature that there are no "off the shelf" mathe-
matical models which can be utilized for predicting long-term leaching behav-
ier of heterogeneous waste forms in disposal environments. -Further model
development/modifications of existing models may be necessary.

The information compiled in this report has also indicated that knowledge
of Teaching mechanisms for LLW is generally incomplete. A major exception to
this generality may be for cesium release from cemented waste forms, which has
been studied extensively. However, the lack of correlation of mathematical
models with data by curve fitting and statistical evaluation to any great
degree leaves even this case in some doubt. Overall, quantitative evaluation
of data using mathematical models is an area that seems to have been substan-

tially bypassed.



B

3. DATA BASE DEVELOPMENT

A computerized data base of LLW leaching data and mathematical models is
being developed. The Scientific Information Retrieval (SIR)* data base is
being used for this purpose. The data base is being developed to assist in
model validation by curve fitting and statistical analysis and to assist in
evaiuating factors which accelerate leaching without changing the mechanism.
It is being developed to meet specific program needs and is not intended to be
a general compilation of leaching data. Selected literature data as well as
data from the experimental part of this program are being included in the data
base.

The activities pursued under data base development have included specifi-
cation of the ‘schema' and specification of data selection criteria. The
schema provides the framework for data input, manipulation and retrieval.

Data selection critoria have been developed based on program requirements for
use of the data.

3.1 The Data Base Schema

The schema specifies the organization of the data base and provides the
procedures for data input, manipulation and retrieval. The 'schema' is
formatted in pages (i.e., records) of ‘nformation. The first page contains
the sample information on solidification agent, etc., while the leaching data

is entered in the following pages, one page for each data point. Each data
point is defined by the sampling time and the fractional release value for one

radionucliide or other element or compound ¢f interest in the leaching
experiment.

Each set of leach data is assigned a five digit number, the TESTID, and
may be further specified by an alphanumeric SAMPLEID. A Sample Replicate
Number may also be specified for replicate experiments.

The five digit TESTID is subdivides into (2 digits, 1 digit, 2 digits)
for organizational purposes. The first two digits are used to designate the
1iterature reference and/or reporter of the data. The third digit is cur-
rently unassigned while the last two digits identify individual experiments.
The SAMPLEID is used for local identification of leaching experiments per-
formed under this task. The Sample Replicate Number may be used to identify
replicate experimental runs,

3.2 Selection Criteria for Literature Data

Although a great deal of leaching data has been reported for LLW in the

literature, much of it is not useful for the purposes of this program, The
criteria chosen for evaluation of literature data for inclusion in the data

base include:

*Copyright by SIR, Inc., Evanston, IL
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® Completeness of the experimental description. Information on sample
composition and fabrication procedures, leachant composition and leaching
procedures must be compiete enough that the experiment could be reproduced.

e Replicate experiments are desirable to provide statistical param-
eters for evaluation of variability and significance of results. Experiments
on nominally identical samples provide data on the inherent variability of the
process. Such information is necessary tc properly evaluate the variations
observed between results obtained by different experimenters and results ob-
tained for similar, but somewhat different, sample formulations and fabrica-

tion procedures.

o Full-scale waste forms. An objective of the program is to be able to
predict leaching behavior of waste forms. Leaching results from full-scale
waste forms are needed to evaluate scaling laws which relate results from
lab-scale samples to actual waste forms. Two theoretically derived scaling
laws and their applications and limitations have been reviewed in Reference 1,

pp. 19-21.

¢ MWaste forms incorporating actual waste. The relationship between the
leaching of waste forms containing actual waste and those containing simulated
waste and/or tracers needs to be established.

¢ Modelability. In order to gain valid information from curve fitting
data to mathematical models, the data must have been obtained in a manner
which conforms to model requirements. Conditions which must be obtained for
any particular model to be valid include the particular mechanism(s) which the
model contains and the initial and boundary conditions. Criteria which are
needed to determine compliance with model conditions. Efforts directed toward
determining such criteria are presented in the following two subsections.

3.2.1 Mechanistic Parameters and Leaching Models. Leaching mechanisms
are generally specified by a parameter, such as the diffusion coefficient,
equilibrium constant, rate constant for dissolution, etc. These parameters
are typically assumed to be constant. This assumption may or may not be rea-
sonable in a specific leaching system over the time span and range of condi-
tions of the experiment. There are reasons to expect that the diffusion coef-
ficient, D, varies with both concentration of the species of interest and with
changing porosity of the waste ferm, Several implications of D varying with
concentration and porosity were discussed in Reference 1.

3.2.2 Leachant Replacement Intervals in Leach Testing. It has been
noted that saturation effects which may occur for inadequate leachant re-
placement frequency can result in questionable data analysis4-6. A re-
quirement for model validation is that data used to test the model be obtained
under conditions consistent with the model. Leach tests, such as the IAEA/,
ANS 16.18 and 1S09 tests, whick call for leachant replacement at specified
times, have been widely used due to their simpiicity and controllability.
Table 1 presents a brief summary of the IAEA, ANS 16.1 and ISO leach tests.
Note that, even though these tests have been specified for several different
materials, there is one set of leachant replacement intervals in each test.
Also, leachant replacement becomes less frequent the longer the test runs.
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~ Although a decreasin? frequencey of leachant replacement seems reasonable
since leach rates typically decrease with time, none of these tests presents

arguments supporting the particular replacement intervals specified.

3.2.3 Partial-Replacement Models. The fundamental characteristics of
these models is that leachant flow is simulated by periodic withdrawal of a
“raction of the leachate and replacement with fresh leachant. The purpose of
these models is to simulate a slow flow of leachant past the waste form. The
simulated flow may be slow enough that there is always a significant concen-
tration of leached material in the leachant. Three variations of this model
are available:

(i) Case for_which all of the species of interest is initially in
solutionlO,

(ii) Constant leach rate casell.
(iii) Concentration-dependent leach rate casell.

Case (i) is clearly the most severe in that all of the species of inter-
est (SOI) is in solution to begin with. In essence, leaching has already oc-
curred into a closed volume and release from this (well stirred) volume oc-
curs by withdrawal of a fraction of the leachate and replacement with fresh
leachant. The fractional release of the SOl in any withdrawal-replacement
event is equal to the volume fraction replaced. From Reference 10, the incre-
mental fraction released (IFR) in the nth withdrawal-replacement event is:

IFR (n) = z(1-2)n-1 (3.8)

Z = fraction of leachate volume withdrawn and then replaced with

fresh leachant

The cumulative fraction released (CFR) after n withdrawal-replacement
events is shown in Equation (3.9).

2(1-z)7-1 (3.9)
1

CFR(n) =
i

>

The results of the periodic, partial leachant replacement tests for cases
(ii) and (i1i) are similar. The average concentration at long times from the-
se Teach tests is close to, but less than, the concentration that would be ex-
pected in the leachant under true-flow conditions. For case (iii), in which
the leach rate decreases linearly with concentration, the fact that the aver-
age concentration under periodic replacement is less than the steady-state
concentration under true-flow conditions results in the average leach rate
under periodic-replacement conditions being slightly greater than that under
true-flow conditions (Reference 11).
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A limitation of the anaiyses for cases (ii) and (iii) is that no allow-
ance is made for sample depletion. Thus, a semi-infinite medium approxima-
tion is an inherent boundary condition for these analyses. Conversely, while
the analysis for case (i) accounts for sample depletion, no credit is given
for retarded release from the waste form. A realistic analysis of leaching in
true-flow, cr partial replacement leach tests must account for both retarded
release (due to diffusion or other leaching mechanisms and/or a leachate
concentration depandence) and sample depletion.
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4, EXPERIMENTAL METHODOLOGY

The development of an accelerated leach test will be tested through ex-
tensive leaching studies designed to identify and evaluate factors that aifect
and/or accelerate leaching of waste forms under disposal environments, Re-
sults from these tests will be compared to the baseline leaching studies ini-
tiated under the Leaching Mechanisms Program? and the mathematical models of
leaching behavior obtained from the literature. This will provide the basis
for the development of an accelerated leach test(s). Trial tests will be con-
ducted to ascertain the effects of various combined acceleration factors on
lTeaching mechanisms. Accelerating factors which do not change the mechanisms
will be used to develop the accelerated leach test(s). Ultimately, the model
which best fits the data, and which is supported by physicochemical evidence
for the mechanisms on which the model is based, will provide the basis for
extrapolating leaching data to long times.

Finally, the test methodology will be proposed based on knowledge of
leaching mechanisms, the factors which accelerate leaching (without altering
the mechanisms) and the results of trial accelerated leach test procedures.
Whenever possible, all analyses associated with laboratory experiments will be
conducted according to standard methods and practices.

4.1 Fabrication of Test Specimens

4.1.1 Matrix Materials. The solidification agents selected for this
study are representative of those currently in use or being considered for use
by defense and/or commercial LLW waste generators. They also represent a
cross-section of materials properties which may influence the leaching behav-
ior of the waste forms, These materials include portland cement, bitumen, a
polymer (vinyl ester-styrene) and glass (soda-lime silica).

4.,1.1.1 Hydraulic Cement. Hydraulic cement has been used for many
years for the solidification of wet solid wastes. Water in the waste reects
chemically with the cement to form hydrated silicate and aluminate compounds,
which interact to form a porous monolithic solid., Waste solids are physically
entrapped and act as an aggregat=.

4,1.1.2 Vinyl Ester-Styrene. Vinyl ester-styrene is a thermoset-
ting resin marketed by the Dow Chemical Co. for use in solidification of
radioactive wastes., The resin is mixed directly with wet solid wastes and
subsequently polymerized at room temperature using a promoter-catalyst sys-
tem. The polymerization reaction is exothermic and a monolithic solid is
formed within 30-60 minutes. In this system, the waste and resin are mixed in
a container prior to initiating the polymerization reaction.

4.1.1.3 Bitumen. Bitumen (or asphalt) systems are recently being
used in the United States for radioactive waste solidification.

Bitumen is a mixture of high molecular weight hydrocarbons obtained as a
residue in petroleum or coal tar refining., The two major components are
asphaltene compounds, which give bitumen colloidal properties, and malthene
compounds, which impart viscous liquid properties., Bitumen is a thermoplastic
material which forms a miscible liquid at approximately 120°C. The waste is
homogeneously mixed with the molten bitumen which solidifies upon cooling.
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4,1.1.4 Soda-Lime Silica Glass. For this study the glass waste
form material selected was developed at the Monsanto-Mound Facility in a proc-
ess that simultaneously incinerates low-level waste and incorporates the ash
in glass. The waste form is a non-porous material consisting of two solid
phases; the glass matrix in which part of the waste components are dissolved,
and the ash residue. The glass phase is comprised primarily ot Si02 with
smaller amounts of oxides of Na, Ca and Mg.

4.2 Sample Preparation

The specimens prepared for conducting the baseline leaching experi-
ments and for evaluating acceleration factors were cylindrical witnh approxi-
mate dimensicns of 4.8 cm diameter and 6.4 cm length., Based on past exper-
ience, this size sample is convenient for laboratory studies and for com-
pliance with test procedures.

Specimens were prepared individually in separatc: containers to ensure
proper formulation and activity content, Radioactive tracers consisting of
Cs-137, Sr-85 and Co-60 were used for the long-term base line samples,
whereas, Cs-137, Sr-85 and Co-57 were used in samples to evaluate acceleration
factors. The low energy gamma-ray emitted by the short-lived Co-57 isotope is
better suited to the automated Nal counting system, used for the short-term
tests, than the more energetic gamma-rays of Co-60. Both isotopes have
identical chemical behavior. Formulations used to fabricate test specimens
are given in Table 4.1,

The soda-lime silicate glass samples, which were produced at the Mound
Facility, are smaller in size than the samples normally used for this study.
Because these samples were acquired recently, leaching studies using this
material have not yet been initiated.

4,3 Leaching Tests

The leachability of the various solidification agents with and without
simulated wastes, is being measured by use of several standard leaching tests
to obtain the necessary information regarding the leaching mechanisms of waste
forms in disposal environments and the factors which contrcl their leach rate.
These tests are briefly described below,

4.3.1 ANS 16.1 Leaching Test. The ANS 16,1 Leach Test8 is a semi-
dynamic leaching test in which the leachate is replaced periodically after
intervals of static leaching., In this procedure, specimens are placed into
the leachant solution in such a way that all external surface area is directly
exposed. Specimens are tested in individual containers containing sufficient
leachant to provide a leachant/specimen external geometric surface area ratio
of 10 cm, Specimen formulations are usually tested in duplicate or triplicate
to determine the extent of specimen variation in leaching. Leach test data
are expressed as incremental fraction release or a cumulative fraction release
to facilitate alternative methods of data treatment.
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Table 4.1

Waste Form Compositions

Component

Cement Powder
Water
Co-60 or Co-57
Cs-137
Sr-85

Component

Bitumen

Co-60 or Co-57
Cs-137

Sr-85

Weight %

70
30

Pioneer 321 Bitumen

Weight %

100

Portland Type I Cement

Activity (™Ci)

~nN —
w WO N
.

WO W

Activity (™Cij

Vinyl Ester-Styrene Emulsion

Component

Vinyl Ester-
Styrene Monomer
Water

Catalyst
Promoter

Co-60 or Co-57
Cs-137

Sr-85

Component

Vinyl Ester-
Styrene Monomer
Water

Catalyst
Promoter

Co-60 or Co-57
Cs-137

Sr-85

Weight %

49.2

49.5
1.26
0.05

Vinyl £ster-Styrene

Weight %

97.9

0.7
1.3
0.05
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_For this study, the ANS 16.1 Leaching Test is primarily used for con-_
ducting the baseline leaching tests and for evaluating leach rate controlling

factors, described in Sections 5 and 6 of this report.

4.3.2 MCC-3 Leaching Test. The MCC-3 Agitated Powder Leach Test
Methodl3 is 3 static leach test developed for determining the solubility
1imits and the dissolution rates of materials used for the encapsulation of

high-level wastes.

This method has been adapted for use with low-level waste materials to
determine solubilities of sample coinponents in the leachate. Leachate ele-
mental concentration must he monitored with respect to chemical saturation to
eleminate retardation of leach rates or mechanistic variations due to satura-
tion conditions.

4,3.3 MCC-4 Leaching Test, The MCC~-4 Low Flow Rate Leach Test
Methodl4 is @ single-pass flow through test which eliminates sampling inter-
val effects and large leachate concentration changes, providing better control
over the boundary conditions of leachant composition,

This leaching test was also deveioped for evaluation of high-level waste
forms. Because of the nature of the materials used for this study, some modi-
fications were made in the test procedure, by increasing the flow-rates.

4.4 Leachate Analysis

4.4,1 Radiochemical Analysis. The radiochemical component of the leach-
ate such as Ts-137, Sr-85 and %0-60 (or Co-57) is analyzed by gamma-ray spec-
troscopy using an intrinsic Germanium detector or a sodium iodide detector in
accordance with the methods described in ASTM D3648-78 and ASTM D3549-78.

4.4,2 Chemical Analysis. The analysis of leachate for non-radioactive
elements, such as AT, Si, Na, K, Sr, Mg, Cs, Fe and Ca, is determined by
atomic absorption spectrophotometryi5.

4.5 Solid Phase Analysis

4.5,1 Scanning Electron Microscopy and Energy Dispersive Spectroscopy
SEM/EDS). After leaching, the waste forms are sectioned and anal-

ysed by SEM/EDS. Imaging by SEM allows observation of microscopic altera-
tions in the structure of the solid phase due to leaching. Of particular
interest are changes in porosity and crystallinity. Chemical analysis of the
soiid phase by EDS is a semi-quantitative method that can provide ratios of
certain elements in the matrix material. Elemental profiles determined with
the use of this technique can indicate how elements in solution move through

the solid phase.
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5. BASELINE LEACHING RESULTS

5.1 Baseline Experiments - Leaching of Radionuchdes

The baseline Teaching experiments were initiated during the Fiscal Year
1984 and have continued for over 400 days. These studi2s are based on the ANS
16.1 Leach Test, which has been modified to increase test duration beyond the
prescribed 90 days. In addition, the Teachant replacement intervals have been
increased to minimize the possibility of chemical saturation in the leachate.

The baseline leaching experiments have been conducted in distilled water,
using matrix materials with various types of radioactive tracers. The purpose
of the baseline leaching study is to:

e provide long-term data for statistical and modeling purposes

® provide leaching data against which accelerating factors can be
evaluated

® provide an understanding of the prevailing mechanisms

The leaching results obtained for the baseline experiments are described
below.

5.1.1 Portland Cement Leaching. Figure 5.la shows cumulative fraction
releases (CRF) for Cs-137 and Sr-85 leached from a Type I portland cement.
Co-60 was not detected in the leachate. However, this is not unusual since
cobalt tends to form compounds of Tow solubility at pH = 10 to 12. The cumu-
lative fraction release for Cs-137 and Sr-85, after 368 days was 73% and 4.4%,
respectively. Figures 5.1b and 5.1c show Cs-137 and Sr-85 releases for trip-
licate cement samples. Reproducibility of the data from the triplicate sam-
g]es gppears relatively good although the statistical analysis has not yet

ean done.

Figures 5.2a and 5.2b show the Teach rates of Cs-137 and Sr-85 plotted
against time. The data for Sr-85 in Figure 5.2b is not usable after 160 days.
The short half-life of the isotope (64 days) comtined with the low fraction
release resulted in leachate activity below detection 1imits beyond 160 days.

5.1.2 Vinyl Ester-Styrene Leaching. Figure 5.3 shows CFR plotted
against time for all radionuclides in a vinyl ester-styrene sample. There is
Tittle difference in the activity releases between isotopes, indicating that
none of the tracers react chemically with the solidification agent. Again,
the Sr-85 release falls below those of the other isotopes beyond 160 days be-
cause of decay. Figure 5.4a shows Cs-137 release for each of the triplicate
samples and Figure 5.4b shows the replicate data for Sr-85. Deviation in re-
leased activity at 130 days is about 0.2% of the initial activity in the waste
form. Release rates for VES samples are shown in Figures 5.5a, 5.5b and 5.5c.
There is some scatter in the low release rate points because the lower rates
are susceptable to counting errors as well as small variations in the leach
rate itself, which can be attributable to microscopic inhomogeneities in the

sample.
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S-137 o SR-85 +
1070 4 e ot Pt —+
E O oo o o O (1] m] [ o} ] 0 E
L o 8 " ]
I o ]
L O ]
10°-1 8 !
, 3
L B

<]
11 1l

- . + + + + + + + + o+ o+ o+ o+ o+
B . + + 7
E;!F A
& 100-2 [
502y |
i ]
107-3 ] o -
0 80 160 240 320 400

TIME (DAYS)

Figure 5.1a. Cumulative fraction release of Cs-137 and Sr-85 from portland type I cement,
No Co-60 was observed in the leachate.
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forms.
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for 60Co from VES.
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5.1.3 Bitumen Leaching. Figure 5.6 shows CFR plotted against time for
the three radionuclides leached from bitumen, Cumulative fraction releases
are slightly lower than those from VES and there is greater variation among
the isotopes used.

Replicate variability is shown for a shorter leaching interval in Figures
5.7a and 5.7b. The spread of releases from the three replicates is only
slightly smaller than that of the different radionucildes. This impiies that
the difference in leach curves in Figure 5.6 is due to replicate variability
rather than differences in radionuclide Teachability.

Leach rates are shown for Cs-137, Sr-85 and Co-60 in Figures 5.8a, 5.8b
and 5.8c, respectively. Again note that the Sr-85 leaching was below detec-

tion limits after 160 days.
5.2 Baseline Experiments - Leaching of Matrix Components

While the triplicate samples containing radionuclides were being leached
similar samples without tracers were also leached. Leachates from these blank
samples were analyzed for Si, Al, K, Na, Ca, Mg, Fe, Sr, Cs and alkalinity for
all cement and selected VES and bitumen samples. Several VES and bitumen sam-
ples were also analyzed for Total Organic Carbon (TOC). In the case of both
bitumen and VES, the TOC was less than 1.5 ppm. This indicates that mass loss
due to matrix dissolution is insignificant. Similarly, analysis for Si, Al,
K, Na, Ca, Mg, Fe, Sr, Cs and alkalinity gave concentrations below detection
Jimits in bitumen and VES samples.

In cement leachates, Cs, Mg and Fe were not detected. However, measur-
able concentrations of other important elements are given in Table 5.1.

The data listed in Table 5.1 are plotted against the cumulative leaching
time to determine the effect of leaching interval in the concentration of ele-
ments in the leachate. The data shown in Figures 5.9a-f, indicates that there
is a pronounced effect of leaching interval on the elemental concentrations in
the leachate. At the beginning of the experiment when the leaching intervals
are short, the concentrations rose to a maximum. As the intervals become
longer (24 hr), a decrease in concentration was observed. However, at the be-
ginning of the one week interval, concentrations rose to a new maximum, fol-
lowed by a slow decrease. The significance of this phenomenom in regard to
the leaching behavior of waste forms is being investigated.

A similar set of samples was leached using the static MCC-3 Agitated
Powder Test, to determine solubility limits of the cement matrix material.
These results are shown Table 5.2. Elemental concentrations in leachates from
the MCC-3 tests were compared to those from the modified ANS 16.1 tests to de-
termine the degree of chemical saturation achieved by the ANS 16.1 samples.
The highest concentration relative to saturation was 16% for Ca, 11,7% for Na,
10.8% for K and 4.1% for Sr. The concentrations of both Si and Al were
significantiy higher in the ANS 16.1 leachates than in those from the MCC-3
tests, in which these elements were below detection limits. The increased
alkalinity in the MCC-3 leachates may have reduced the solubility of these
elements relative to those of the ANS 16,1 tests or a back reaction may have
developed which resulted in reprecipitation of Al and Si onto the solid sam-
ple. Reprecipitation of the mineral tobermorite has been observed in MCC-1
leach tests on cementl6,

-25..



=92-

ACCELERATED LEACH TEST BITUMEN

C5-137 o SR-85 +
C0-B60 A
107-2  — ', — | — ot -
I i
o o oo o o O o 4 s | o o
jos ] -+
A Eif 5? E T o+ + o+ + 4+ + + + + + + +
10 -3 A A A A A A A A +
A A A a & 28 a2 ]
A o
X -
(- 4
10°-4 4 —t % — ——— %
0 80 160 240 320

TIME (DAYS)

400

137 85

Figure 5,6. Cumulative Fraction Releases of Cs, 7Sr and 60CO from bitumen.
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Figure 5.8a. Leach rate (Incremental Fraction Release/Leaching Interval Time)
for 137Cs from bitumen.
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Figure 5.8b. Leach rate (Incremental Fraction Release/Leaching Interval Time)
for 85Sr from bitumen.
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ACCEILERATED LEARCH TEST CEMENT LERCHED AT 20 C
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Figure 5.9c. Concentration of potassium in cement leachate for each sampling
interval.
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Figure 5.9d. Concentration of sodium in cement leachate for each sampling
interval.
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Figure 5.9e. Concentration of calcium in cement leachate for each sampling
interval.

ACCELERATED LEACH TEST CEMENT LERACHED AT 28 C

3 . . T . . . . .
p
8
2.4 | -
~ a
€
Q
2 1.8 -
= a
3 r 4 ]
[on ]
[ a a
Z 1.2 (o .
(e}
o A
’—
w Foa a.
[-%-Y
h
.6 |- ~
3
%) 1 1 P 1 n 1 N 1 L
) 22 44 66 88 110

TIME (days)

Figure 5.9f. Concentration of strontium (from the matrix material) in cement
leachate for each sampling interval.
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Table 5.1

Baseline Leaching Experiments
Elemental Analysis of Portland Cement Leachate

Time (days) Int. Ca(ppm) Si(ppm) Al(ppm) Na(ppm) K(ppm) Sr(ppm) Alkalinity

0.00 R 11 DL DL 0.7 2.60 DL DL
0.08 1 25 DL DL 2.5 8.90 0.5 0.02
0.29 2 60 DL DL 2.7 9.30 0.7 0.04
1.0 3 78 DL DL 5.2 20.3 1.1 0.10
2.0 4 99 DL 0.7 6.3 23.2 1.2 0.10
3.0 5 59 1.5 0.6 4.2 17.7 0.8 0.07
4,0 6 61 1.6 0.6 4.6 17.1 0.9 0.07
5.0 7 54 1.5 0.6 4.5 17.0 0.8 0.05
11 8 112 1.2 1.2 15.3 71. 2.5 0.14
18 9 98 2.8 1.4 11.5 49 2.0 0.11
32 10 59 2.8 1.2 7.6 26 1.3 0.07
46 11 57 2.6 1.3 11.1 41 1.6 0.08
67 12 42 2.3 1.2 12.2 47 1.5 0.06
88 13 32 2.6 1.4 10.8 39 1.3 0.06
109 14 33 2.5 1.1 3.7 12 0.9 0.04

DL=Detection Limit
Alkalinity reported as mg CaC03/ml
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Time Cafggg}
1 730
2 695
3 690
4 670

Ipetection Limit for
Zpetection Limit for
3petection Limit for
4petection Limit for
SResults reported as

Table 5.2

Baseline Leaching Experiments

MCC-3 Agitated Powder Test for Saturation Limits

Si(ppm)1  Al(ppm)2 Na(ppm)  k(ppm)  Sr(ppm) Cs(ppm)3

DL DL 129 215 58 DL
DL DL 130 215 61 DL
DL DL 131 214 63 DL
DL DL 133 218 - DL

Si - 1.0 ppm.

Al - 0.6 ppm.

Cs - 0.4 ppm.

Mg - 0.5 ppm.

mg CaCO3/ml.

Mg(ppm)4

DL
DL
DL
DL

Alkalinityd

1.10
1.07
1.05
1.06



Statistical comparisons of concentrations of radionuclides and cement
matrix components in leachates give insight into the relationships among ele-
mental releases. Plotting elemental concentrations against one another pro-
vides the comparison in that the more ilinear the plotted values are, the
closer is the relationship between elemental releases. This relationship can
also be expressed as R, the correlation coefficient, which approaches 1 as the
correlation improves. For example, the plot in Figure 5.10a shows an uncor-
related relationship for K and Si while Figure 5.10b indicates a relatively
close correlation between K and Sr releases. Table 5.3 is a correlation
matrix in which R values are listed for all combinations of the Teachate com-

ponents.

Correlation coefficents for Al/Si = 0.91, Na/Sr = 0.94, K/Sr = 0.96, K/Na
= 0.99 and alkalinity/Ca = 0.92, were determined in this study. Values of R
greater than 0.9 typically indicate a significant correlation. It is particu-
larly noteworthy that the correlation between the leaching of the Sr-85 tracer
and the nonradioactive Sr contained in the cement is poor; the R value is
-0.08. Comparisons of this data with that of matrix elements released under
accelerated conditions may help to determine if mechanistic changes are oc-

curring.
5.3 Baseline Leaching Experiments - Solid Phase Analysis

Solid phase analysis of baseline samples can only be performed when the
long-term leaching study is terminated. A decision point of December, 1985
has been set to evaluate the Teaching results of the experiment. At this time
a determination will be made regarding continuation of the leaching tests.
Solid phase analysis will begin at termination of the leaching experiments.
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Correlation Matrix of Elemental Releases From Portland Cement Leached at 20°C

Table 5.3

Baseline Leaching Experiments

Aluminum Silicon Strontium Sodium Potassium 137Cs 855r
Calcium 0.29 0.06 0.72 0.51 0.57 0.28 0.18
Aluminum 0.91 0.79 0.83 0.77 0.59 -0.32
Silicon 0.53 0.59 0.50 0.61 -0.33
Strontium 0.94 0.96 0.52 ~0.08‘
Sodium 0.99 0.50 -0.15
Potassium 0.48 -0.08
137¢s 0.44

855y

Alkalinity

0.92
0.56
0.29
0.87
0.73
0.76
0.33

"0 .05



6. TESTING AND EVALUATION OF LEACH RATE CONTROLLING FACTORS

Factors that may accelerate leaching from low-level waste forms have been
identified in Reference 1. These include elevated temperature, increased
specimen surface area, decreased ratio of waste form surface area to leachant
volume, increased flow or replacement frequency and leachant composition.

An experimental program was initiated to investigate the ability of these
factors to accelerate leaching, without altering the leaching mechanism. The
first potential accelerating factor studied was temperature because it is well
understood theoretically. A short term scoping study of temperature was com-
pleted, results of which are reported in this section. This study will be
followed by a more detailed investigation that will concentrate on those tem-
peratures that were identified in the scoping study to be optimal for the var-
jous matrix materials. This expanded work will seek long-term temperature ef-
fects not observable in a short-term scoping study.

6.1 Temperature Effects Scoping Study-Radionuclide Leaching Results

6.1.1 Portland Cement. Portland cement samples containing Cs-137, Sr-85
and Co-57 were leached in distilled water at 20°, 30°, 40°, 50° and 70°C for
18 days. Results are presented in Figure 6.1. Releases of Cs-137 increased
as temperature increased, After 18 days of leaching at 70°C 86% of the Cs-137
was leached compared to 73% after 368 days at 20°C (see Figure 5.1la). This is
more than a twenty-fold acceleration of leaching,

To determine if the leaching mechanisms remain unchanged at elevated tem-
peratures, cumulative fraction release (CFR) from the 20°C leaching curve was
plotted against CFR from each of the leaching curves obtained at temperatures
above 20°C. Figure 6.2 shows this type of plot for Cs-137 released from
cement samples at 20°, 30°, 40°, 50° and 70°C. The 20°C curve is perfectly
linear since it is comprised of the 20°C data plotted against itself. The
curves for 30°, 40° and 50°C are also linear, suggesting that the leaching
mechanism remains unchanged at these temperatures. The slopes of the lines
decrease with increasing temperature, indicating that the leach rates have
increased. The 70°C curve becomes non-linear above approximately 60% re-
lease, at which point the Teach rate declines more than expected as leaching
continues, This change may be attributed to the depietion of Cs-137 in the
sample or it may reflect a change in the leaching mechanism itself. Since the
50°C curve remains linear to a cumulative release of 64%, there is some doubt
that depletion is the sole cause for the decrease in leach rate at 70°C.
Further work is planned to e.ucidate this phenomenon.

A further analysis of the data is shown in the Arrhenius plot, Figure
6.3, where the log (base 10) of the final incremental leach rate (the leach
rate was taken as the rate between the last two points of each curve on Figure
6.1) is plotted against 1/T; where T is the absolute temperature in degrees
Kelvin, If the changes in leach rate result from an activated process, ther
the points should fall on a straight line. The data in Figure 6.3 shows that
this occurs for leaching up to 50°C, whereas, the 70°C point fell significant-
ly off the line, This is consistent with the results shown in Figure 6.2 in
which the Tast two data points for the 70°C curve are clearly not colinear
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with the rest of the 20°C data. In contrast, all of the data points for the
Tower temperature curves are colinear. The activation energy calculated from

the slope of the line in Figure 6.3 is 16 joules/mole (4.0 kcal/mole) which is
similar to values previously reported by other researchers for cement leach-

1n95,16_

A value of 17-21 joules/mole (4-5 Kcal/mole) is typical for diffusion in
aqueous solutionsll, On this basis, leaching of cesium from cement is con-
sistent with diffusion through the water which permeates the porous cement
waste form during leaching.

Leaching of Sr-85 from cement is also accelerated by temperature, as
shown in Figure 6.4. After 18 days at 70°C, 8.5% of the Sr-85 was released
compared to 4.4% released in 368 days at 20°C. The 20°, 30°, 40° and 50°C
curves, Figure 6.4, all show similar CFR's, although the 40°C curve appears
anomalously high. Preliminary analysis indicates that the data obtained at
40°C is within the experimental error. This is indicated by noting the spread
of the replicate curves in Figure 5.2.

Figure 6.5 shows the Sr-85 data from Figure 6.4 plotted relative to 20°C
data. Although an increase in leachability is evident between the 70°C data
and those obtained at Tower temperatures, the increase is not monotonic as it
was for Cs leaching. In contrast to the 70°C Cs plot which showed decreased
leaching in the latter part of the experiment, the 70°C Sr plot indicates in-
creased leaching in the latter part of the experiment.

Since the fractional releases for Sr-85 are quite small, the errors in-
herent to the Teaching experiment make interpretition difficult at this point.
Preliminary experiments have indicated that leaching of Sr-85 can be acceler-
ated by temperature but, the effect is not as great as that for cesium.

Other workers have found that the effective diffusion coefficient, D, and
therefore, the leach rate of cement waste forms increase due to both increased
leaching temperaturel? and increased cure temperaturel8. The increase in
D during leaching at elevated temperature has been attributed to an irreversi-
ble change in the cement pore structure upon heatingl8, Such physical
changes should not change the leaching mechanism even though the ieach rate is
increased. However, it has not been reported whether the leaching at elevated
temperature of cement samples cured at elevated temperature results in further
changes in pore structure.

Over the temperature range of liquid water, evidence is available that
cure temperature has na significant effect on the chemical and physical nature
of the hydration products of portland cementl9. Thus, there may be no 1imi-
tations imposed by the nature of the cement to the use of increased tempera-
ture to accelerate leaching.

6.1.2 Vinyl Ester-Styrene . Release of radionuclides from vinyl ester-
styrene emulsion waste forms was affected by temperature in a complex way.
Figure 6.6 shows leaching curves for Cs-137 at various temperatures. All
samples leached at elevated temperatures show significantly greater reieases
than did the 20°C baseline samples. However, the variability of cumulative
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fraction releases from replicates is alse much greater, making temperature ef-
fects on leaching from this material uncertain., The average release from the
30°C samples is just less than the 70°C sample and greater than that of the
40°"and 50°C samples. The scatter for Cs-137 and Sr-85 among three samples
leached at 50°C is shown in Figure 6.7a and 6.7b, A plot of CFR at 25°C vs
CFR at elevated temperature, Figure 6.8, shows no systematic change in the
data with the exception that leaching slows down substantially with increasing

time.

Releases of Sr-85 from VES are similar to those observed with Cs-137,
Leaching is accelerated at temperatures greater than 20°C. Most of the ac-
celeration occurs between 20°C and 30°C with littie additional acceleration
taking place at higher temperatures. Figure 6.9 shows CFR plotted against
time for Sr-85 at 20°, 40°, 50° and 70°C while Figure 6,10 shows CFR at 20°C
plotted against CFR at the elevated temperatuircs. Results for Co releases
from VES samples are similar to those of Cs and Sr, as shown in Figures 6.11

and 6.12.

A1l sampies tested at elevated temperatures leached at a slightly greater
rate than those in the baseline experiment. However, the large spread between
replicate samples and the lack of any monotonic change in leaching with in-
creasing temperature indicate that leaching from VES does not accelerate with
increased temperature. This failure to respond to temperature as an accelera-
ting factor may be related to changes induced in the structure of the matrix
material caused by elevated temperatures. Pre-treatment of VES samples at
some temperature greater than that at which they are leached may be required
before the temperature effect, if any, can be seen.

6.1.3 Bitumen. Cumulative fraction releases of Cs-137 from bitumen
samples leached at 20°, 30° and 50°C are shown in Figure 6.13. Bitumen was
not leached at 70°C because at that temperature it begins to deform severely.
As with VES samples, the fraction release is very small compared to the inher-
ent variability in the leaching system. For Cs-137, releases from samples
leached at 30°C and 50°C fall on either side of the 20°C baseline data. It
appears that temperature has no accelerating effect on Cs leaching from
bitumen. Releases of Sr-85 from bitumen, shown in Figure 6.14, are comparable
to those of Cs-137 while Figure 6.15 shows cumulative fraction releases for
Co-57 from bitumen at 20°, 30°, and 50°C. No leaching acceleration occurred
for any of the isotopes used. Cobalt leaching, however, averaged slightly

less than that of Sr-137 and Cs-137.

The lack of temperature effect on leaching of bitumen may be attribu-
ted to several factors. Radionuclides, even at tracer quantities are presum-
ably held in the bitumen matrix as salt particles, with each particle coated
by the matrix. Bitumen has a low permeability to water and this iow perme-
ability does not appear to be affected by temperature over the temperature

range and time period tested.
6.2 Temperature Effects Scoping Study - Matrix Leaching Results

During Teaching not only are the waste components released from the waste
form but some portion of the matrix itself is leached. For VES and bitumen
this was found to be negligible. The highest value detected for total organic
carbon (TOC) was 1.5 ppm. However, significant releases of some elements
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were detected from cement waste forms. This is expected because of the high
solubilities of some components and may provide a useful tool to detect
changes in mechanisms as accelerated leaching takes place. In addition it is
known that some waste components react with cement but do not appreciably
react with VES-and bitumen. Therefore, each waste component or radionuclide
in cement must be regarded separately as the chemistry of each element re-
acting with cement may be different.

Tables 6.1 through 6.3 give results of leachate analyses for cement sam-
ples leached at 30°, 40° and 70°C. Analysis of samples leached at 50°C is not
yet complete. Most elemental concentrations increased with increasing tem-
perature. An exception to this was Si concentration, which increased from 20°
to 30°C and then decreased with increasing temperature, possibly because of a
back reaction resulting in redeposition of silicon. No silicon was detectable
in the 70°C leachate. Aluminum behaved similarly; it increased between 20°C
and 40°C and then decreased. Alkalinity increased between 20°C and 30°C, re-
mained the same to 40°C and then fell significantly at 70°C. A similar phe-
nomenon was observed with the MCC-3 baseline experiment where high concentra-
tions of alkaline elements may have reduced Si and Al solubility.

Tables 6.4, 6.5 and 6.6 are correlation matrices for cement leachates at
30°, 40° and 70°C. These can be compared with Table 5.3 which shows correla-
tion coefficients (R) for cement leached at 20°C. As temperature increases so
do the R values between many elements suggesting improved correlation. In
some cases significant changes occur. For example, correlation coefficients
for Sr-85 versus strontium from the matrix and Cs-137 versus K are shown in
Table 6.7 for each temperature. Excellent correlations are noted for leaching
at 70°C. Scatter piots showing examples of these correlations are given in
Figures 6.16a and b. This information is particularly useful for solid phase
analysis of waste forms where energy dispersive x-ray spectra are obtained for
major components of the matrix material. The change of R for Sr-85 tracer to
matrix Sr may be related to an increase in the dissolution rate of the cement
matrix between 18°C and 100°C.

Increased temperature clearly had different effects on the various compo-
nents of the cement matrix. Nevertheless, this incongruent dissolution of the
matrix does not appear tc have affected 137¢s leachability. Leachability of
Sr-85, however, as a function of temperature is not well characterized from

these data.
6.3 Temperature Effects Scoping Study - Solid Phase Analysis

To examine the physical and chemical effects of Teaching on the waste
form itself analysis was performed by SEM/EDS. Both structural changes and
chemical changes were observed when comparing data from the outside edge of a
cement waste form with that from the center.

Two cement waste forms were analysed by SEM/EDS; one was leached at 30°C
and the other leached at 70°C. Compositions of leachates from these samples
are shown in Tables 6.1 and 6.3. Both samples showed a qualitative difference
between the cement structure at the outside edge of the sample and at the cen-
ter. Figure 6.17 shows the pore structure in the outer section of the cement
at a 100-fold magnification. In comparison, Figure 6.18 shows the relatively
unleached center of the waste form. The porosity is greater at the outer edge
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Table 6.1

Accelerated Leach Test Cement Leached at 30°C

Variable # 1
{DELTA TIME)

0.00000
.08000
.210020
.71000
. 00000
. 00000
. 20000
.00000
. 00000
.00000

BN 5 5 S SN Y

Variable # B
{STRONTIUM )

. 10200
.60000
.50000
. 30000
.20000
. 00000
. 90000
. 90000
.500e00
. 40000

R

r ™

Yariable #11
(ALKALINITY )

. 05000
.10000
. 20000
.2@000
.10000
. 15000
. 150060
. 15000
.25008
.20000

Uariabie # 2

2

(5I6MA TIME)

—

?.00000
. 08000
.23000
. 00000
.00008
. 00000
.00000
.00800
.00000
.00000

Q@ Ul & G M-

Variable & 7

(S0DI

PR

UM )

.00000
. 00000
.90000
.00000
.00000
. 00000
. 00000
. 00000
.00000
.00000

B U

Gl N M N o

Yariable # 3
(CALCIUM )

47

56.
84.
83.
70.
66.

61

132.

123

. 020002
. 00000
20000
00000
20000
00200
00000
. 00000
00000
.00000

Variable # B
(POTASSIUM )

m

17.

2

Lo

29.

sl

24 .
24.
19.
18.

81

55.

Time is in days
Cs~137 and Sr-85 is as Incremental Fraction Release
Alkalinity is as mg CaCO3/1.
A1l other results are as mg/1
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. 20000
00000
06000
20000
Q0e00
00800
00000
00000
.00000
0000

Variable # 4
CALUMINUM )

.00000
.00000
.00000
.00000
. 90000
. 30000
.00090
. 00000
. 70000
. 30000

S8 6

[N S R SR

Yariable # 9
(CS-137 )

0.00000
.B2200
.01700
.03500
.@3500
.92500
. 02500
. 01920
.07300
.06200

Variable # &
(SILICON )

. 00000
.00000
. 20000
.02600
.20000
.00000
. 30000
.06600
.50000
.2000@

LN, R 8

Variahle #19
(SR-85 )

?.00000
.000000E-03
.000000E-03
.000060E-03
.000000E-03
.00000RE-03
.000000E-23
.000B00E-B3
.00000RE-D3
.000000E-03

[op e 2 I 0% I o I o R SN I % I 6



oBS#

—_

0BS#

—_

— e
WM JDU & LIN -

S WM-~JOT U & N~

SwW®-T U AN —

Table 6.2

Accelerated Leach Test Cement Leached at 40°C

Variable # 1
(DELTA TIME)

2.00000
. 08000
.21000
. 71000
. 000092
. 00000
.00000
. 00000
.00000
. 00000

) O = e = e

Variable # 6
(STRONTIUM )

. 20000
.000600
.10000
. 70000
.60000
. 30000
.20000
. 10000
. 00000
.50000

[ IR A N T T -~

Varijable #11
(ALKALINITY)

. 05000
. 10000
. 30000
.20000
. 10000
. 15000
. 15000
. 15000
.25000
.20000

Variable # 2
(SIGMA TIME)

0.20000
. 08000
. 25000
. 00000
.00000
.000020
.00000
.00000
.00000
.00000

M U DN =

— -

Variable ¢ 7
(SODIUM )

2.00000
7.00000
5.00000
11.00000
11.00000
8.00000
8.00000
7.00000
21.00000
16.00000

Variable #12
(C0-57 )

0.00000
.000000E-05
.000000E-0S
.0B0OOOE-0S
.600000E-0S
.000R0BE-05
.00000OE-05
.0000B0E-05
.300000E-04
.000020E-05

N~ 0000w w

Variable # 3
(CALCIUM )

0.00000
61.20000
84.00000

126. 00000
115.00000
33.00000
86.00000
75.00000
141.00000
106.00000

Variable # 8
(POTASSIUM )

3.00000
25.00000
17.00000
45.00000
46.00000
32.00000
26.00000
22.00000
92.%00080
63.00000

Variable % 4
(ALUMINUM )

.00000
. 00000
. 00000
.60000
. 00000
. 70000
.50000
.50000
.50000
. 20000

N = N+—= 809

Variable # 9
(CS5-137 )

0.00000
02400
.02100
. 04800
.04800
.03600
.03300
. 03000
. 10500
. 07500

Time is in days.
Cs-~137 and Sr-85 is as
Incremental Fraction Release.
Alkalinity is as mg CaC03/1.
A1l other results are as mg/1.
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Variable # 5
(SILICON )

0.00000
.00%00
.00000
.00900
. 00000
.00000
. 90000
.20000
.16000
.10000

UM N~ e 8

Variable #10
(SR-85 )

0.00000
.0000V0E~-03
.100000E-03
.700000E-03
.500000E~03
.200000E-03
. 40000003
.500000E~-03
.400000E-03
.300000E-03
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Table 6.3

Accelerated Leach Test Cement Leached at 70°C

Variable # 1
(DELTA TIME)

@.90000
.08000
.21000
.710008
. 20000
.@0000
.00000
. 00000
.00000
.80020

~ O = - =

Variable # 6
(STRONTIUM

.02000
. 30009
. 30000
.60000
. 10000
.500060
. 30009
.1000@
.600e02
.60000

NN OIN - -8

Variable #11
(ALKALINITY)

0.00000

. 05000
.20000

. 15000
.05000
.05000
.05000
5.000000E-03
.20000
.15000

Variable # 2
(SIGMA TIME)

©.00020
.08000
.25000
. 00000
. 00000
.00200
.00009
00000
.0o0ode
.00000

M~ N & ol —

—_

Variable # 7
(SODIUM )

. 72000
8.50000
10.50000
27.12000
25.20000
19.08000
5.30000
13.20000
43.40000
25.10020

[y

Variable #12
(C0-57 )

0.00000
8.000000E-05
0.02000
0.00000
1.000000E-04
1.000000E-05
0.20000
2.00000
.000BRRE~-D5
0.00000

Ol

Variable # 3
(CALCIUM )

0.020000
65.00000
90.00000

119.00000
147.00000
131.00000
139.00000
124. 00000
226.02000
183.00000

Variable # 8
(POTASSIUM )

4.7¢207
41.00000
51.00000
148.00000
127.00000
86.00000
B3.00000
2.00000
210.00000
89.00002

Variable & 4
{ALUMINUM }

. 00200
.00002
. 70000
. 30000
. 30000
.S0000
.800020
.60000
.40000
.50000

=R = PN S

Variable # 9
(CS~-137 )

?.20002
053500
. 85600
.14100
. 12500
. 09200
. 06800
. 05500
. 18800
.08400

Time is in days.

Cs=137 and Sr-85 is as

Variabhle # 5
(SILICON )

. 000G
.00009
.B0%0BY
.00000
.00000
.0o0e0
. 00000
.00020
.000202
02000

SN S0 9

Variable #10
(SR-85 )

2.0060@0

. J00000E-03
.200000E-035
.60DBBRE-03
. 100000E-03
.0000R0E-@S
.60B00RE-03
.5000D0OE-B3
.01760
.01800

oo winum

Incremental Fraction Release.
Alkalinity is as mg CaC03/1.
A1l other results are as mg/1.
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Table 6.4

Accelerated Leach Test

Correlation Matrix

Portland Cement Leached at 30°C

Aluminum Silicon Strontium Sodium Potassium 137Cs
Calcium 0.84 0.65 0.98 0.90 0.92 0.97
Aluminum 0.85 0.88 0.88 0.89 0.86
Silicon 0.71 0.64 0.65 0.66
Strontium 0.95 0.96 0.98
Sodium 0.99 0.97
Potassium 0.98
137¢s

85Sr

853r Alkalinity

0.92 0.57
0.61 0.32
0.46 0.31
0.90 0.56
0.81 0.41
0.84 0.44
0.90 0.50
0.58
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Table 6.5

Accelerated Leach Test

Correlation Matrix
Portland Cement Leached at 40°C

Al uminum Silicon Strontium Sodium Potassium 137Cs 855r Alkalinity
Calcium 0.63 0.29 0.88 0.82 0.83 0.83 0.87 0.61
ATuminum 0.75 0.85 0.86 0.82 0.86 0.76 0.31
Silicon 0.57 0.57 0.49 0.58 0.45 0.27
Strontium 0.98 0.97 0.98 0.96 0.59
Sodium 0.99 0.99 0.92 0.45
Potassium 0.99 0.92 - 0.45
137¢s 0.91 0.50
0.56

85sr
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Table 6.6

Accelerated Leach Test

Correlation Matrix
Portland Cement Leached at 70°C

Aluminum Silicon Strontium Sodium Potassium 137Cs
Calcium 0.77 - 0.94 0.89 0.80 0.81
Aluminum - 0.60 0.76 0.77 0.79
Silicon - - - -
Strontium 0.91 0.80 0.78
Sodium 0.98 0.97
Potassium 0.99
137¢¢

85sr

85Sr
0.91

0.58

0.98
0.88
0.78

0.76

Alkalinit

0.52

0.49

0.58

0.61

0.60

0.59

0.64



Table 6.7

Change of Correlation Coefficients (R) With Temperature

Temperature Rggssr/Sr) R§137C5/K!
20°C -0.08 0.49
30°C 0.90 0.98
40°C 0.96 0.99+

70°C 0.28 0.99+

of the Teached waste form than at the center. In the center of Figure 6.18 is
a small air bubble which is shown at 500 times magnification in Figure 6.19.
Note the needle like crystal growth along the bubble wall. Close-up views of
pores in the cement are shown in Figures 6.20 and 6.21. The blocky appearance
of interconnected pores may be associated with water flow while the static
conditions in the bubble 1ead to crystal growth.

Chemical analysis of the solid phase by Energy Dispersive X-ray Spectro-
scopy provided semi-quantitative elemental analysis of cement samples. These
were prepared by sectioning waste forms so that slabs measuring 1 cm by 1 mm
thick were obtained. Analysis of a series of these samples gave profiles
(with approximately 1 mm increments) of elemental ratios in the solid phase.
Figure 6.22 is an x-ray spectrum of the outer edge of a sample leached at
70°C. Another section of the same sample was taken from the center of the
waste form. Its spectrum is shown in Figure 6.23. The K peak present in
Figure 6.22, is missing in Figure 6.23, indicating movement of this element
within the solid.

Figure 6.24 shows ratios of K/Mg in a waste form leached at 30°C. Mag-
nesium is used as a basis for comparison because it is stable in cement and
does not leach significantly. Ratios are highest at the outer edge of the
waste form, then drop to zero between 11 and 15 mm and increase again at the
center of the waste form.

A similar sample leached at 70°C for the same amount of time contains K
in the outer 4 mm of the waste form. From 4 mm inward towards the center no K

was detected. This is shown in Figure 6.25.

There are distinct differences in the K/Mg ratios in the two waste forms
that can be attributed to K depletion due to leaching. In the sample leached
at 30°C, K was completely leached to a depth of 15 mm. The high K concentra-
tions present at the outer edge of the waste form may be an artifact of drying
after leaching. As the pore fluid evaporates at the surface of the waste form
K is left behind and accumulates. It is unclear why the greatest concentra-
tion is 7 mm inside the waste form. At 70°C leaching has affected the entire
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ACCELERATED LERACH TEST CEMENT LEACHED AT 28 C
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Figure 6.16a. Scatter plot of incremental fraction release (IFR) of Sr-85 tracer
plotted against the concentration of Sr released from the portiand
cement matrix at 20°C. Note the poor correlation. R = ~0.08.
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“igure 6.16b. Scatter plot of incremental fraction release (IFR) of Sr-85 tracer

plotted against the concentration of Sr released firom the portland
cement matrix at 70°C. Note the.good correlation. R = 0.98.
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Figure 6.17. An SEM micrograph of portland cement near the outer edge of a
waste form after leaching. Porosity is high and pores are
connected by fine cracks.
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Figure 6.18. An SEM micrograph of portland cement at the center of waste
form. The porosity is much less than at the outer edge. An
air bubble is in the center of the micrograph.
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Figure 6.19. The air bubble is shown at 500 times magnification. There is
profuse crystal growth along the bubble walls.
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Figure 6.20. A pore in cement after leaching, it has a blocky structure with
no crystal growth inside the pore.
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Figure 6.21. Another pore in leached cement showing blocky structure and no
crystal growth.
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Figure 6.22. X-ray spectrum of the outer edge of a cement waste
form leached at 70°C. Note the K peak.

Figure 6.23. X-ray spectrum of the center of a cement waste form.
The K peak is below detection limits.
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SOLID PHASE ANALYSIS
RCCELERATED LEACH TEST CEMENT LEARCHED RT 3@ C
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Figure 6.24. Potassium in the solid phase of the waste form after leaching at
30°C for 18 days. The depletir~ 2xtends 15 mm into the waste
form.

SOLID PHRSE BNALYSIS
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Figure 6.25. Potassium in the solid phase of the waste form after leaching at
70°C for 18 days. Depletion extends all the way through the
sample.
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waste form and K is depleted throughout. Again, evaporation may have caused
some K to accumulate at the edge of the waste form. From the interelemental
comparisons discussed earlier, K may be taken as an analog for Cs in this sys-
tem. The correlation coefficients for K versus Cs-137 at 30°C is 0.98 (see
Table 6.4) and at 70°C it is 0.99 (see Table 6.6). Profiles of Cs-137 at 30°C
within the waste form probably closely resembie those for K. The process of
evaporative transport in a wet waste form as drying takes place has been sug-
gested as an important mechanism for release of radionuclides-during wet/dry
cycling in shallow land burial., The profiles of K in these waste forms appear

to corraborate that hypothesis20.
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7. CONCLUSIONS

(i) Long-term (over 400 days) baseline leaching experiments have pro-
vided data against which accelerating factors can be judged.

(ii) Temperatures over the range of 30°C to 70°C shoved up to a 20-fold
increase in the leach rates for Cs-137 from cement. Under these conditions no
significant leaching acceleration was observed for Co-57. Although the Sr-85
showed an increase in leach rate at elevated temperatures, the results were
not isotonic, indicating mechanistic alterations.

(iii) No significant acceleration of leach rates were detected for bitumen
and vinyl ester-styrene waste forms ove: the temperature range of 30 to 70°C
for a period of 18 days.

(iv) sStatistical relationships supporting leaching mechanisms were found
for elements leached from the cement sclidification agent and for radioactive
tracers

8. CURRENT STUDIES

Studies have been initiated to determine:

e the effect of waste materials on the leaching behavior of waste forms

o the effect of disposal environments on leaching behavior of waste
forms.

e parameters that effect leaching

The information derived from these studies will provide input into the
development of an accelerated leach test(s).
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