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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 1986 under
the sponsorship of the U.S. Department of Energy's Low-Leval Waste Management
Program (LLWMP).

Programmatic activities were concentrated in the following areas:

(i) A computerized data base of LLW leaching data has been developed.

( i i ) Long-term tests on portland cement, bitumen and vinyl ester-styrene
(VES) polymer waste forms containing simulated wastes are underway which are
designed to identify and evaluate factors that accelerate leaching without
changing the mechanisms.
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PROGRAM AND SCOPE OBJECTIVES

An objective of the U.S. Department of Energy'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 both the short
and long term. One long-term concern is the release of radionuclides by
leaching of solidified LLW after disposal in the shallow land burial. To pro-
vide a technical basis for understanding leaching behavior and, hence, to
allow more realistic prediction of Teachability, Brookhaven National Labora-
tory 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 leaching 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 behav-
ior. Leaching mechanisms for selected solidification agent/waste types are
being determined 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 compositions will establish the basis for the development and vali-
dation of an accelerated leach test(s) under a variety of environments.
References 1-4 list the reports which have resulted from work in this program
since its inception in FY 1985 and from the Leaching Mechanisms Program, which
was a limited effort in FY 1984.

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

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

(ii) Experimental investigations including long-term leach tests on
Portland cement, bitumen and vinyl ester-styrene (VES) polymer waste forms
designed to identify and evaluate factors that accelerate leaching without
changing mechanisms.
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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 groups 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 Teachability over hun-
dreds of years. However, the response of an effectively solidified waste to
the leaching process is so slow that an extremely long period of time is
required to complete one test which will characterize the long-term Teachabil-
ity of a waste form. Therefore, an accelerated test is needed to adequately
assess the long-term leaching behavior of solidified radioactive wastes in
their disposal environment. This involves an understanding of prevailing
leaching mechanisms and factors that affect leaching of waste forms in
disposal.
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2. SUMMARY OF THE DEVELOPMENT OF A COMPUTERIZED DATA BASE FOR
LOW-LEVEL WASTE LEACHING DATA

A computerized data base (db) of low-level waste (LLW) leaching data has
been developed as part of an effort to develop an accelerated leach test(s)
that can be used to predict Teachabilities of LLW forms over long times, i.e.,
hundreds of years [4]. The data compiled in the db include data from the
Accelerated Leach Test(s) Program plus selected data from the literature.
Since the accelerated leach test(s) is (are) to be developed based on knowl-
edge of leaching mechanisms and factors that affect leaching, the data com-
piled in the db have been selected to elucidate leaching mechanisms and fac-
tors that affect leaching and are not meant to be a comprehensive compilation
of leaching data. The db report presents the organization of, and the data
compilation aspect of the db. Programmatic results obtained to date from
analysis of the data are presented in Chapter 8 of this report.

Leaching data are, unfortunately, not unambiguous in information content
as are, for example, mailing addresses, for which there can be no confusion
about either the information content or interpretation. Leaching data are of
little use without additional information on the sample, leachant and leaching
conditions, which immediately raises the question of how detailed the descrip-
tion of these parameters need be to unambiguously define the information con-
tent of the data. Rather than attempt to formally address this question,
which would probably be futile anyway, the philosophical bent followed in
developing the db is summarized in Section 2.1. The functional organization
is summarized in Section 2.2 and a discussion of the availability and expand-
ability of the db is presented in Section 2.3.

2.1 Philosophical Context Under Which The Data Base Was Developed

The data base was developed to assist in model validation and statistical
analysis and to assist in evaluating factors that accelerate leaching. The db
is used to curve fit data to leaching models as part of the model validation
effort. Statistical analyses provide information on the inherent variability
of leach testing and whether the factors investigated to accelerate leaching
change the leaching mechanism(s).

Since these data are meant to be interpreted by various types of analy-
sis, we first define what we mean by a leaching experiment in ways that are
consistent with what is found in the literature. A survey of leaching experi-
ments indicated that there are basically four bounding scenarios for leach
testing, as listed in Table 2.1. Most of the literature on LLW leaching has
assumed that the boundary conditions of scenario (1) hold for purposes of
analysis.

Scenario (1) has generally been considered to be the worst case for LLW
leaching. Scenario (2) has been shown to be the worst case for leaching alka-
line glasses. However, LLW is not presently solidified using glass although
the use of glass for LLW incineration/solidification has been investigated
C5].
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Although the effects on leaching in scenarios (3) and (4) may be impor-
tant under actual leaching conditions in disposal environments, cognizance of
their importance appears to be relatively recent [6,7]. As a result, all of
the data in the db is from leach testing which approximates scenarios (1) or
(2).

TABLE 2.1

Leaching Scenarios

(1) Leaching a bare waste form in a leachant which remains infinitely
dilute with respect to the species of interest.

(2) Leaching in a static and relatively small volume of leachant.

(3) Varying leaching conditions by wet/dry cycling.

(4) Leaching the complete waste package, i.e., the waste form in its
container.

Leaching data obtained from the ANS 16.1 [8] and IAEA [9] standard leach
tests are typically analysed based on the assumed boundary conditions in
scenario (1). Since the measured leach rate may be affected by the buildup of
leached material in each leachant replacement interval in these tests, the
possible effect of such departure from the ideal boundary conditions on the
measured leachability should be recognized and either shown to be insignifi-
cant or corrected for, if possible. In general, leachability is expected to
decrease as the concentration of leached material in the leachant increases.
Meaningful modeling of leaching data cannot be done without knowledge of the
boundary conditions under which the data were obtained.

2.2 Data Base Organization

The db is organized around the computer programs, a file program and a
program for data plotting and analysis. The file program is used to enter
data into the db, to update files by adding data and to print data files out
in hardcopy. The plotting program calls data files for plotting on selected
axes and for performing least-squares analysis over any chosen range of the
data.

To be meaningful and usable, leaching data require additional information
on waste form and leachant compositions and test conditions which provide the
context for analysis and interpretation of the data. Within the data base,
this contextual information and the data are contained in three "information
sheets," as listed below.

- 3 -



(i) A one-page abstract summarizing experimental information and conclu-
sions from the reference from which the data were taken.

(ii) A summary sheet of specific information on waste form and leachant
composition and pertinent experimental parameters.

(iii) Data sheets of cumulative fraction released (CFR) versus time (Days)
for each radionuclide and/or other species measured in the experiment.

The abstract applies to all data files (TESTIDs) from the listed
reference. The experimental summary sheet applies to individual or replicate
leaching experiments. Data sheets list the data for each leaching experiment
individually..

Within the data base the data have been cross-referenced according to
five parameters as listed in Table 2.2. The subdivisions under each of these
parameters, as listed in Table 2.2, provide efficient access to specific data
types within the data base.

2.3 Availability And Expandability

The db consists of: (i) this report, which provides a written descrip-
tion of the organization and contents of the db as of the publication date,
and, (ii) a 5 1/4 inch, 360 kb floppy disc which contains the data, cross-
referencing tables and programs for data manipulation and analysis. The pro-
grams are coded in IBM Basica and are not proprietary (i.e., need not be pur-
chased). Further, the programs are not compiled. Therefore, the user can
edit the programs, which allows both the analytical procedures and the data
structure itself to be changed. Since the user has complete editing capabil-
ity and the programs are, in fact, still undergoing revision as additional
analytical capabilities are needed, the db cannot be considered to be a "stan-
dard" db. Although standardization of this db into a commercial data base
management system may ultimately be desirable, this is not in the scope of
this program.



TABLE 2.2

The Five Primary Parameters and Their Subdivisions by Which Data are Divided
into Groups

(i) Solidification Agent
- portiand cement
- masonry cement
- other cement (e.g. pozzolan cement)
- bitumen
- vinyl ester - styrene emulsion (DOW process)
- vinyl ester - styrene dry (i.e., dry wastes)

(ii) Waste Types
- sulfate wastes (e.g. BWR evaporator bottoms)
- boric acid wastes (e.g. PWR evaporator bottoms)
- nitrate wastes (e.g. reprocessing wastes)
- incinerator ash
- ion exchange resins
- tracers only (i.e., no bulk waste)

(iii) Element Leached
- radionuclides (Cs, Sr and Co are the radionuclides of most

concern in LLW)
- other elements (e.g. other elements of interest from the

solidification agent matrix or the bulk waste, such as
Ca, Fe, sulfate and organic carbon)

(iv) Leachant Type
- DIW (i.e., deionized water, which is the usual leachant in
standard leach tests)

- ground water (may be typical of a specific site)
- sea water
- brine ( i . e . , a saturated or highly concentrated solution of a

salt or mixture of salts)

(v) Size and Shape
- cylinders with height-to-diameter ratios from approximately 1:1

to 2:1 are the most common
- cubes and/or spheres are less common but may be useful for
modeling purposes

- powders of approximately uniform size (sieved powders) have
proved useful for HLW glass studies and may be useful for some
types of LLW

- the effects of size differences, as between laboratory size test
samples and full scale waste forms, have not been fully
accounted for in modeling efforts.
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3. SAMPLE FABRICATION AND EXPERIMENTAL METHODOLOGY

This section describes the preparation of waste forms, the leach test
methods and methods of analysis used in the experimental studies for th i s pro-
gram. Samples prepared using only matrix materials were also described in an
earlier report [ 3 ] ,

3.1 Fabrication of Test Specimens
3.1.1 Matrix Materials. The solidif ication agents selected for this

study include Portland cement, bitumen, a polymer (vinyl ester-styrene) and
glass (soda-lime s i l i ca ) . These materials are representative of those
currently in use or being considered for use by defense and/or commercial LLW
generators. They also represent a cross-section of materials properties which
may influence leaching behavior.

3.1.1.1 Hydraulic Cement. Hydraulic cement has been used for many
years for the solidif ication of wet wastes. Water in the waste reacts with
the cement to form hydrated si l icate and other compounds, which interact to
form a porous monolithic sol id.

3.1.1.2 Vinyl Ester-Styrene. Vinyl ester-styrene is a thermosett-
ing resin marketed by the Dow Chemical Co. for use in sol idif ication of radio-
active wastes. The resin is mixed directly with either wet solid wastes or
dry wastes and subsequently polymerized at room temperature using a promoter-
catalyst system. Wet wastes and resin are emulsified using high-shear mixing
prior to in i t ia t ing the polymerization reaction. The polymerization reaction
is exothermic and a monolithic solid is formed within 30-60 minutes.

3.1.1.3 Bitumen. Bitumen (asphalt) systems are being used in the
United States for radioactive waste sol id i f icat ion.

Bitumen is a mixture of high molecular weight hydrocarbons obtained as a
residue in petroleum or coal tar refining. I t is a thermoplastic material
which becomes l iquid at approximately 120°C. Waste is homogeneously mixed
with the molten bitumen which solidif ies upon cooling.

3.1.1.4 Soda-Lime Silica Glass. The glass selected for this study
was developed at the Monsanto-Mound Facifity in a process 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 of SiO2 with smaller amounts of oxides of
Na, Ca and Mg.

3.1.2 Waste Materials. The simulated wastes selected for incorporation
into waste forms are representative of those being generated by defense and/or
commercial LLW generators. The waste materials include soluble salts and an
insoluble waste product, a typical incinerator ash. The salts are sodium sul-
fate and sodium tetraborate, a boric acid derivative.
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3.1.2.1 Sodium Suifate. Sodium sulfate, which is a product of ion
exchange resins regeneration at BWR power stations, is usually concentrated to
an approximately 22 weight percent solution at 25°C. Evaporation of this
solution to dryness results in sodium sulfate decahydrate (Glauber's salt).
Glauber's salt dehydrates to anhydrous sodium sulfate at 32°C.

3.1.2.2 Boric Acid. PWR evaporator concentrates contain about 12
weight percent boric acid. To incorporate boric acid into bitumen, the boric
acid must be converted to a sodium borate by neutralization with sodium
hydroxide. Anhydrous sodium tetraborate was used as the waste simulant.

3.1.3.3 Incinerator Ash. Incinerator ash was obtained from the
Tennessee Valley Authority waste incinerator. The major components of incin-
erator ash are typically uncombusted carbon, aluminum oxide (A12O3), ferric
oxide (Fe203) and silicon dioxide (Si02). The ash was sieved to pass a 2.38
mm sieve size to produce a uniform powder free of large clinkers and metal
objects.

3.1.3 Selection of Matrix and Waste Material Combinations. Preliminary
studies were made to select combinations of matrix solidification agents and
waste materials which are chemically compatible. Waste form formulations were
optimized to assure the waste forms maintained their physical integrity on
immersion in water during the leaching experiments.

3.1.3.1 Portland I Cement and Sodium Siflfate. The compositional
phase diagram for the solidification of aqueous sodium sulfate with portland
type I cement was reported [10] in Figure 3.1

The solubility of sodium sulfate is 22 weight percent at 25°C which is
typical concentration of BWR evaporator concentrates from resin regeneration.
Up to approximately 45 weight percent sodium sulfate can be solidified with
cement. However, waste forms in excess of 8 weight percent sodium sulfate
were found to be unstable on immersion in deionized water. A waste form form-
ulation of 5 weight percent sodium sulfate, 30 weight percent water and 65
weight percent cement was selected for testing. The waste to binder ratio of
evaporator concentrate to cement corresponds to 0.54.

3.1.3.2 Portland I Cement and Incinerator Ash. The solidification
of incinerator ash with portland type I cement was reported by Neilson and
Colombo, 1982 [11] and Buschbom, and others, 1984 [12]. The compositional
phase diagram for the solidification of incinerator ash in cement is shown in
Figure 3.2. Up to 50 weight percent incinerator ash can be solidified by
portland I cement without free standing water being present. However, speci-
mens swell with the development of large voids on curing. A waste form formu-
lation of 15 weight percent ash, 25 weight percent water and 60 weight per-
cent cement was selected for leach testing because waste forms with a low
degree of voids due to swelling were produced. The formulation is consistent
with those used by Colombo and Neilson, 1979 [10], USERDA, 1976 [13] and
Buschbom, 1984 [12],
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Figure 3.1 Compositional phase diagram for the sol idif ication of aqueous
waste containing 50 wt% or less NagSÔ  with portland type I
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Figure 3.2 Ternary compositional phase diagram for the solidification of
incinerator ash in portland type I cement.
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3.1.3.3 Vinyl Ester-Styrene, Sodium Sulfate and Water Emulsion
Polymer. The amount of sodium sulfate that can be solidi-

fied by the vinyl ester-styrene polymer emulsion system is limited by the 22
weight percent solubility at 25°C of sodium sulfate in water. A mixture of 15
weight percent sodium sulfate, 45 weight percent water and 37 vinyl ester-
styrene monomer produced a satisfactorily polymerized waste form with hard
surfaces that was water immersion stable.

3.1.3.4 Vinyl Ester-Styrene and Sodium Sulfate. Mixture of up to
60 weight percent sodium sulfate with vinyl ester-styrene monomer polymerized
satisfactorily to produce waste forms with hard surfaces. The waste forms
were water immersion stable. The leaching of sodium sulfate from solidified
waste forms was used to select a composition which maximized the amount of
incorporated waste while minimizing the leaching of the waste. Waste forms of
2.0 inch diameter by 2.5 inch height were immersed in 1.3 L of water for 3
days. The concentration of sodium ions leached from the waste forms of
increasing waste loadings is shown in Figure 3.3. The amount of sodium ion
leached at waste loading above 40 weight percent rapidly increased. Below 40
weight percent the amount of leached sodium probably represents the washing of
the waste form surfaces. The 40 weight percent sodium sulfate waste loading
with 60 weight percent vinyl ester-styrene was selected for further study.

3.1.3.5 Bitumen/Sodium Tetraborate. Boric acid waste generated at
a typical PWR Plant contains approximately 12 weight percent boric acid in
aqueous solution. Solidification of the waste with bitumen requires the
removal of water by evaporation. Because boric acid dehydrates at 160°C, the
loss of water would cause foaming of the bitumen mixture.

A satisfactory solidification process is to neutralize the boric acid
solution with sodium hydroxide. Sodium tetraborate is the predominating
product when the waste stream is neutralized to pH 9.3 [14]. Evaporation of
the solution to dryness results in the hydrated crystalline substance sodium
tetraborate decahydrate (borax). The borax must be further dried at 200°C to
produce the anhydrous borate.

A uniform solid waste form can be produced by mixing the anhydrous sodium
tetraborate with molten bitumen. Two waste loadings were selected, 20% and
40% by weight sodium tetraborate in bitumen. The 20% loading is stable on
long-term immersion. The 40% loading, slowly swells and cracks on immersion,
but provided an opportunity to study important waste effects predicted by per-
colation theory on leaching.

3.1.3.6 Soda-Lime Glass and Incinerator Ash. The glass waste form
material was developed at the Monsanto-Mound Facility in a process that simul-
taneously incinerates low-level waste and incorporates the ash in the glass.
The glass is a non-porous material consisting of two solid phases; the glass
matrix in which part of the waste component are dissolved, and suspended par-
ticulates of ash residue.
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Figure 3.3 Sodium ion concentrations released from vinyl ester-styrene/
sodium sulfate waste forms after 3 day immersion in deionized
water at 20°C versus waste loading.
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Table 3.1

Waste Form Composition
Sol id i f icat ion Matrices Only

Portland Type I Cement

Component Weight % Activity(u Ci)

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

70
30
_
_

_
16.3
9.9
23.6

Component

Bitumen
Co-60
Cs-137
Sr-85

Pioneer 321 Bitumen

Weight % Activity^ Ci)

100
13.8
8.4
20.0

Vinyl Ester-Styrene Emulsion

Component Weight % Activity(» Ci)

Vinyl Ester
Styrene Monomer
Water
Catalyst
Promoter
Co-60
Cs-137
Sr-85

49

49
1
0
_
-
_

.2

.5

.26

.05
-
-

15.4
9.3

22.3

Vinyl Ester-Styrene

Component Weight % Activity(y Ci)

Vinyl Ester
Styrene Monomer
Water
Catalyst
Promoter
Co-60
Cs-137
Sr-85

97.9

0.7
1.3
0.05
-
-

-
-
_

13.9
8.4
20.0
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Table 3.2

Waste Form Composition
So l id i f i ca t ion Matrix Plus Simulated Waste

Portland Type I Cement/Sodium Sulfate

Component Weight % Act iv i ty(u Ci)

Cement Powder
Sodium Sulfate
(anhydrous)
Water
Co-57
Cs-137
Sr-85
Sr-90

65
5

30
_
_
-
_

6.3
6.3

12.5
0.3

Portland I Cement/Incinerator Ash

Component Weight % Activity(u Ci)

100
100
200
5.0

Vinyl Ester-Styrene/Sodium Sulfate

Cement Powder
Incinerator Ash
Water
Co-57
Cs-137
Sr-85
Sr-90

60
15
25
_

-

Component

Vinyl Ester-
Styrene Monomer

Sodium Sulfate
(anhydrous)

Water
Catalyst
Promoter
Co-57
Cs-137
Sr-85
Sr-90

Weight %

54.7

39.3

1.8
1.5
0.06
_

_

Activity(JJ Ci)

-
_ -
100
100
200
5.0
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Table 3,2 (continued)

Waste Form Composition
Solidification Matrix Plus Simulated Waste

Vinyl Ester-Styrene Emulsion/Sodium Sulfate

Component

Vinyl Ester-
Styrene Monomer

Sodium Sulfate
(anhydrous)

Water
Catalyst
Promoter
Co-57
Cs-137
Sr-85
Sr-90

Weight %

39.0

15.0

45.0
1.0
0.04
_

_
—

Activity(u Ci)

-

-
-
100
100
100
0

Bitumen/Sodium Tetraborate

Component Weight % Activity(u Ci)

Bitumen
Sodium Tetraborate
(anhydrous)
Co-57
Cs-137
Sr-85
Sr-90

80.0
20.0

_
_
_
_

-

100
100
200
5

Bitumen/Sodium Tetraborate

Component Weight % Act ivi ty^ Ci)

91
91

182
4.6

Bitumen
Sodium Tetraborate

(anhydrous)
Co-57
Cs-137
Sr-85
Sr-90

60
40

_

_

.0

.0
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Table 3.2 (continued)

Waste Form Composition
So l id i f i ca t ion Matrix Plus Simulated Waste

Portland Type I Cement/Sodium Sulfate

Component Weight % Act iv i ty(u Ci)

Soda-Lime Glass
Incinerator Ash
Co-60
Cs-137
Mn-54

a
a
_

'-
0.01-0.05
0.01-0.05
0.01-0.04

a. The waste form composition w i l l be determined.
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3.1.4 Sample Preparation. The samples prepared for conducting leaching
experiments were cylindrical with approximate dimensions of 4.8 cm diameter
and 6.4 cm length. Based on past experience this sample size is convenient
for laboratory studies. Additional samples were prepared for sample configu-
ration studies. These included small cylinders, approximately 2.5 cm diameter
by 2.5 cm height and a disc, approximately 6.0 cm diameter by 1.2 cm height.

The samples prepared for leach testing had radioactive tracers incorpor-
ated into the waste. The radioisotopes were Co-57, Cs-137, Sr-85 and Sr-90.
Because of the short half-life of Sr-85 (65 days), the isotope Sr-90 was added
to determine Sr leaching after long-term leaching. Sr-85 can be conveniently
determined by gamma-ray spectroscopy. Sr-90 determinations requires a chemi-
cal separation and beta-ray counting.

The low energy gamma ray emitted by Co-57 (T]y2=270 days) is better
suited to the automated Nal counting system and works well with the Geli
counting system. Formulations used to fabricate test specimens are given in
Table 3.1 for solidification matrix only and Table 3.2 for solidification
matrix plus simulated waste.

The soda-lime silica glass samples, which were produced at the Mound
facility, were cylinders approximately 2.5 cm diameter and 2.5 cm in height.
The glass specimens contain the radioisotope Cs-137, Mn-54 and Co-60.

3.2 Experiment Description

3.2.1 Leaching Tests. In the baseline study three leach tests were used
to determine the leachability of various radionuclides and solidification
agent constituents.

3.2.1.1 ANS 16.1 Leaching Jest. The ANS 16.1 Leach Tests is a
semi-dynamic leaching test in which the leachate is replaced periodically
after intervals of static leaching [8]. 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 unless otherwise specified. 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, as cumulative fraction release or as a release rate to facilitate
alternative methods of data treatment.

The leachant is typically distilled water with a conductance of < 5
ymhos/cm. The sampling interval has been modified to give more frequent
intervals and to extend the duration of the test beyond the 90 day standard.

3.2.1.2 MCC-3s Leaching Test. The MCC-3s Agitated Powder Leach
Test Method is a static leach test developed for determining the solubility
limits and the dissolution rates of materials used for the encapsulation of
high-level wastes [15].
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This method has been adapted for use with low-level waste materials to
determine solubilities of sample components in the leachate. Leachate elemen-
tal concentration must be monitored with respect to chemical saturation to
eliminate retardation of leach rates or mechanistic variations due to satura-
tion conditions.

3.2.1.3 MCC-4s Leaching Test. The MCC-4s Low Flow Rate Leach Test
Method is a single-pass flow through test which eliminates sampling interval
effects and large leachate concentration changes, providing better control
over the boundary conditions of leachant composition [16].

This leaching test was also developed 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.

3.3 Analytical Methods

Leachates were analyzed for a variety of materials depending on the com-
position of the solidification agent. Initially "spot checks" were made for
all elements of interest in the leachates. Spot checks were used to determine
what elements of interest were present in significant quantities from the var-
ious waste forms. From this information it was determined which leachates
should receive complete analysis for each of the elements in question. Cement
leachates were subjected to the most analysis since reactions within the mat-
rix cause significant differences in leaching among different elements. Table
3.3 shows which analyses were performed on leachates from the various soldifi-
cation agents. Specific analytical methods are given below.

3.3.1 Radiochemical Analysis. The radiochemical component of the leach-
ate such as Cs-137, Sr-85 and Co-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 [17] and ASTM D3649-78
[18].

3.3.2 Elemental Leachate Analysis. Analysis of leachates for non-radio-
active elements will be conducted with standard methods such as ASTM E663 [19]
and those in, Analytical Methods for Atomic Absorption Spectrophotometry,
revised January 1982, Perkin-Elmer Corporation, Norwalk, C.T [20].

3.3.3 Alkalinity. Will be measured by titration to the phenolphtalein
and methyl orange end points according to Method Number 403 from Standard
Methods for the Examination of Water and Waste Water, 15th edition, 1980 [21].

3.3.4 Analysis for pH. Will be performed using ASTM D1293 [22] with a
platinum combination probe.

3.3.5 Conductivity. Will be measured by ASTM D1125 [2]. Waste forms
will be analyzed before and after leaching by Scanning/Electron Microscopy
(SEM) to observe change in physical morphology and by Energy Dispersive Spec-
troscopy (EDS) to determine elemental ratios in profile and on waste form
surfaces.
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Table 3.3

Analysis of Leachates for Baseline Experiments

Analysis Cement

Na

K

Ca

Sr

Mn

Fe

Co

Si

Al

Sr-85

Co-60

Cs-137

PH
Alkal inity

Conductivity

Total Organic

Carbon

X

X

X

X

0

0

X

X

X

X

X

X

X

X

X

-

Bitumen

o
o
0

0

0

0

0

0

0

X

X

X

X

0

X

0

VES1

0

0

0

0

0

0

0

0

0

X

X

X

X

0

X

0

x = routinely analyzed
0 = spot check
- = not analyzed
1 = includes both emulsion and dry waste forms
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3.3.6 SEM/EDS. Methods used will be those discussed by Goldstein and
Yakowitz in Practical Scanning Electron Microscopy, Electron and Ion
Microprobe Analysis, (1975) [24].

- 18 -



4. LEACHING BEHAVIOR OF SOLIDIFICATION AGENTS

Leaching experiments were started during fiscal year 1984, as part of the
Leaching Mechanisms Program, and were continued until January of 1986 [1,3]
for a total of 510 days leaching time. The purposes of the baseline leaching
tests were:

to provide long-term data for statistical and modeling purposes

• to provide leaching data and solid phase data against which accelera-
tion factors could be evaluated and acceleration rates could be cali-
brated

to provide leaching data and solid phase data against which waste
effects could be evaluated

• to provide an understanding of prevailing leaching mechanisms.

4.1 Sample Description

Samples for this experiment were made as described in an earlier report
[3] and in Section 3. They consisted of the solidification agent (portland
type I cement, bitumen, vinyl ester-styrene emulsion and vinyl ester-styrene
solid) and aqueous radioactive tracers. Samples were produced and tested in
triplicate. Formulations are given in Section 3. Characteristics of the
individual samples that were tested are given in Table 4.1.

The relatively simple system of solidification agent/tracer allowed
leaching properties of the individual materials to be investigated without
alteration by the presence of wastes. Later work, as discussed in subsequent
sections, focused on leaching behavior of various solidification agent/waste
combinations.

4.2 Results of the Baseline Experiments

Results of the baseline experiments are described below for the var-
ious solidification agents. For each, data are presented as plots of Cumula-
tive Fraction Released (CFR) versus time in days and as Incremental Fraction
Release divided by time in seconds to give a leach rate as Fraction/Second
(F/Sec).

4.2.1 Portland Cement. Cumulative Fraction released of Cs-137 and Sr-85
are shown in Figure 4.1 for the duration of the experiment (510 days). No
Co-60 was observed in the leachate. This was expected since cobalt forms com-
pounds of very low solubilities at pH=ll or greater. The cumulative fraction
released of Cs-137 after 510 days averaged 0.817, where 1.00 is one hundred
percent release. The release of Sr-85 could only be followed for approximate-
ly 144 days because the short half-life {64 days) of that isotope. Its low
release rate resulted in leachate activities that were below detection
limits. At 144 days the average CFR for Sr-85 was 0.046.
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Table 4.1

Waste Form Characteristics

1.

2.

3.

4.

Sample
Number

PC-A1

PC-B

PC-B

PC-Blank

BIT-A2

BIT-B

BIT-C

BIT-Blank

VESE-A3

VESE-B

VESE-C

VESE-Blank

VESD-A4

VESD-B

VESD-C

VESD-Blank

Portland Cement

Bitumen

Weight
(g)

199.46

198.62

198.59

198.84

111.00

107.24

108.66

110.15

98.06

102.70

99.05

108.48

111.84

109.84

110.83

111.20

Height
(cm)

6.3

6.3

6.3

6.3

6.4

6.4

6.4

6.4

6.0

6.0

6.0

6.1

6.3

6.3

6.3

6.3

Vinyl Ester-Styrene Emulsion

Vinyl Ester-Styrene Dry

Diameter
(cm)

4.8

4.8

4.8

4.8

4.7

4.7

4.7

4.7

4.8

4.8

4.8

4.8

4.8

4.8

4.8

4.8

Surface
Area (cm2)

131.2

131.2

132.7

131.2

129.2

129.2

129.2

129.2

126.7

126.7

126.7

128.2

131.2

131.2

131.2

131.2

Volume
(cm3)

103.9

103.9

105.8

103.9

102.7

102.7

102.7

102.7

98.2

98.2

98.2

100.1

103.9

103.9

103.9

103.9
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Figure 4.1 Cumulative fraction releases from portiand cement for Sr-85 and
Cs-137. No release of Co-60 was detected.



Cumulative fraction released and release rates for Cs-137 from t r ip l icate
samples of cement are shown in Figures 4.2 and 4.3, respectively. Similar
results are shown for Sr-85 (only for 144 days due to radioactive decay) in
Figures 4.4 and 4.5.

There is l i t t l e scatter in the data for tracers leaching from cement
although as the release rates decrease with time, and the count rate drops,
the error becomes larger. This is seen in Figures 4.3 and 4.5 as increased
scatter in the lower right-hand section of the plots. I t also seems clear
that the release rates change abruptly when samplings change from daily to
longer intervals.

The standard deviation of the t r ip l icate samples for the final sampling
interval is 0.15 % for Cs-137 and 0.05% for Sr-85; expressed as a percentage
of the original activity in the waste form. The standard deviation for Sr-85
was calculated at 144 days.

4.2.2 Vinyl Ester-Styrene/Water Emulsion. Cumulative fraction
released for al l radionuclides from a VES emulsion sample are shown in Figure
4.6. Unlike cement there is l i t t l e difference in leaching among the isotopes,
indicating that none of the tracers reacted chemically with the sol idif icat ion
agent. Figure 4.7 shows cumulative fraction released from t r ip l icate samples
for Cs-137 while Figure 4.8 shows release rates for that isotope. Figures 4.9
and 4.10 are similar pair of plots for Sr-85 and Figures 4.11 and 4.12 are
plots for Co-60.

Cumulative fraction released were similar for a l l isotopes. Sample C had
a sl ightly greater release rate than other samples although the f inal CFR was
greater by only 0.0018 of the original activity in the sample. Variations in
releases particularly when the release rates were low, were related to count-
ing errors as well as small variations in the leach rate i t se l f . One standard
deviation of the Cs-137 releases at the last sampling interval was 0.003% of
the original activity in the waste form. At 130 days the standard deviation
for the three Sr-85 curves was 0.004%.

The steplike appearances of the cumulative fraction release plots may be
related to the way that the VES emulsion leaches. Apparently, small cells
that contain the tracers in the emulsion become accessible to leaching sud-
denlyly and a microburst of material is released. The fraction of activity
released allows the calculation of the volume of l iquid released since the
tracer was well mixed in the 49.5 ml of water contained in the sample, giving
a release of about 0.017 ml. This corresponds to a spherical cell with a
radius of about 0.16 cm which is much larger than the observed pores in this
material. The implication is that, not a single ce l l , but an interconnected
network of cells suddenly opened to leaching.

4.2.3 Bitumen. Cumulative fraction releases of Cs-137, Sr-85 and Co-60
are shown in Figure 4.13 for a single bitumen sample. Releases are much less
than those of cement and are about half that of the VES emulsion. Unlike VES,
different radionuclides leach at different rates, with Cs-137 being the fast-
est and Co-60 the slowest. These differences appear to be only sl ightly
greater than the inter-sample var iabi l i ty . Again, Sr-85 was tracked only for
144 days before radioactive decay rendered i t undetectable in the leachates.
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Figure 4.2 Cumulative fraction releases for Cs-137 from portland cement.
Final release was 0.817 of total act ivi ty in the waste form.
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Figure 4.7 Cumulative fraction releases of Cs-137 from t r ip l icate VES
emulsion waste forms. Note the scale used on the y-axis makes a
small difference seem large.
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Figure 4.8 Release rates for Cs-137 from triplicate VES emulsion waste
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larger counting errors due to low release rates.
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Figure 4.9 Cumulative fraction releases for Sr-85 from VES emulsion waste
forms. These data extend only to 144 days because radioactive
decay reduced the count rate to detection limit activities.
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Figure 4.10 Release rates for Sr-85 for t r ip l icate VES emulsion samples.
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Figure 4.11 Cumulative fraction releases for Co-60 from t r ip l icate vinyl
ester-styrene emulsion samples.
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Figure 4.12 Release rates of Co-60 from t r ip l icate vinyl ester-styrene
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counting errors resulting from low release rates.
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Cumulative fraction released of Cs-137 from t r ip l icate samples are shown
in Figure 4.14 and the release rates for those samples are shown in Figure
4.15. Figures 4.16 and 4.17 show CFR and release rates for Sr-85, respective-
ly , while Figures 4.18 and 4.19 show this information for Co-60.

Analysis of the scatter of the t r ip l icate samples at the f inal sampling
interval gave a standard deviation of 0.002% of the total activity for Cs-137,
0.003% for Sr-85 at 109 days and 0.002% for Co-60.

4.2.4 Vinyl Ester-Styrene/Dry Waste. Leach tests were conducted on VES
samples that were produced as a solid block of polymer, not as an emulsion.
Results, however, are not shown because release rates were so low that the
isotopes were not detected in the leachate. In later sections of this report
results wi l l be discussed for samples made of this material plus sulfate
salts. As a means of comparison, the estimated detection l imi t w i l l be used
as a maximum value for the baseline.

Comparisons of the cumulative fraction releases of Cs-137 from Portland
cement, bitumen and VES emulsion are shown in Figure 4.20. Release of Cs-137
from cement are high and approach 100% after 510 days. Bitumen and VES
release this isotope much slower, by a factor of more than 200. Strontium-85
releases from cement are also higher than those from bitumen and VES, but only
by a factor of 20 for the 144 day period during which i t could be followed.

4.3 Leaching of Solidification Agent Components

For each triplicate set of samples, containing radioactive tracers,
another sample without tracers was also leached. These "Blanks" were used for
solid phase analysis and their leachates were used for chemical analysis.
These samples leached for 471 days. Analyses were performed according to
Table 3.3.

4.3.1 ANS 16,1 Leachate Analysis. Results of chemical analyses on
cement leachates are given in Table 4.2, through sampling interval 25, giving
leaching data for one year. Leachates from bitumen and VES samples were "spot
checked" for these element. None were found to have concentrations above
detection limits. VES and bitumen were also analyzed for Total Organic Carbon
(TOC). In the case of both materials TOC was found to be below 1.5 ppm,
indicating that mass loss due to matrix dissolution is insignificant. In
cement leachates, as well as those from VES and bitumen samples, Fe, Mg and Cs
were below detection limits. Conductance was measured in leachates of the
blank samples and results are shown in Table 4.3.

4.3.2 Solubility Considerations. Another type of leach test was used to
determine solubility limits of various components of the cement. It was based
on the MCC-3 Agitated Powder Leach test in which pulverized samples are allow-
ed to leach without changing the leachant. Samples were withdrawn and passed
through a 0.2 p m filter.
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Figure 4.14 Cumulative fraction releases of Cs-137 from t r ip l icate bitumen
waste forms. Note the scale of the y-axis indicating that inter-
sample variabi l i ty is quite small.
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Table 4.2

Baseline Leaching Experiments
Elemental Analysis of Portland Cement Leachate

Time (days) Int. Ca(ppm) Si(ppm) A1(ppm) Na(ppm) K(ppm) Sr(ppm) Alkalinity1

0.00
0.08
0.29
1.0
2.0
3.0
4.0
5.0
11
18
32
46
67
92
102
137
161
181
202
223
244
265
289
307
328
353

1. As meq of

R
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

CaC03.

11
25
60
78
99
59
61
54
112
98
59
57
42
32
33
4.1
56
14
2.1
33
17
19
30
3.8
32
20

DL
DL
DL
DL
DL
1.5
1.6
1.5
1.2
2.8
2.8
2.6
2.3
2.6
2.5
_
_
_
_

_
_
-
_

DL
DL
DL
DL
0.7
0.6
0.6
0.6
1.2
1.4
1.2
1.3
1.2
1.4
1.1
1.1
1.2
0.9
0.7
1.3
1.0
0.7
1.4
0.8
1.4
1.3

0.7
2.5
2.7
5.2
6.3
4.2
4.6
4.5
15
11
7.6
11
12
1.8
3.7
7.1
4.5
4.5
4.2
4.3
3.9
2.9
3.4
2.4
2.9
3.4

2.6
8.9
9.3
20
23
18
17
17
71
49
26
41
47
39
12
11
6.2
6.2
6.0
6.1
5.9
4.1
4.8
3.2
3.6
3.8

DL
0.5
0.7
1.1
1.2
0.8
0.9
0.8
2.5
2.0
1.3
1.6
1.5
1.3
0.9
1.9
2.2
2.4
1.2
3.2
2.0
2.4
2.1
1.9
2.7
2.2

DL
0.02
0.04
0.10
0.10
0.07
0.07
0.05
0.14
0.11
0.07
0.08
0.06
0.06
0.04
_

_
_
_
_
_

_



Table 4.3

Baseline Leaching Experiments
Conductance (ymhos/cm) Analysis of Leachates

Time
(days)

0.00
0.08
0.29
1.0
2.0
3.0
4.0
5.0
11
18
32
46
67
92
137
102
161
181
202
223
244
265
289
307
328
353
370
395
412
442
471

Interval

Rinse
1
2
3
4
5
6
7
8
9
10
11
12
13
15
14
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Cement

17
60
90
510
800
110
280
160

1100
720
360
470
240
_
69
95
_
70
110
_
78
94
_
110
230
160
65
170
240
170
350

Bitumen

4.05
0.15
_

1.53
1.95
1.80
1.75
1.67
0.14
2.04
1.87
1.22
3.77
0.12
0.77
2.08
1.18
1.31
1.22
3.52
1.11
1.28
1.42
0.18
2.08
1.21
2.18
1.05
1.10
5.28
1.20

VES
Emulsion

0.08
0.17
2.26
1.84
1.84
1.86
1.63
1.85
0.17
3.28
4.02
1.13
2.45
0.18
1.20
1.39
1.21
1.11
1.23
3.34
1.11
1.18
1.38
1.03
1.18
1.20
2.30
1.41
1.46
0.97
2.68

VES
Dry

1.70
0.13
1.55
1.53
1.50
1.52
1.51
1.42
0.14
1.52
1.52
1.00
1.32
0.17
1.10
2.31
1.08
1.27

88.0
3.0
1.17
1.25
1.32
0.98
1.11
1.07
1.84

82.0
1.86
1.13
1.12
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Results are shown in Table 4.4. Elemental concentrations in leachates
from the MCC-3 tests were compared to those from the modified ANS 16.1 tests
to determine the degree of chemical saturation achieved in the ANS 16.1
samples. The highest concentrations, in the baseline tests, relative to
saturation were: 16% for Ca, 11.7% for Na, 10.8% for K, 4.1% for Sr and 11.7%
for conductance.

Concentrations r>f both Si and Al were significantly higher in the ANS
16.1 leachates than in those from the MCC-3 tests, in which these elements
were below detection limits. 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 reprecipitated Al and Si onto the solid
sample.

Mass losses, after one year of leaching, of the most soluble elements in
the cement are shown in Table 4.5. The masses of the elements in the waste
form were calculated from acid digests of the cement powder. Most of the
sodium was released after one year while only a small percentage of the cal-
cium was lost. However, since calcium comprises a large part of the cement
itself, it accounted for the largest mass loss.

Table 4.5

Percentage of Elements Leached After One Year From Portland Cement

Element

Ca

Sr

Na

K

4.3.3 Statistical Correlations. A statistical comparison of radionu-
clides and components of cement in the leachate, for the first fifteen sampl-
ing intervals of the baseline experiment, is shown in Table 4.6. This is a
correlation matrix which, in this case, indicates how closely the leaching be-
havior of various dissolved species are associated. The values given are the
correlation coefficients obtained when linear regression analysis is applied
to a comparison of any two species listed. These comparisons can best be
illustrated by a graph where the leachate concentration of one specie is plot-
ted against the leachate concentration of another, as in Figure 4.21 for

Concentration
in Cement
(mg/g)

419

2.10

2.26

14.3

Total in
Waste Form

(g)

58.7

0.294

0.315

2.00

Total
Leached

(g)

1.38

0.054

0.190

0.600

% Removed

2.4

18.4

60.3

30.0
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Table 4.4

Baseline Leaching Experiments
MCC-3 Agitated Powder Test for Saturation Limits

Time Ca(ppm) Si(ppm)* Al(ppm)2 Na(ppm) K(ppm) Sr-(ppm) Cs(ppm)3 Mg(ppm)"

1 730 DL DL 129 215 58 DL DL
i

& 2 695 DL DL 130 215 61 DL DL

3 690 DL DL 131 214 63 DL DL

4 670 DL DL 133 218 - DL DL

1. Detection l imit for Si = 1,0 ppm.
2. Detection l imit for Al - 0.6 ppm.
3. Detection l imit for Cs = 0.4 ppm.
4. Detection l imit for Mg = 0.5 ppm.
5. Results reported as mg.CaC03/ml.

Alkalinity5

1.10

1.0,"

1.05

1.06

Conductance
(u mhos/cm)

9340

9320

9760

9100



Table 4.6

Baseline Leaching Experiments
Correlation Matrix (R) of Elemental Releases From Portland Cement Leached at 20°C

Aluminum

Calcium 0.29

1 Aluminum
VD

, Silicon

Strontium

Sodium

Potassium

Cs-137

Sr-85

Alkal in i ty

Silicon

0.06

0.91

Strontium

0.72

0.79

0.53

Sodium

0.51

0.83

0.59

0.94

Potassium

0.57

0.77

0,50

0.96

0.99

Cs-137

0.28

0.59

0.61

0.52

0.50

0.48

Sr-85

0.18

-0.32

-0.33

-0.08

-0.15

-0.08

0.44

Alkal in i ty

0.92

0.56

0.29

0.87

0.73

0.76

0.33

-0.05

Conductance

0.91

0.39

0.11

0.80

0.64

0.70

0.29

0.04

0.90
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Figure 4.21 Plot of conductance (umho's/cm) versus alkalinity (as mgCaC03/L)
for portland cement leachates.



alkalinity plotted against conductance. If the points fall in a linear
manner, as they do in Figure 4.21, a good correlation between the two species
plotted is indicated. The correlation coefficient (R) approaches 1 as the
correlation between the two species improves. For Figure 4.21, R=0.90 which
can be found in Table 4.6 at the intersection of the conductance column and
the alkalinity row. For purposes of this analysis a correlation coefficient
of 0.85 or greater is considered to be significant.

Correlation coefficients that show significant relationships as
determined in this study are:

Al/Si = 0.91, Na/Sr = 0.94, K/Sr = 0.96, K/Na = 0.99, Sr/alkalinity =
0.87, alkalinity/Ca = 0.92, conductance/alkalinity = 0.90 and conductance/cal-
cium = 0.91.

It is particularly noteworthy that none of the radionuclides exhibit a
correlation with any component of the cement matrix. Even Sr-85, the radioac-
tive tracer, has no relationship with leaching of the strontium or calcium
from the cement itself. Moreover, the leaching behavior of Sr-85 does not ap-
pear to be controlled by the overall alkalinity or conductance of the leach-
ate. This lack of correlation of radionuclide releases with those of the
matrix elements implies that specific mechanisms governing releases of
elements in the matrix material are different from those regulating releases
of chemically similar elements added as radioactive tracers. For example,
sodium, potassium and cesium should leach similarly since they are all
alkali. However, no statistical correlation is seen between the leaching
behavior of the Cs tracer and that of the Na and K from the matrix.

This may be explained by the chemical form in which these elements are
held in the cement matrix. The sodium and potassium are present, in part, in
minerals that formed at high temperatures when the cement clinker was fired.
They need to pass into solution before leaching out of the waste form. The
Cs-137 is probably present in solution in pore water so no dissolution step is
required prior to leaching. This same mechanism, but involving different min-
erals with different solubilities, may also be used to explain differences in
leaching among the various radionuclides.

4.4 Solid Phase Analysis of Solidification Agent/Matrices

Replicate waste forms from the baseline experiment were sectioned before
and after leaching and were examined by Scanning Electron Microscope (SEM) and
Energy Dispersive X-ray Analysis (EDAX) to determine physical and chemical
changes due to leaching.

4.4.1 Portland Cement. Solidified portland cement is a multicomponent,
multi-phase system of considerable variety and complexity as hydration occurs
and new compounds form as the cement sets and cures. Chemical interactions in
cement can go for years, so cement cannot be viewed as a static material.
Changes can be dramatic if not well understood.
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The surface of a fresh cement sample, that had formed against the wall of
a polyethylene container, is shown in Figures 4.22 and 4.23 at magnifications
of 400 and 1900 times, respectively. To the eye, the sample was smooth and
glazed by contact with the container. Never-the-less it is apparent from the
micrographs that there is significant porosity. The smooth appearance
resulted from relatively few areas where the setting gel took the shape of the
container. Particularly in Figure 4.23 it is clear that cement consists of a
myriad of particles that have grown together as hydration proceeds. Porosity
in this material is tortuous and pores vary in diameter from about 10 y m
downward.

The chemistry of this material is best examined with EDAX, for these pur-
poses, over relatively large areas (10 mm2) to provide an averaging effect.
This multi-phase material and the rough surfaces require that EDAX results be
viewed as semi-quantitative and should be examined as ratios of elements, not
as concentrations. Figure 4.24 is an EDAX spectrum of the outer surface of an
unleached cement sample. Calcium and silicon predominate the composition but
potassium, aluminum and sulfur are also present. Iron is only seen as a trace
and sodium is undetected. The unlabeled peak between aluminum and sodium is
magnesium.

After leaching for 471 days the cement sample had undergone significant
changes. For example, in one year it had lost 2.4% of its total calcium (see
Table 4.5). Other changes had also occurred throughout the waste form. A re-
action rim had formed along the outside surface of the waste form, as shown in
Figure 4.25. This is pictured in Figure 4.26 from a sectioned waste form and
shows a thin zone that has a different color and texture than the interior.
From visual observation it appears to be approximately 1 mm thick. At mag-
nification of 400 times (Figure 4.26) the cement surface appears to have
become smoother and less porous than it was before leaching. This outer coat-
ing is shown in Figure 4.27 at a magnification of 1300x at an oblique angle.
It is yery fine grained compared to an unleached sample. Chemical analysis of
this layer by EDAX show that there are substantial chemical differences
between the leached and unleached surfaces. Comparison of the spectrum of an
unleached cement sample (Figure 4.24) with Figure 4.28, which is a spectrum of
the leached surface, shows that the less soluble elements, especially silicon,
are relatively enriched. Conversely, the more soluble elements are relatively
depleted. Calcium was substantially reduced and potassium was undetected.
Sulfur, while still detected, was much diminished. Exact mineralogy of this
surface remains to be determined by x-ray diffraction, but it is a distinctly
altered zone characterized by depletion of the more soluble elements. Never-
theless, the remaining material filled in the original waste form surface to
form what appears to be much less porous layer.

At the center of this same waste form the cement was unaffected by leach-
ing. Comparing a spectrum (Figure 4.24) of unleached cement with one from the
center of the leached waste form (Figure 4.29), there is little change notice-
able except the sulfur peak is lower in the leached sample. Of particular in-
terest is that potassium is still present in the center of the leached sample
even though 30% of the original mass of potassium had been leached out
(Table 4.5). This element was below detection limits in the center of an an
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Figure 4.22 Surface of unleached portland cement at a magnification of 400
times.
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Figure 4.23 Surface of unleached portland cement at a magnification of 1900
times. Note the great porosity and granular texture of the
material.
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UNLEACHED SURFACE

Figure 4.24 Spectrum of unleached cement surface. Note the presence of
potassium (K) and the relative peak heights of calcium (Ca) and
silicon (Si).
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Figure 4.25 Part of a sectioned waste form after leaching for 471 days.
Note the reaction rim around the top and sides which were exposed
to water.



Figure 4.26 Outer surface of a cement sample leached for 471 days. Compare
this to Figure 4.21.
finer.

The texture is much smoother and grain is
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Figure 4.27 Oblique angle of the leached surface at a magnification of 1300
times. The porosity is much lower than prior to leaching.
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Figure 4.28 Spectrum of the surface of; a cement sample leached for 471 days.
Compare this to Figure 4.23. The potassium (K) peak is gone and
the calcium (Ca) peak is reduced.
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Figure 4.29 Spectrum of the center of the leached cement sample. It more
closely resembles the spectrum of the unleached cement in Figure
4.23 than it resembles the1 outer edge of the leached sample. Note
that potassium is still present.
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identical cement sample that had been leached at 70°C for 18 days was as
discussed in the 1985 annual report [3] for this program.

A bubble near the center of this waste form was examined by SEM/EDAX.
The cavity was empty, but there were some bladelike crystals deposited on its
edges (Figure 4.30) which showed only calcium when examined by EDAX (Figure
4.31). This material is probably Portlandite (Ca(OH)2) which is highly
soluble. If much leaching had occurred at the center of the waste form the
Portlandite should have been readily leached. It is possible, however, that
it was redeposited during the drying process of sample preparation. This
material has been noted in cavities in unieached cement.

Solid phase analysis of cement leached at room temperature for protracted
times has been shown to result in a surface layer of different composition
than the bulk of the cement. This layer is relatively depleted in the more

soluble elements such as calcium, potassium and sulfur (presumably as SO^).
The porosity of this layer is lower than that of the original surface and the
material is finer grained.

4.4.2 Vinyl Ester-Styrene/Water Emulsion. Vinyl ester-styrene emulsion
is a two-phase material consisting of a solidified network of polymer and
aqueous waste. Electron microscope images were obtained using blank samples,
before and after leaching. Figure 4.32 shows the outer surface of a VES waste
form at a magnification of 400 times. Pores at the surface of the sample typ-
ically range from 12 ym to about 30 \im. Inside the surficial pores other
openings can be seen that are much smaller and appear to be less than l p m in
diameter. Figure 4.33 is an 180 fold magnification of the VES surface. Many
small pores can be seen inside the larger pores and in the polymer forming the
network around the larger pores. Another view of this material, taken of a
cut section at the interior of the waste form, is shown in Figure 4.34. There
is a large amount of cutting debris shown in this image. The polymer is some-
what elastic and tears rather than cuts clearly. Nevertheless, the interior
contains pores of the same size range and configuration as does the surface.
It is unclear if the water/waste solution is held in the large pores or in the
network formed by the polymer. Releases from VES are relatively low indicat-
ing that either there is little connection between pores or the pores were
formed by air being mixed into the material in the processes of forming the
emulsion. Often polymers that can form an emulsion with water will form a
skin around the cast form that is less porous than the bulk of the material.
This could also reduce leachability. In the case of the blank VES sample
shown in Figures 4.32 through 4.34, there does not appear to be any skin
formation.

No physical changes were observed in polymer samples that had leached for
471 days. These organic materials released less than 2 pg/ml total organic
carbon in leaching intervals that typically show high releases for soluble
components. Therefore, it is not surprising that no change in physical form
was found.

4.4.3 Bitumen and Vinyl Ester-Styrene/Dry Waste. Imaging of bitumen and
VES (dry) samples by SEM, both before and after leaching, showed no
significant surface features or porosity. None of these images is shown.
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Figure 4.30 A cavity in the center of the leached cement sample. Crystals
inside are thought to be portlandite (CafO^)) a highly soluble
mineral.
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Figure 4.31 Spectrum of a small area on one of the crystals shown in Figure
4.29. Only calcium is present.
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Figure 4.32 Surface of a vinyl ester-styrene emulsion at a magnification of
400 times. Most pores appear to be between 5 and 10 y m in
diameter.
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Figure 4.33 The surface of a vinyl ester-stjrene emulsion sample at 1800 fold
magnification. Much smaller pores are visible with diameters
less than l p m,
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Figure 4.34 Interior of a vinyl ester-styrene emulsion. There is consider-
able saw debris, but the pores are in the same size range as
those at the surface of the sample.
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5. LEACHING BEHAVIOR OF WASTE FORMS CONTAINING SIMULATED WASTES

In the previous section the leaching behavior of radionuclide tracers
from several solidification agents was discussed. In this section the leach-
ing behavior of those solidification agents, with wastes added is examined.
As described in Section 3, the waste forms consisted of:

• Portland Type I Cement + 5 wt% Na^O,, salt

• Portland Type I Cement + 15 wt% Incinerator Ash

• Bitumen + 20 wt% Na2B40; salt

• Bitumen + 40 wt% Na2Blf07 salt

• Vinyl Ester-Styrene Emulsion + 50% NajSO^ salt

• Vinyl Ester-Styrene (dry) + 40% Na^O,, salt

• Soda Lime Glass + Incinerator Ash

The leaching behaviors of these materials is analyzed relative to the
baseline studies presented in Section 4. Also, some preliminary results from
the solid phase analysis for some of these materials are presented. Although
no detailed chemical analysis has yet been performed on these samples data are
available for conductance, which is the single most useful indicator of bulk
leaching of salts.

5.1 Portland Cement + Na2S04 Salt

Sulfate salts are a major component of some reactor wastes. Although
sulfate salts are not generally compatible with cement, except in small quan-
tities, they are commonly solidified with cement. Potassium and sodium sul-
fates often occur in small amounts in portland cements as contaminants from
the raw materials from which the cement is produced [25]. Of greater conse-
quence is the CaSO^ added to cement to control the set time. ASTM limits on
S03 in cement are typically between 2.3 and 3.0% [25].

Care must be taken with formulations in which sulfate salts are incorpo-
rated into cement waste forms since too much sulfate results in swelling,
cracking and ultimately (if enough salt is present) catastrophic failure
[26], This occurs as the salt particles hydrate and swell. Moreover, the
reaction of sulfate with tricalcium aluminate in the cement results in
etteringite formation, which also is accompanied by a significant increase in
volume [26,27]. For this reason, cements produced to be "sulfate resistant"
contain a reduced amount of tricalcium aluminate.
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5.1.1 Leaching Results, Cement + Na-,SO,. Salt. Releases of Cs-137 from
triplicate cement waste forms containing 5 wt% Na2S04 salt are shown in Figure
5.1 along with results from the triplicate baseline samples presented in the
previous chapter for reference. After 108 days of leaching the samples con-
taining the sulfate salts had released about 20% more Cs-137 than the baseline
samples. Release rates of Cs-137 from these samples are shown in Figure 5.2
again compared to the baseline data. On the scale of this plot, little dif-
ference is noticed although the rate change in the baseline samples is
more pronounced after 10 days than it is for the samples containing sulfate
salt. The incremental fraction releases of Cs-137 from samples containing
sulfate salt are shown in Figure 5.3. Each set of data for similar sampling
intervals produces a distinct pattern on this plot. Specifically, the
activity leached in the first sampling of the daily intervals is greater than
that in the next, and so on until the longer sampling intervals start. How-
ever, this pattern breaks down toward the end of the experiment.

Releases of Sr-85 were different from Cs-137 releases relative to those
of the baseline. In Figure 5.4, no difference between the two sets is
observed. Average cumulative fraction released for sulfate-containing samples
was 0.041 while the CFR for the baseline was 0.043 over the same time period.
However, releases from the samples containing the salt increased in the last
two samplings. Sr-85 release rates are shown in Figure 5.5 compared to
release rates from a baseline sample. As in the baseline experiments, no
cobalt tracer was measured in the leachate.

5.1.2 Conductance. Values of leachate conductance for duplicate cement
samples containing sulfate salt are given in Table 5.1. Leachate conductance
values from cement samples containing sulfate salts are substantially higher
than those of the baseline, indicating that the salts are leaching from the
cement and contributing significantly to the ionic strength of the leachate.
The high sulfate concentrations in the pore water of these waste forms may
have helped keep the strontium Teachability at the level of the baseline sam-
ples by limiting its solubility. Cesium releases from the sulfate-containing
samples may be higher than the baseline due to increased porosity as the salt
dissolves. Cesium is little affected by chemical reactions with cement waste
forms. This increased porosity would have no effect on strontium releases if
its leaching is limited by solubility.

5.1.3 Solid Phase Analysis. Solid phase analysis has not been performed
on these samples yet because the leaching experiments are continuing, however,
a replicate sample of cement with 5% sodium sulfate salt has been tested for
immersion stability. The solid phase analysis of this sample gives insight
into processes that can occur in cement waste forms under immersion, which
includes leach testing.

Before leaching, the surface of the cement waste form containing 5 wt%
sodium sulfate salt (Figure 5.6) looked similar to that of the baseline cement
sample which contained no added salt (Figure 4.21). Even at high magnifica-
tion no discrete particles of salt were observed. Figure 5.7 shows the typi-
cal texture of cement, with fibrils intergrown to form the material.
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Figure 5.6 Outer surface of an unleached cement sample containing 5% sodium
sulfate at a magnification of 400 times. This surface is indis-
tinguishable from the unleached baseline cement surface (Figure
4.21).

- 62 -



Figure 5.7 Outer surface of an unleached cement sample containing 5% sodium
sulfate at a magnification of 4700 times.
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Table 5.1

Conductance (pmhos/cm) of Leachates from Cement Samples Containing
5% Sodium Sulfate

Time
(Pays)

0

0.08

0.29

1

2

3

4

5

10

17

31

45

66

87

108

129

Interval
Rinse

1
2

3

4

5

6

7
8

9

10

11

12

13

14

15

Sample D
Conductance (u mhos/cm)

70.7

840

610

1610

1190

2500

1080

520

2840

2240

3130

2110

2640

2340

2280

2650

Sample E
Conductance (u mhos/cm)

81.7

990

800

1630

990

2780

1870

710

2760

2050

3190

2410

2750

2210

2360

2810
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Elemental analysis of the surface (Figure 5.8) shows some enrichment of sulfur
over the baseline cement content. A low intensity sodium peak was also
observed in the salt-containing sample, whereas none was seen in the baseline
sample. Prior to leaching, pores and bubbles in the salt-containing cement
were empty or occasionally exhibited a few portlandite crystals. This is also
the case with unleached plain cement samples.

After immersion for 55 days at 50°C a replicate of the sample discussed
above was examined. Slight cracking around the bottom of the sample was
noted. Figure 5.9 shows the leached surface at a magnification of 400 times
and Figure 5.10 shows it at 1900 times. This surface which, prior to leach-
ing, was porous and open, was covered by a profuse growth of crystals after
leaching. Little porosity was evident.

Cut surfaces from inside this waste form were also examined. Figure 5.11
shows a sample of this material that was taken about 2 mm from the surface.
There is much cracking, apparently the result of swelling. No grains of salt
were found. On examining this section at high magnification and using EDAX it
was observed that there were distinct chemical differences. Areas near the
cracks were depleted of sulfur compared to spectra of the unleached cement/
sulfate salt waste form.

Examination of larger bubbles, which were empty in the unleached sample,
revealed that most were filled with crystals. Figures 5.12 and 5.13 show a
typical bubble at magnifications of 400 and 1100 times, respectively. The
spectrum shown in Figure 5.14 is from an EDAX analysis of a single crystal in
this cavity. It is significantly different than the spectrum of the unleached
waste form. No potassium or sodium are observed and the silicon peak is much
reduced. The sulfur from the waste had apparently reacted with aluminum, sil-
icon and calcium to form a new phase that preferentially grew into the open
cavities in the waste form. It is thought that this growth is ettringite, but
x-ray diffraction mineralogy of this material has yet to be performed.

5.1.4 Conclusions. Preliminary conclusions are based on 129 days of
leaching and on solid phase analysis of statically immersed samples.
Cesium-137 releases were initially slightly lower than the baseline samples
but increased rapidly after 100 days of leaching. The triplicate samples
showed a large variability in incremental release at the final sampling inter-
val. This may suggest that one waste form in particular suffered significant
internal damage due to swelling. Releases of Sr-85 were not noticeably dif-
ferent than those of the baseline experiments. However, the increase in Sr-85
release in the last sampling intervals paralleled those of cesium.

Solid phase analysis indicates that a new phase forms on the cement that
is composed of bladelike crystals. This growth appears to reduce the porosity
present prior to leaching. Inside the waste form there are new crystalline
materials formed from reactions of the cement and the waste. These materials
are most obvious in cavities where crystals form but may be present throughout
the structure. The internal cracking observed upon immersion may be the
result of this material forming in the solid phase of the waste form.
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UN LEACHED SURFACE, CEMENT WITH SULFATE

Figure 5.8 EDAX spectrum of the outer surface of an unleached cement sample
containing 5% sodium sulfate. Note that a small sodium peak is
present as well as a potassium peak. The sulfur is enriched
compared to the baseline cement (Figure 4.23).
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Figure 5.9 Outer surface of a cement sample containing 5% sodium sulfate
after static leaching for 55 days at 50°C. There is profuse
crystal growth covering the entire outer surface of the sample.
Magnification is 400 times.
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Figure 5.10 Outer surface of a cement sample containing 5% sodium sulfate
after static leaching for 55 days at 50°C. Magnification is 1900
times.
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Figure 5.11 Interior of a cement sample containing 5% sodium sulfate after
static leaching for 55 clay's at 50°C. This is a cut sample from 2
mm inside the outer edge. Note the many cracks.
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Figure 5.12 A bubble that after leaching was full of crystals,
typical of any voids in the sample.

This was

- 70 -



Figure 5.13 A close-up view of the bladelike crystals f i l l i ng a pore in the
leached sample. Their morphology suggest that the mineral is
ettr ingite.
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CRYSTAL LEACHED CEMENT WITH SULFATE

Figure 5.14 EDAX spectrum of one of the crystals from Figure 5.13. This
spectrum is significantly different from that of the unleached
cement containing sodium sulfate shown in Figure 5.8. Sulfur and
aluminum are enriched and silicon is depleted beyond normal
cement composition.
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5.2 Portland Cement + 15% Incinerator Ash

Incinerator ash is composed of a broad range of materials depending on
the waste fed to the incinerator and on the conditions of combustion. Some of
the materials typically found in ash can react with cement by supplying addi-
tional silica to the cementitious reactions. For this reason fly ash is some-
times used as an additive to improve cement. Incinerator ash, however, is
much less homogeneous than fly ash and cannot be counted on to improve a waste
form.

5.2.1 Leaching Results. Cs-137 releases from triplicate samples of
cement containing incinerator ash are shown in Figure 5.15. When compared to
the baseline releases at 129 days there is little difference in the final cum-
ulative fraction releases, however, the curve shapes are different. It is
unclear if the data will begin to diverge beyond 150 days. Release rates are
shown in Figure 5.16 for Cs-137 and it appears that release rates for samples
containing ash are falling below the baseline by the later part of the experi-
ment. This experiment is continuing and further data should clarify the dif-
ferences in curve shape.

Sr-85 releases are 15 times lower than Cs-137 releases. This is similar
to the baseline cement samples as well as cement samples containing sodium
sulfate salts. Figure 5.17 shows the cumulative fraction release of Sr-85
from cement samples containing 15% incinerator ash. Strontium releases are
about 20% higher than the baseline and look to be steadily increasing. This
is more apparent in Figure 5.18 where the release rates are plotted. The rate
curves are significantly different and the strontium releases have exceeded
the baseline.

No cobalt was observed in the leachate as is the case with other cement
waste forms.

5.2.2 Conductance. Conductance values from the leachate for duplicate
samples are shown in Table 5.2. Conductance is higher in leachates from sam-
ples containing ash than from those of baseline samples. However, it is lower
than in leachate from cement samples containing sulfate salt. It is unclear
why Sr-85 releases are elevated si.nce the high conductance indicates large
quantities of material leaching out of the waste form. This should inhibit
not accelerate leaching. Similarly Cs-137 releases are not significantly dif-
ferent from the baseline. The higher ionic strength of the leachate should
inhibit release of this isotope as well.

5.2.3 Conclusions. Conclusions regarding the leaching of waste forms
containing incinerator ash are preliminary. More information, such as extend-
ed leaching results and solid phase analysis, are required. Early information
indicates that Cs-137 leaching is not altered by the presence of incinerator
ash. Releases of Sr-85, however, appear to be changed by incinerator ash.
Cumulative fraction releases of triplicate samples all show greater fraction
releases than the baseline. Moreover, the curve shape appears to be signifi-
cantly different. It is unclear if this is a change in mechanism, or the
result of somewhat different interior morphology due to inclusion of the ash.
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Figure 5.15 Cumulative fraction release of Cs-137 from t r ip l icate cement
waste forms containing 15% incinerator ash compared to CFR of a
baseline sample.
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taining 15% incinerator ash compared to the release rate of
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Table 5.2

Conductance (ymhos/cm) of Leachates from Portland Cement Samples Containing
15% Incinerator Ash

Time
(Days)

Rinse

0.08

0.29

1

2

3

4

5

10

17

31

45

56

87

108

129

Sample D
Conductance (pmhos/cm)

18

330

2310

590

490

1250

490

100

1120

900

1080

1180

1270

1150

1120

1080

Sample E
Conductance (ytnhos/cm)

29

330

350

900

610

2700

680

200

1130

940

1440

1070

1320

1060

970

1030
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5.3 Bitumen + Borate Salt

Waste forms with two salt concentrations, 20% and 40% Na2Bit07 were
leached in this study. Results of the two will be discussed together. No
solid phase analysis has been performed on the bitumen samples as the tests
are continuing.

5.3.1 Leaching Results, Figure 5.19 is a comparison of the cumulative
fraction releases of the three isotopes from bitumen containing 40% borate
salts. Cobalt leaches more slowly than cesium and strontium. This was also
the case for the baseline experiments.

Data for samples containing salts are limited since the 40% samples have
been leaching for 129 days while the 20% samples have leached for only 46
days. This preliminary data shows that dramatically different leaching behav-
ior was observed for waste forms containing the two salt concentrations. Cum-
ulative fraction releases of Cs-137 for triplicate samples containing 20% and
40% borate salts and a baseline sample, which contained no salts, are shown in
Figure 5.20. Release rates are shown in Figure 5.21.

When viewed on a log/log plot (Figure 5.22) this data helps show the dif-
ferences in behavior. Samples with 40% salt started leaching slowly but water
quickly penetrated the sample and leaching began to accelerate after a few
days. After 40 days the incremental fraction release started to decline, pre-
sumably due to depletion, since the samples had lost 40% of the tracer. By
100 days these samples had lost most if not all of the Cs-137.

In contrast to these samples are the 20% borate salt samples and the
baseline. As far as the data goes these two sets of samples have identical
leaching behavior. Longer term data will be required to determine if leaching
of the samples containing 20% borate salt will follow the baseline or if it
will begin to increase after an initial period during which water penetrates
to the salt particles.

A log/log plot of Sr-85 release is shown in Figure 5.23. These releases
are similar to those of cesium but there is more scatter in the data from the
20% salt samples. Cumulative fraction release and release rates for this
radionuclide are shown in Figures 5.24 and 5.25.

Cobalt fraction releases are shown in figure 5.26 while the release rates
are shown in Figure 5.27. As with the other isotopes, the samples containing
20% salt leached at a rate similar to the baseline samples. However, there is
more scatter in the data.

5.3.2 Conductance. Conductance measurements on leachates from the bitu-
men waste forms provided a good overall measurement of releases of the borate
salts from the matrix. The values listed in Table 5.3 reflect what was
observed in the radionuclide leaching data. Conductance of the 20% sslt sam-
ples remained low through 87 days and was comparable to the baseline conduc-
tance. Values for the leachate from the 40% borate samples, however, were
extremely high, making a dramatic jump after five days. Conductance peaked at
66 days and had dropped 6-fold by day 145, reflecting sample depletion.
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single bitumen waste form containing 40% sodium tetraborate.
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Figure 5.23 Cumulative fraction release of Sr-85 from samples containing 20%
and 40% sodium tetraborate and from a baseline sample.
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40% sodium tetraborate and Co-60 from a baseline sample.

- 82 -



Table 5.3

Conductance (ymhos/cm) of Leachates from Bitumen Samples Containing 20% and
40% Sodium Tetraborate

Time
(Days)

0

0.08

0.29

1

2

3

4

5

10

17

31

45

66

87

108

129

145

Interval

Rinse

1

2
3

4
5

6

7

8

9

10

11

12

13

14
15

16

Conductance
20% borate

2.15

1.25

2.02

0.20

1.60

1.40

1.25

1.35

—

2.00

1.61

1.35

—

1.65

—

—

Conductance
40% borate

1.28

96.7

69.4

92.7

17.9

1.55

2.00

3.70

85.0

1280

2600

3170

4100

3750

2510

1630

693
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5.3.3 Conclusions. Although results of the leaching experiments,
particularly those for the 20% sodium tetraborate samples, were relatively
short-term, substantial waste effects have been observed. Samples containing
20% salt leached much like the baseline samples which contained no salt.
Those containing 40% salt leached at a much greater rate and were near deple-
tion by 100 days. After 129 days the cumulative fraction released from the
40% salt samples were 450 times those of the baseline. From Figure 5.22 it
can be seen that after approximately half of the Cs-137 had been released
there was a sharp decrease in leach rate, presumably due to depletion. The
extreme difference in leaching behavior between 20% and 40% salt samples can
be explained by the number of interconnected salt particles that provide a
pathway for water. Conversely this same phenomena may be viewed in terms of
the average thickness of bitumen coatings on individual grains of salt.

5.4 Vinyl Ester-Styrene/Emulsion With Sulfate Salt Solution

Vinyl ester-styrene samples containing 15% Na2SQ4 made as an 50% emulsion
with a solution of Na2S04, are being leached. Preliminary leaching results
have been obtained to 129 days. The samples discussed in this section are
still being leached so solid phase analysis is not available.

5.4.1 Leaching Results. Figure 5.28 shows cumulative fraction released
from VES emulsion for the three isotopes used in this study. Cobalt and
strontium had similar releases at about 9%, Cesium releases were slightly
higher at 10.3%.

Cumulative fraction released for Cs-137 from the VES/sodium sulfate solu-
tion emulsion are shown in Figure 5.29. Releases are about 35 times greater
than from the baseline samples after 129 days. Figure 5.30 shows the release
rates of both sets of samples. The baseline samples had a linear drop in
release rate with time that was independent of sampling frequency. This is
reasonable because only tracer quantities of material were moving into the
leachate. Therefore, there was no reduction in leach rate due to increased
concentration in the leachant. Samples containing sulfate salts had greater
release rates, but they also evidenced a distinct change in release rate at
about 10 days.

Strontium releases shown as CFR and as release rates are presented in
Figures 5.31 and 5.32. Cobalt releases were similar to those for strontium
and are not shown.

5.4.2 Conductance. Values for leachate conductance are given in Table
5.4 for duplicate VES emulsion samples. Conductance values are typically 1G0
times those of the VES baseline. They are equivalent to, or slightly lower
than, the cement baseline values which exhibit a similar trend of changing
release rate with sampling intervals greater than one day.

5.4.3 Conclusions. Leaching of Cs-137 from VES emulsion samples was 35
times greater when sodium sulfate solution was included in the waste form than
when distilled water was used. The release rate of this material was
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Table 5.4

Conductance (ymhos/cm) of Leachates from Vinyl Ester-Styrene Emulsion Samples
Containing Sodium Sulfate

Time
(Days)

0

0.08

0.29

1

2

3

4

5

10

17

31

45

66

87

108

129

145

Interval

Rinse

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Conductance
Sample D1

76

260

190

360

230

—

310

120

520

250

190

89

71

48

39

20

52

Conductance
Sample E:

38

310

210

340

230

—

310

130

510

190

240

120

; 48

? 14
64

53

54

1 D and E are duplicate samples
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influenced by the concentration of salt in the leachate with the rate changing
as sampling intervals changed. This was not the case for the release rate
from baseline samples which decreased linearly on the log/log plot. Solid
phase analysis may be important in resolving why the behavior of the waste
bearing samples is different than that of the baseline.

5.5 Vinyl Ester-Styrene + Dry Sulfate Salts

The vinyl ester-styrene copolymer system was used to solidify 40 wt% dry
sulfate salts. Leaching data for these samples extends to only 67 days, but
releaes are quite high, approaching 80% for one sample. These leaching
experiments are continuing, therefore, no solid phase anlaysis have been
obtained.

5.5.1 Leaching Results. Figure 5.33 shows cumulative fraction released
for cobalt, strontium and cesium from a VES/dry salt sample containing 40 wt%
sodium sulfate salts. For this sample strontium leached the fastest followed
by cobalt and then cesium. This trend is not repeated by other samples and
the overall scatter in the data is such that no pattern, of any single isotope
leaching fastest, was observed. Therefore only Cs-137 releases will be dis-
cussed.

Cumulative fraction released of Cs-137 from triplicate samples are shown
in Figure 5.34. Also shown is an estimated maximum release for a VES dry sam-
ple which contained no salt. Releases from the actual baseline samples were
below detection limits (for a 1000 minute count), therefore, an estimated max-
imum release was calculated based on these minimal count rates. Releases of
radionuclides by samples containing salt are 200 to 300 times the estimated
maximum baseline release. There is wide spread among replicate samples. For
example, the 67 day cumulative fraction releases of three samples were 47%,
71% and 77%. Release rates are shown in Figure 5.35.

5.5.2 Conductance. Conductance values of leachates from duplicate VES
samples containing 40% sodium sulfate salt are shown in Table 5.5. These high
conductance values indicate that significant quantities of salt leached
from the waste form. Further analysis by atomic absorption spectrophotometry
will determine, the fraction of salts released to determine if releases of salt
and radionuclides are closely related.

5.5.3. Conclusions. Releases of various isotopes from VES containing dry
sodium sulfate salts were similar; there does not appear to have been any pre-
ferential retention of a particular isotope. There were significant effects
due to waste loading on leaching. Releases of Cs-137 from VES samples con-
taining 40% salts were 325 times larger than releases from the baseline and
reached an average of 65% release. Release rates decreased linearly on the
log/log plot (Figure 5.35) to 11 days then increased. The subsequent
decrease, after 50 days, is probably due to depletion.
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Table 5.5

Conductance (^mhos/cm) of Leachates from VES Samples
Containing 40% Sodium Sulfate

Time
(Days)

0
0.08
0.29
1
2
3
4
5
11
18
32
44

Interval

Rinse
1
2
3
4
5
6
7
8
9
10
11

Conductance
Sample D

70
480
420
680
450
320
230
270

1280
550
220

Conductance
Sample E

62
550
450
740
540
350
260
200
—
870
340
290

5.6 Soda Lime Glass + Incincator Ash

Low leach rates were expected for soda lime glass/ash waste forms.
Elevated temperatures and leaching of a pulverized sample waste were tried in
separate tests.

5.6.1 Leaching Results

A glass/ash waste form was leached at 50°C in deionized water using the
modified ANS 16.1 test. Cs-137 was not observed in the leachates after 67
days.

A second sample was leached at 90°C for 28 days in deionized water.
Cs-137 was not observed in the leachate.

A third sample was pulverized to a fine powder and leached in deionized
water in accordance with the MCC3 Agitated Powder Leach Test. Again, Cs-137
was not observed in the leachate.

5.6.2 Conclusions

The low leach rate expected for glass and the relatively low initial
source terms for Cs-137 in the glass/ash waste forms may account for the lack
of observable Cs-137 in the leachates.

- 92 -



6. THE EFFECT OF DISPOSAL ENVIRONMENT ON THE LEACHING BEHAVIOR OF
WASTE FORMS

6.1 Simulated Grounclwater Leaching of Radionucl ides

A major objective of this program is to determine the leaching behavior
of low-level waste forms in disposal environments. Contact of the waste forms
with the local groundwater initiates leaching of radionuclides after disposal
in a shallow land burial site. For the purposes of this discussion the waters
in contact with the buried waste forms can be considered to be of two types:
first, a well-oxygenated local groundwater formed by percolation of rainwater
through the soil; second, anoxic trench water formed by the reaction of
biodegradable wastes in contact with the groundwater.

The initial leaching experiments were conducted using a wel1-oxygenated
simulated groundwater. Future leaching experiments using a leachant which
simulates anoxic trench water are planned since these may be more aggressive
leachants.

A review of the properties of groundwater and trench water is presented
to provide information for understanding groundwater effects.

6.1.1 Selection of a Representative Groundwater. The discussion pre-
sented in this section will be used as background for the design of a method
to prepare a simulated water representative of burial site conditions. The
simulated water will be used to determine waste form leaching behavior using a
modified ANS 16.1 leach test to approximate leaching in a natural environment.

6.1.2 Major Ion Constituents of Groundwater. The composition of a
natural water at any specific site is a function of the varieties of soil,
vegetation and other matter present at and near the site. Although the com-
positions of natural waters are quite variable, some generalities regarding
composition are available. For example, virtually all natural waters have
been said to contain sulfate, chloride and carbonate and bicarbonate salts.
Representative concentrations of these anions in a "typical" natural water are
listed in Table 6.1 [6,28].

Although the information in Table 6.1 is not very useful for any specific
site, it does serve to point out that groundwater and trench water may be
expected to contain significant amounts of these anions.

The ionic composition of well waters is derived from two major processes:
the dissolution of carbonates and feldspars by soluble carbon dioxide derived
from the atmosphere. Representative dissolution and precipitation reactions
are the dissolution of calcite (CaC03) and the formation of Kaolinite [29].
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Table 6.1

Representative Concentrations (ppm) of Chloride, Sulfate and Bicarbonate Plus
Carbonate Anions in Natural Waters

Chloride

Sulfate

Bicarbonate
plus Carbonate

Rainwater

1

4

1

Terrestrial
Waters

6

12

35

Wedepohl, K.H., Geochemistry, Holt, Reinhart and Winston, Inc., New York,
1967.

CaC03 + C02 + ^ 0 + Ca+2 + 2HCO3

calcite

NaAlSi3O8(S) + CO, + 11/2 ^ 0 j Na++ HCOj

+ 1/2 AljSi
Kaolinite

More specific information is available from studies of trench waters and
well waters from the low-level waste burial sites at Barnwell, South Carolina,
Maxey Flats, Kentucky and Oak Ridge National Laboratory, Tennessee [30,31,-
32]. For purposes of discussion, groundwaters are defined as water from the
shallow land environment which has not been affected by the buried waste. The
groundwater compositions are all dominated by calcium, magnesium, sodium and
potassium cations and sulfate, chloride and bicarbonate anions. The ground-
water compositions are qualitatively consistent with the representative anion
compositions listed in Table 1 for terrestrial waters in that sulfate,
chloride and bicarbonate account for virtually all of the inorganic anion con-
tent even though the quantities and relative fractional compositions vary.

A typical groundwater composition is given in Table 6.2 for well 313 (6.3
meters deep) at the ORNL Area 6 Engineered Test Facility [31].
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Table 6.2

Concentrations of the Major Cations and Anions in Groundwater from ORNL
Well 313

Species

Na
K
Ca
Mg
Cl
so,,-2

HCO3 -
1

Concentration
(ppm)

3.80
0.46

57.00
2.86
2.30
3.20
120.0a

(meq/L)

0.165
0.012
2.844
0.235
0.065
0.067
3.437a

a. Calculated from the total alkalinity (as CaCO3) of 172 ppm.

In sum, available evidence indicates that trench water compositions at
the shallow land burial sites vary considerably from the ambient groundwaters
at these sites. The trench waters had relatively low Eh values and contained
ferrous and ammonium cations but little, if any, sulfate whereas the ground-
waters were relatively oxidizing and contained substantial amounts of sulfate,
but no ferrous or ammonium ions. These trench water characteristics probably
result from chemical decomposition and/or biodegradation of the waste. Such
degradative processes also tend to produce significant amounts of soluble
organic matter. Such compositional characteristics need to be accounted for
in any leachant formulation intended to mimic disposal environments.

6.1.3 Degradation Processes at a Waste Landfill. Since the purpose of
this task is to design a method to prepare a synthetic groundwater leachate it
is useful to review the processes which may occur at a hypothetical disposal
site. Hemm and others [33] have considered those processes which may occur
during the aging of a landfill. The following biological stages were envis-
ioned along with representative reactions.

1. Aerobic decomposition of waste

org 0 2 ->• C 0 2

2. Anaerobic decomposition
2

SO^" + 2 C * H,S + 2HC03 +
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3. Anaerobic methane production
Corg + " 2 ° : C02 + Cl^

4. Final aerobic stage due to incoming oxygenated waters and
cessation of biological activity

+2 +

Fe + 3/2 0, > 2Fe(0H)3 + 3H + 3H20
Site conditions will alter the theoretical degradation pattern consider-

ably. Nutritional deficiencies in the waste may impede the microbial popula-
tion.

The final aerobic state in a disposal site will be reached when biologi-
cal activity has ceased due to depletion of the substrates. Aerobic condi-
tions are reestablished by oxygen and carbon dioxide in the infiltrating
water. However, anaerobic conditions at a waste disposal site may exist for
considerable lengths of time, up to several decades or even longer. Thus,
although the leaching of solidified waste will be by the ambient groundwater
of the disposal area in the very long term, anoxic trenchwater may be respon-
sible for release of a significant amount or even most of the activity from
the waste forms.

6.1.4 pH-Eh Characteristics of Fresh Waters. Eh is a measure of the
aqueous oxidation-reduction (redox) potential. Functionally,

Eh = E (measured) + E
where j

E (measured) = redox potential measured viith a platinum electrode
and a secondary reference electrode

E = standard half cell potential of the reference electrode

The oxidation and reduction reactions of organic carbon, iron and sulfur are
significant in determining Eh.

The pH is a measure of the aqueous hydrogen ion concentration.

pH = -log [H+]

The pH may be controlled by biochemical reactions in environments rich in
organic biodegradable matter.

In the absence of biodegradable organic matter, the pH is determined by
the weathering or alternation of aluminum silicate materials, the dissolution
and precipitation of carbonates and cation exchange reactions with fine-
grained sediments or clays (Carver, 1971) [34].
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The pK of most natural waters lies between 4.5 and 8.2. In this pH
range, a major contributor to the buffering capacity of water is the first
dissociation of carbonic acid

H2C03 (aq) + H+ + HCO3

The f i r s t dissociation constant of carbonic acid is

[H+][HC03~]
K =
1 C03]

Taking logarithms and introducing the definition of pH and the value of K, at
25°C (Langmuir, 1968)[35] we find,

[HC03~ ]
pH = 6.36 + log

A convenient way to compare the pH-Eh condition of natural water is given in
Figure 6.1 [36]. The Eh conditions of shallow groundwater at disposal sites
are generally between those of an Eh range of 0 to 0.4 volts. Trench waters
are generally more reducing with an Eh in the range of 0 to 0.2 volts [30,31].

6.1.5 Organic Matter: Occurrence and Identity. Most natural
waters contain some dissolved organic carbon (DOC) [37]. A comparison of
several sources of water is made in Table 6.3.

The dissolved organic substances in natural waters encompass a wide range
of compounds from CH4 to high molecular weight polymers. Humic substances
made up high percentage of the total dissolved organic carbon (DOC) in natural
waters and appear to be the single most abundant organic constituent of these
waters [38,39]. Humic substances are the major organic constituent of soils
and sediment and are widely distributed over the earth's surface in both the
terrestrial and aquatic environment. Humic substances are hydrophillic, poly-
electrolyte materials in the molecular weight range of a few hundred to
several thousand [40].

Complexes of inorganic ions with organic molecules constitute a substan-
tial fraction of the total amount of some elements in groundwater. Using fil-
ters that allow only molecules smaller than a molecular weight of 1000 to
pass, found that 20% of the Mg, Ca, Sr, and Ba and much of the SO^ (80%) in
groundwaters from basaltic rock formations remained associated with water
enriched in organic molecules.

The complexing of radionuclides with humic substances has been investi-
gated using many analytical techniques. These studies have been review by
Boggs [41]. Concentrations as low as 1 mg/L can produce a detectable increase
in the mobility of some actinide elements by forming soluble complexes that
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Figure 6.1 Approximate position of some natural environments in terms of Eh
and pH, (Garrels, 1960 and Bass Becking, et al., 1960).
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Table 6.3

Typical Dissolved Organic Carbon (DOC) Concentrations in Natural Waters

Water Type

Seawater

Groundwater

Lakes & Streams

U.S. Southeastern
coastal plain r ivers

Typical LLW
deposit s i t e

DOC (mg/1)

0.1

1.0

5.8

45

200-3000

inhibit adsorption of the radionuclides onto rock materials. Chebatina [42]
reported that plant extracts increase the movement of Co through soil and also
desorbs Co from the soil.

6.1.6 Colloids and Suspended Particulate. Colloids are particles less
than 10 u m in size that commonly remain suspended because their gravitational
settling is less than 10"2 cm/sec. Colloids in natural waters are generally
humic substance or clay particles [43]. Particles of colloidal dimensions are
important vehicles for the transport of sorbed radionuclides (Cs, Sr, Am) in
soil and groundwater. Little information is available but Schnitzer and Khan
[44] briefly discussed the behavior of organic colloids in metal ion binding.

6.1.7 Comparative Summary of Oxic Groundwater Versus Anoxic
Trenchwater. A comparison of the trench water compositions with

their respective groundwaters shows substantial differences, as listed in the
following observations.

• The sulfate content of the trench water is substantially reduced com-
pared to the groundwater.

• Ferrous iron and ammonium cations appear in significant concentration
in trench water whereas they do not appear in groundwaters.

• The Eh values (i.e., oxidation potential) of both the shallow land
burial site trench waters are reduced from those of the groundwaters.

The reduced Eh values of the trench waters compared to the groundwaters
explain the presence of ferrous iron and ammonium cations, which do not sur-
vive in the more oxidizing well waters. Conversely, sulfate, which is a high-
ly oxidized species, is abundant in the well waters but is much reduced in the
less oxidizing trench waters.
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In sum, both types of groundwater (oxygenated and anoxic) may be expected
to contribute to waste form leaching. Anoxic leachants may dominate in the
relatively near term following disposal, up to approximately a century.
Following this, the ambient (oxygenated) groundwater of the area will dominate
leaching.

6.2 Experiment Description
6.2.1 Leach Test Procedure. The ANS 16.1 test procedure was used to

conduct leaching test with waste forms containing simulated waste using a mod-
ified sampling schedule. The test specimens were cylinders approximately 5.1
cm in diameter by 6.4 cm in height. The simulated oxygenated groundwater
described below was used as the leachant and the tests were conducted at 20°C
using a leachant volume of 1.3 liters.

6.2.2 Preparation of a Simulated Groundwater. Humic substances were
obtained from a local top soil. Prior to extraction the soil was air dried at
room temperature and sieved to pass a 2.38 mm standard sieve to remove gravel
and roots. The dried soil (10 kg) was leached with 40 liters of deionized
water for two weeks. The soil leachate was filtered sequentially to pass 30
pm, 5 \\m and 0.2 pm filters to remove suspended soil particles.

The mineral content of the groundwater was simulated by addition of the
salts listed in Table 6.4 to deionized water. The solution was saturated with
C02 (dry ice) to dissolve the Ca(0H)2 as CafHCOg),. To this solution, 20
liters of the filtered soil leachate was added. The resulting solution was
stirred and diluted to a final volume of 200 liters.

Table 6.4

Inorganic Salts Used to Prepared 200 L of Simulated Groundwater

Salts

Ca(0H)2

MgS04-7H20

KCl

NaHC03

FeCl3 .6H20

Weight (g)

21.08

2.909

0.173

1.920

0.169

6.3 Simulated Groundwater Leaching - Radionuclide Results

The leaching results obtained for leaching with the simulated groundwater
are described below. The results were compared with those obtained for
deionized water.
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6.3.1 Portland I Cement/5% Na9SOu Leaching. Figure 6.2 shows the
cumulative fraction released (CFR) for Cs-137 from Type I portland cement
incorporating 5% Na2S04. The Cs-137 CFR fraction at 88 days was 48 %.
Reproducibility of the data from t r ip l icate samples appears to be fa i r
although stat ist ical analysis has not yet been done. The average Cs-137 CFR
for this groundwater leaching test is about 15% lower than that observed using
deionized water at 80 days.

Very low to uridetectable concentrations of Sr-85 were found in the
groundwater leachates. Co-57 was also not found in the leachates, probably
due to i ts low solubil i ty at pH 10 to 12.

6.3.2 Portland I Cement/15% Ash Leaching. Figure 6.3 shows the CFR for
Cs-137 from portland type I cement incorporating 15% incinerator ash. The
Cs-137 CFR at 88 days was 38%. The reproducibility of the data appears to be
good although a stat ist ical analysis has not yet been performed. The average
Cs-137 CFR for groundwater leaching is about 10% lower than that observed
using deionized water at 80 days.

6.3.3 Vinyl Ester-Styrene/15% Na?S0lt/H?0 Emulsion. Figure 6.4 shows the
the Cs-137 CFR plotted against time from vinyl ester-styrene, water emulsion
waste forms incorporating 15% ^SO^ for t r ip l icate samples. The Cs-137 CFR
at 88 days was 57%. The Cs-137 release from groundwater leaching was
significantly lower than that observed using deionized water. The scatter in
the data is due to both counting errors as well as microscopic inhoraogenities
in the samples.

6.3.4 Vinyl Ester-Styrene/40% Na9SOa . Figure 6.5 shows the Cs-137 CFR
plotted against time from vinyl ester-styrene incorporating 40% Na2S0(+ as
anhydrous salt The Cs-137 leaching is significantly lower in the groundwater
than in deionized water. The scatter in the leaching data, particularly that
observed in deionized water, is l ikely due to the inhomogeneous nature of the
samples.

6.3.5 Bitumen/20% Na,B^O,. Figure 6.6 shows the Cs-137 CFR plotted
against time from bitumen incorporating 20% sodium tetraborate (Na2Bi+07) as
the anhydrous salt. The leaching of Cs-137 appears to be somewhat greater in
groundwater. Considerable uncertainty in the data is due to significant
counting errors due to low activit ies observed in the leachates and the
inhomogeneous nature of the samples.

6.3.6 Bitumen/40% Na^O?. Figure 6.7 shows the Cs-137 CFR plotted
against time from bitumen incorporating 40% by weight sodium tetraborate
(Na2Bli07). Uncertainties in the data are probably due to the inhomogeneous
nature of the samples. The leaching of Cs-137 in groundwater is less than
that observed in deionized water.
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7. EVALUATION OF LEACH RATE CONTROLLING FACTORS

A qualitative review of factors that affect leaching is available [2],
These factors deal with three aspects of the total leaching test: the system,
leachant and waste form.

System factors include time, temperature, radiation environment, pres-
sure, and the ratio of leachant volume to waste form area. Time is considered
in Sections 4 and 5 of this report. The effects of pressure on leachability
is considered to be negligible, with the possible exception of bitumen waste
forms for shallow land burial. Radiation doses of up to 108 rads are have
been shown to be of little significance for leachability. The effects of
temperature and leachant volume are examined in this section.

Leachant factors include pH, Eh, flow or replacement frequency and leach-
ant composition. The leachant factors of pH and flow are discussed in this
section. Experimental work on the effect of Eh is planned for the future.
The effect of leachant composition has been discussed in Section 6 in the con-
text of groundwater effects on leaching.

Waste form factors include composition, surface condition, porosity and
waste form surface area to volume ratio. The effects of composition are dis-
cussed in Section 5 of this report. Surface condition is discussed in Sec-
tions 4 and 5 of this report dealing with solid phase analysis. Waste form
surface area to volume ratio is discussed in this section for the leaching of
samples of differing size and shape. This section reviews results obtained
for leaching Cs-137. Results for Co-57 and Sr-85 will be discussed in reports
to be issued.

7.1 Temperature Effects on Leaching

Temperature has been identified as a significant factor which effects the
rate of leaching from solidified waste. Short-term scoping experiments were
performed using specimens consisting of only the solidification matrix and
radionuclide tracers [3]. This section reports on experiments using waste
forms which contain simulated waste in addition to radioactive tracers.

7.1.1 Experiment Description. The ANS 16.1 leaching test was used to
determine the leaching of Co-57, Sr-85 and Cs-137 from solidified waste forms
incorporating simulated waste. The waste form specimens were cylinders ap-
proximately 5.1 cm in diameter by 6.4 cm in height. The leaching tests were
run at 20, 40 and 50°C using 1.3 liters of deionized water as the leachant.

7.1.2 Temperature Effects - Radionuclide Leaching
7.1.2.1 Portland I Cement and 5 wt% Na,SOL. Plots of Cs-137 cumu-

lative fraction release (CFR) results versus time for portland type I cement
samples containing 5% by weight Na^SO^ leached at elevated temperature are
presented in Figure 7.1. Releases of Cs-137 increased with increasing temper-
ature. A statistical analysis of the replicate variability along with the re-
sults for Sr-85 will be reported at a later date. Co-57 was not observed in
the leachate.
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7.1.2.2 Portland I Cement and 15% Incinerator Ash. Plots of Cs-137
CFR versus time for portland type I cement samples containing 15% by weight
incinerator ash leached at elevated temperature are presented in Figure 7.2.
Releases of Cs-137 showed little, if any, increase with increasing tempera-
ture. Replicate precision for all samples appears to be good but a statisti-
cal analysis has yet to be performed. Results for Sr-85 will be reported at a
later date. Co-57 was not observed in the leachates.

7.1.2.3 Vinyl Ester-Styrene/15% Na,S0L/H,0 Emulsion. Plots of Cs-137
CFR versus time for vinyl ester-styrene water emulsion waste forms, containing
15% Na2S01+J leached at elevated temperatures are presented in Figure 7.3.
Releases of Cs-137 did not consistently increase with temperature. In fact,
Cs-137 CFR at 40°C and 50°C were consistently lower than those observed at
20°C at leaching times less than 100 days. Failure to respond to temperature
as an accelerating factor may be related to changes induced in the structure
of the matrix caused by elevated temperatures. The variability of the CFR
from replicates makes accessment of the temperature effects on leaching uncer-
tain.

7.1.2.4 Vinyl Ester-Styrene/40% Na?SOk. Plots of Cs-137 CFR from
vinyl ester-styrene waste forms with 40% by weight Na2S04 leached at several
temperatures are shown in Figure 7.4. The release of Cs-137 appears to
increase monotonically with temperature. However, there is considerable scat-
ter in the 20 and 50°C data. This is due to the inhomogeneous nature of the
samples, which consist of anhydrous sodium sulfate particles dispersed in the
solid plastic matrix, the nature of the leaching process, and changes induced
in the structure of the matrix caused by elevated temperatures. As with the
vinyl ester-styrene water emulsion matrix variability of the data makes the
temperature effect on the material uncertain.

7.1.2.5 Bitumen/20% Sodium Tetraborate. Plots of cumulative frac-
tion release of Cs-137 versus time from bitumen waste forms containing 20% by
weight sodium tetraborate (^B^O-,) at 20, 40 and 50°C are shown in Figure
7.5. The fraction released is very small compared to the inherent variability
of the leaching system. Cs-137 releases at 40 and 50°C are erratic and incon-
sistent, but generally higher than observed at 20°C. Uncertainties due to low
release rates of Cs-137 make the assessment of temperature effects somewhat
unreliable and limits the usefulness of temperature as an accelerating factor
for these bitumen waste forms.

7.1.2.6 Bitumen/40% Sodium Tetraborate. Plots of cumulative frac-
tion release of Cs-137 versus time from bitumen waste forms containing 40% by
weight sodium tetraborate (Na^O;) at 20, 40 and 50°C are shown in Figure
7.6. The fractional releases are not monotonic with increasing temperature.
At 100 days all the waste forms are approaching depletion of Cs-137. As
described in Section 5, these samples swelled and cracked on being leached.
At the 40% waste loading, salt particles may be in physical contact allowing
relatively rapid water permeation which may be responsible for the swelling of
the waste forms and the rapid release of Cs-137. Such a rapid release mecha-
nism overwhelms any statistical possibility of observing temperature effects
with any precision.
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7.2 Scoping Study of the Effect of the Ratio of Waste Form Surface Area to
Leachant Volume

The rate at which the leachant becomes saturated with leached materials
directly affected by the ratio of waste form surface area to leachant volume.
This factor is closely related to the replacement frequency or flow of the
leachant which also controls how fast the leaching system approaches a steady
state.

7.2.1 Experiment Description. The leaching of Co-57, Sr-85 and Cs-137
was determined using the ANS 16.1 leach test with increasing leachant volumes
to waste form surface area. Deionized water (1.3 L, 2.6 L and 3.9 L) was used
as the leachant at 20°C with waste forms containing simulated waste. The
waste form specimens were cylinders approximately 5.1 cm in diameter by 6.4 cm
in height.

7.2.2 Leachant Volume Effects-Radionuclide Leaching Scoping Tests
Results

7.2.2.1 Portland I Cement and 5% Na?SOk. Plots of the Cs-137
CFR versus time for portland type I cement waste forms containing 5% by weight
Na2S0it, leached with increasing volumes of deionized water are shown in Figure
7.7a. Equivalent Sr-85 CFR versus time data is shown in Figure 7.7b. The
releases of both Cs-137 and Sr-85 were both decreased by increasing leachant
volume contrary to expectations. This effect could be explained by the forma-
tion of insoluble carbonates at the waste form surface. The increasing vol-
umes of leachant increases the availability of dissolved CO^ precipitate CaCO^
and block surface pores which allow the diffusion of Cs-137 and Sr-85. In ad-
dition, Sr-85 could be coprecipitated along with calcite (CaC03).

7.2.2.2 Vinyl Ester-Styrene/40% Na,S0L. Plots of the Cs-137 CFR
for vinyl ester-styrene containing 40% by weight NajSO^ leached with increas-
ing volumes of deionized water are shown in Figure 7.8a. The release of
Cs-137 did not consistently increase with larger volumes of leachant. It
should be noted that the rate of leaching of Cs-137 is rapidly increasing,
Figure 7.8b on approaching 180 days of leaching. The rate of leaching appar-
ently overwhelms any acceleration effect due to increases in the leachate vol-
ume. Also, the statistical scattering in the data due to inhomogeneties in
the samples further obscure any effects.

7.3 Scoping Study of the Effects of pH on Radionuclide Leaching

The effects of pH are expected to result from the interaction between
leachant ions, waste components and solidification agent. Low pH is expected
to enhance the solubilization of most metal cations while high pH limits the
solubility of most cations except those of the alkali metals. Since carbon
dioxide, bicarbonate and carbonate ions are majors contributor to the buffer-
ing capacity of natural groundwater, the pH range of natural waters lies
between 4.5 and 8.2. The sensitivity of leaching to pH was tested over
approximately the range expected for natural waters.
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The effect of pH on leaching operates simultaneously with the effect of
solution ionic strength. The ionic strength of solution is defined as

V = 1/2 i C Z
i i i

where

C-j = concentration of ion species i (moles/L)

Z-j = charge of the ion

Ionic strength is a measure of the total ionic concentration in solution.
Diffusion from solids into solution is expected to decrease with increasing
ionic strength for common and/or competing reacting ions. In fact, solutions
prepared from deionized water by the addition of acids or bases will have
greater ionic strength than deionized water. Consequently, whether pH or
ionic strength dominates the leaching process depends strongly on the waste
form characteristics.

7.3.1 Experiment Description
7.3.1.1 Test Procedure. The ANS 16.1 leaching procedure was used

to conduct pH sensitivity tests with waste forms containing simulated waste
using a modified sampling schedule. The test specimens were cylinders approx-
imately 5.1 cm in diameter by 6.4 cm in height. Test were conducted at 20°C
using a leachant volume of 1.3 liters.

7.3.1.2 Leachants. Leachants of initial pH 3, 4 and 5 were pre-
pared by dilution of concentrated nitric acid deionized water. A dilute solu-
tion of sodium bicarbonate (0.006N) in deionized water was used as the
leachant with an initial pH of 8.

7.3.2 pH Effects Scoping Study of Radionuclide Leaching
7.3,2.1 Portland I Cement/5% Ha7S0u/H^Ul The effect of the initial

pH of the leachant solution may have little effect on the leaching of cement
waste forms since the pH of hydrated cement due to the presence of a saturated
solution of Ca(0H)2 in the pore fluid is 12.5. The Cs-137 CFR versus time re-
sults for portland I cement containing 5% by weight Na2S0lf are shown in Figure
7.9. Leachant solutions with an initial pH of 3, 4 and 5 slightly decreased
the amount of Cs-137 released possibly because increased solubilization of ma-
trix and waste components increased the ionic strength of the leachant and
thereby suppressed the diffusion of Cs-137 from the waste form. The alkaline
solution of sodium bicarbonate (pH=8) also suppressed the leaching of Cs-137
from the waste forms, possibly due to the formation of calcite (CaCO3) at the
waste form surface which could reduce the waste form's permeability. The
deionized water solution (pH=6) showed the maximum release for Cs-137 leach-
ing.
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7.3.2.2 Portland I Cement/15% Incinerator Ash. Plots of the Cs-137
CFR versus time for port!and type I cement waste forms containing 15% by
weight incinerator ash for leaching with solutions of increasing initial pH
(4, 6 and 8) are shown in Figure 7.10. The deionized water solution (pH=6)
showed the largest release of Cs-137. As with the Portland I cement forms
containing 5% by weight Na^SO^ both the pH 4 and pH 8 leachants suppressed the
release of Cs-137 (Section 7.3.2.1).

7.3.2.3 Vinyl Ester-Styrene/15% NaySOu/H,0 Emulsion. Plots of the
Cs-137 CFR versus time from vinyl ester-styrene water emulsion waste forms
containing 15% by weight Na^SO^ leached with solutions of increasing pH (4, 6
and 8) are shown in Figure 7.11. Clearly, the ionic strength of solution
dominates the short-term leaching of these waste forms. Deionized water
produced the largest release of Cs-137. For both pH 4 and pH 8 the release of
Cs-137 was significantly reduced.

7.3.2.4 Vinyl Ester-Styrene/40%Na/,SO^ . Plots of Cs-137 CFR versus
time from vinyl ester-styrene waste forms containing 40 wt% Na^SO^ leached
with solutions of increasing initial pH (4, 6 and 8) are shown in Figure
7.12. The release of Cs-137 was not consistent with pH and may be dominated
by the solubilization effects on the waste salt of low pH. The maximum
release of Cs-137 observed for the alkaline NaHCOd solution (pH=8) is not
clearly understood and needs further investigation. It should be noted that
the substantial increase in the incremental release rate after 10 days of
leaching, noted in Section 5, could possibly be overwhelming any pH effects.
Also, statistical scattering in the Cs-137 CFR due to the inhomogeneous nature
of the samples may contribute to this uncertainty.

7.3.2.5 Bitumen/20% NayBaO;. Plots of Cs-137 CFR versus time from
bitumen waste forms containing 20 wt% sodium tetraborate (Na^B^Oj) leached
with solutions of increasing initial pH (4, 6 and 8) are shown in Figure
7.13. The release of Cs-137 at pH 4 was clearly greater than that at pH 6 and
pH 8. Since the ionic strength of these leachates is expected to be small,
the sol.ubilization by low pH is expected to dominate the release process.

7.3.2.6 Bitumen/40% Na, Ê  0,. Plots of Cs-137 CFR versus time from
bitumen waste forms containing 40% by weight sodium tetraborate (Na,^O;)
leached with solutions of increasing pH (4, 6 and 8) are shown in Figure
7.14. No consistent effect due to pH was observed. The pH and ionic
strength effects have probably been overwhelmed by the rapid release of Cs-137
due to the high waste loading. The rate of release of Cs-137 increases
substantially after 10 days of leaching as noted in Section 5.

7.4 Leachant Flow Effects

The ideal condition for leaching solidified waste forms occurs when the
concentration of leached material in the leachant is negligible. Maximum
leach rates will be observed when the concentration of the diffusant in the
leachant approaches zero. Ideally, flowing leach tests maintain low
concentrations of leached substances in the leachant.
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The MCC-4S leaching test assumes a well mixed, constant flow rate system
with a fixed leachate volume [16]. The leachate volume to sample surface area
is large to keep the linear flow small. The leaching effluent is assumed to
be the average concentration inside the leaching vessel.

The data analyses procedure in MCC-4S which calculates the leach rate is
formally correct only when the leach rate is constant. If the leach rate is
changing with time then the calculated rate is either: (i) greater than the
actual rate for the case in which the leach rate is decreasing with time or,
(ii) less than the actual rate when the leach rate is increasing.

This is clear upon examining the analytical procedure specified in
MCC-4S.The amount of a species leached from a waste form at any point in time
is:

Quantity in solution in Quantity Quantity Quantity lost
leaching vessel (C2V) = Initially + Leached - by flow from

in solution from form vessel

C2V = C;V + LMt - FCAt (7.1)

where

C2 = concentration in the leaching vessel at time t2 (g/cm3)

Ĉ  = concentration in the leaching vessel at time tx (g/cm3)

V = volume of leachate (cm3) in the leaching vessel

C = average of C^ and Ĉ

L = leach rate (g/sec cm2)

A = surface area of the waste form (cm2)

At = t2 - tA = leaching interval (sec)

F = flow rate (cm2/sec)

At the start of the experiment, (i.e., t=0 and (^=0), the concentration in the
leaching vessel is changing rapidly.

At some time later, depending on leach rate and flow rate, the system may
approach a steady state. The approach to steady state, including its depen-
dence on leach rate and flow rate has been reported by Seefeldt [45].
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1) For the case of a constant leach rate at steady state

dt

L = — (7.2)
A

Which is the MCC-4S equation for leach rate.

However, for leaching real waste forms the leach rate is generally not
constant. This is so for two reasons: (a) the source term is finite, there-
fore, depletion results in a decreasing leach rate and (b) if the leach rate
is dependent on diffusion, as is generally assumed, then the leach rate is
never constant based on the diffusion mechanism for leaching.

The leach rate derived from Equation 7.1 is.

L = C2V - CtV + FCAt (? 3,
A At

Preliminary examination of experimental data for LLW suggests that there
can be significant differences between leach rates calculated by Equation 7.2.

Since the leach rate of LLW is never constant over any significant length
of time, the error introduced by approximating Equation 7.3 with Equation 7.2
is not known. Therefore, it is not clear how well Equation 7.2 approximates
actual leach rates for low-level wastes.

Additonally, the incremental fraction released (cumulative fraction
released is not calculated in the method) is obtained from the experimental
data for the MCC-4S flow test by measuring small grab samples from the flowing
leachate stream. This introduces an uncertainty in the calculations not only
because not everything is being counted, but also because any change in leach-
ability between sampling intervals is not measured directly but, must be
extrapolated for the uncounted leachant. Consequently, there exists no
accurate manner of determining CFR.

7.4.1 Experimental Description. The MCC-4S flow leach test was used to
determine the leachability of Co-57, Sr-85 and Cs-137 from solidified waste
forms prepared from both solidification agents and from solidification agents
containing simulated wastes. The waste form specimens were cylinders approxi-
mately 5.1 cm in diameter by 6.4 cm in height. The leaching test were run at
20°C using deionized water at flow rate of about one liter per day.
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7.4.2 Flow Test - Radionuclide Leaching Results
7.4.2.1 Portland I Cement. The incremental fractional release

rates (Rate (f/s)) of Cs-137 from portland I cement waste forms, shown in
Figure 7.15a, were calculated using Equation 7.3. The Cs-137 results for the
flow test were in good agreement with those obtained from the modified ANS
16.1 semidynamic leach test up to 60 days of leaching. After 60 days the rate
dropped more rapidly for the flow test possibly indicating that the waste form
was being depleted. Unfortunately, the drop in the Cs-137 leach rate could
also be due to other causes, for example, the buildup of leachable salts from
the waste form because of inadequate mixing and dilution. Since CFR values
for the flow test are not available the results are inconclusive.

Results for the incremental fractional release rates of Cs-137 using the
MCC-4S test equation (Eq. 7.2), although formally inadequate for low-level
waste forms, produced similar results, Figure 7.15b.

7.4.2.2 Vinyl Ester-Styrene Water Emulsion Polymer. Plots of
incremental fraction release (Rate (f/s)) of Cs-137 from vinyl ester-styrene
water emulsion waste forms, are shown in Figure 7.16a. Leach rates were cal-
culated using the modified flow test rate equation (Eq. 7.3). Leach rates for
the flow test were considerably higher than from the Modified ANS 16.1 Leach
Test, indicating an acceleration in the release of Cs-137.

Results for Cs-137 incremental release rates using the MCC-4S flow test
test equation (Eq. 7.2), although formally inadequate for low-level waste
forms, produced similar results, Figure 7.16b.

7.4.2.3 Portland I Cement and 5% Na^SCL.. Plots of Incremental
fraction release rates (Rate (f/s)) of Cs-137 from portland I cement waste
forms containing 5% by weight NazS0. were calculated, using the modified flow
test rate equation (Eq. 7.3), are snown in Figure 7.17. Duplicate samples
were used for the flow test. The release rates for the flow test agree with
those observed for the modified ANS 16.1 semidynamic leach test after 10 days
leaching. No acceleration of the leach rate was observed. The scattering in
the rate data from the flow test is indicative of the experimental difficul-
ties encountered with simulated waste containing waste form during flow test.
The statistical reliability of the results is being further investigated.

7.4.2.4 Portland I Cement and 15% Incinerator Ash. Plots of incre-
mental fractional release rates (Rate (f/s)) of Cs-137 from portland I cement
waste forms containing 15 wt% incinerator ash are shown in Figure 7.18. Leach
rates were calculated using the modified flow test rate equation (Eq. 7.3).
The rate results agree well with those from the modified ANS 16.1 leach test.
No increase in the release rate for Cs-137 was observed for the flow test.

7.4.2.5 Vinyl Ester-Styrene/15% Na,SO /H,0 Emulsion. Plots of
incremental fractional release rates (Rate (f/s)) of Cs-137 from vinyl ester-
styrene water emulsion polymer waste forms containing 15 wt% Na^S0H are shown
in Figure 7.19. Leach rates were calculated using the modified flow test rate
equation (Eq. 7.3). The Cs-137 rate results after 10 days of leaching are
only slightly lower than those observed for the modified ANS 16.1 leach test.
No acceleration in the leach rate was observed.
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7.4.2.6 Vinyl Ester-Styrene/40% Na9SOtt. Plots of incremental frac-
tion release rates (Rate (f/s)) of Cs-137 from vinyl ester-styrene waste forms
containing 40 wt% NajSO^ are shown in Figure 7.20. Leach rates were calculat-
ed using the modified flow test rate equation (Eq. 7.3) The Cs-137 rete
results were somewhat accelerated after 10 days of leaching compared to the
results for the modified ANS 16.1 leach test. Statistical evaluation of the
significance of the results remains to be performed.

7.4.2.7 Bitumen/20% Na?Blt/O^. Incremental fraction release rates
(Rate (f/s)) for Cs-137 from bitumen waste forms containing 20 wtfc sodium
tetraboratp (Na^B^O?) are shown in Figure 7.21. Leach rates were calculated
using the modified flow test rate equation. No acceleration in the Cs-137
release rate for flow was observed relative to the modified ANS 16.1 Leach
Test.

7.4.2.8 Bitumen/40% Na9 Bu O7. Plots of incremental fraction release
rates (Rate (f/s)) for Cs-137 from bitumen waste forms containing 40 wt%
sodium tetraborate (Na^O?) are shown in Figure 7.22. Leach rates were cal-
culated using the modified flow test rate equation (Eq. 7.3). The Cs-137
release rate was essentially in agreement with the results observed for the
modified ANS 16.1 leach test. No acceleration in the rate of release was
observed.

7.5 Waste Form Configuration

As discussed in an earlier literature survey [2], small scale test speci-
men may provide an accelerating factor to estimate long-term radionuclide
releases. Small test samples of large surface area to volume ratio can be
used to predict leaching of larger waste forms under certain conditions.
Powdered samples of homogeneous specimens would be ideal. However, most LLW
forms are heterogeneous and the practical limitations of sample size must be
considered to minimize the effects of inhomogeneity and particle size. Exper-
iments were conducted with samples of increasing surface to volume ratio while
keeping the leachate volume to sample surface area constant.

7.5.1 Experiment Description. Leaching test were conducted using the
ANS 16.1 leaching procedure using a modified sampling schedule. The test was
performed using deionized water at 20°C and a leachant volume 10 times the
surface area of the sample. Three sample sizes were employed: a small cylin-
der (approximately 2.5 cm diameter by 2.5 cm height), a cylinder (approximate-
ly 5.1 cm diameter by 6.4 cm height) and a disc (approximately 15.2 cm dia-
meter by 1.3 cm height). The larger cylinder (5.1 cm x 6.4 cm) was used as a
standard of comparison as most other tests in this report were conducted with
samples of this size.

7.5.2 Waste Form Volume to Surface Area Effects on Leaching
7.5.2.1 Portland Type I Cement and 5% Na,SOL. Cumulative fraction

releases for Cs-137 versus time from a small cylinder (V/S=0.42) compared to a
larger cylinder (V/S=0.91) for portland type I cement waste forms containing
5% by weight Na2S04 are shown in Figure 7.23. The results for the small
cylinder showed a clear accelerating effect on leaching. The precision in the
leaching data appears to be quite good, but statistical analysis needs to be
performed.
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Figure 7.24 shows the Cs-137 cumulative fraction releases versus time for
a disc (V/S=0.62) compared to a cylinder (V/S=0.91) of portland type I cement
containing 5% by weight NajSO^. The disc results also showed a definite
acceleration in the release of Cs-137 with relatively good precision in the
data.

Figure 7.25 shows the Cs-137 for all the waste forms. The release of
Cs-137 increased consistently with decreasing sample volume to surface area as
expected.

7.5.2.2 Portland I Cement/15% Incinerator Ash. Cumulative fraction
releases for Cs-137 versus time for a small cylinder (V/S=0.42) compared to a
larger cylinder (V/S=0.91) for portland type I cement forms containing 15% by
weight incinerator ash are shown in Figure 7.26. Similar results are shown
for the disc shape (V/S=0.62) versus the cylinder (V/S=0.91) in Figure 7.27.
In both cases, some acceleration in the Cs-137 released was observed,, A sta-
tistical analyses of the data will be performed in the future to determine if
the results are significantly different.

7.5.2.3 Vinyl Ester/15% Na?SOL/H,0 Emulsion. The cumulative frac-
tion releases for Cs-137 versus time for a small cylinder (V/S=0.42) compared
to a larger cylinder (V/S=0.91) for vinyl ester-styrene water emulsion waste
forms containing 15% sodium sulfate are shown in Figure 7.28. In addition,
similar results for the same type of waste form, but the disc shape (V/S=0.62)
versus the cylinder (V/S=0.91) are shown in Figure 7.29. The degree of accel-
eration with decreasing waste form volume to surface area (V/S) appears to be
significantly less for the smaller cyclinder, but greater for the disc. The
reason for the inconsistency in the results are not understood at this time.

7.5.2.4 Vinyl Ester-Styrene/40% Na,SQ,. The cumulative fraction
releases for Cs-137 versus time for small cylinder (V/S=0.42) compared to a
larger cylinder (V/S=0.91) are shown in Figure 7.30 for vinyl ester-styrene
waste forms containing 40% Na2S04. Similar results for the same waste form
type, but disc shape (V/S=0.62) versus the cylinder (V/S=0.91) are shown in
Figure 7.31. The small cylinder appears to accelerate the release of Cs-137.
However, all the waste forms could be expected to approach depletion of Cs-137
as 100 days of leaching is approached. The release of Cs-137 is probably dom-
inated by mechanistic factors that are of greater significance than sample
shape.

7.5.2.5 Bitumen/20% NaB^O;. The release of Cs-137 from bitumen
waste forms containing 20% by weight sodium tetraborate were determined for
three sample configurations. The results for Cs-137 CFR versus time for a
small cylinder (V/S=0.42) are shown in Figure 7.32 and results for a disc
(V/S=0.60) compared to the cylinder (V/S=0.91) are shown in Figure 7.33.
Release rates for Cs-137 at this waste loading are very low. The observed
differences in Cs-137 CFR are probably not statistically significant. Encap-
sulation of the waste and radionuclide salt particles by bitumen, which is
only slightly permeable to water is probably responsible for the observed very
low release rates and overshadow any effects of sample configuration.
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larger cylinders (V/S=0.91) from vinyl ester-styrene water emul-
sion waste forms containing 15% by weight Na2S0(t.
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Figure 7.33 Cumulative fraction release (CFR) of Cs-137 versus time from
tr ip l icate discs (V/S=0.60) compared to t r ip l icate larger
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7.5.2.6 Bitumen/40% Na?BuO, The release of Cs-137 from bitumen
waste forms containing 40% by weight sodium tetraborate were determined for
three sample configurations. The results for Cs-137 CFR versus time for a
small cylinder (V/S=0.42) compared to a large cylinder (V/S=0.91) are shown in
Figure 7.34, and results for a disc (V/S=0.60) compared to cylinder (V/S=0.91)
are shown in Figure 7.35. Significant amounts of Cs-137 were observed in the
leachates so that the observations should be statistically accurate. Results
for the three sample configurations do not appear to be significantly
different. Sample inhomogenities and the nature of the release mechanism may
account for the scatter in replicate sample precision. In all cases the
release of Cs-137 appears to be completed by approximately 100 days of
leaching. The dominant release process apparently overwhelms any differences
from the effects of sample shape.

- 134 -



1QT 0
BITUMEN/405; Na2B407

10T-!

U.
(>

T
u

10t-3

1 I I I ll[ T

x
X X

| 3
ft x xx

X A

It

V/S-
V/S-

.42 Sm Cyl

.91 Cyl

10T-2 10t-l 10T 0
TIME

1QT 1 1OT 2 1OT 3
( d )
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Figure 7.35 Cumulative fraction release (CFR) of Cs-137 versus time for
tr ip l icate discs (V/S=0.60) compared to t r ip l icate larger
cylinders (V/S=0.91) from bitumen waste forms containing 40% by
weight sodium tetraborate (Na2B40y).

- 135 -



8. MODEL VALIDATION

The purpose of the model validation effort is to determine the validity
of models of leaching behavior, since validated models will provide the tech-
nical basis for development of the accelerated leach test(s). The models con-
sist of both physicochemical and mathematical models of both waste forms and
leaching behavior. The validation procedure involves comparing leaching data
and other data from the experimental part of this program and selected data
from the literature to both types of models. Validated physicochemical models
must account for all of the physical and chemical factors known to control
leaching behavior. Validated mathematical models must contain mechanistic
terms which account for these physicochemical processes. Specifically, under-
standing the physical and chemical factors that affect leaching behavior and
that determine leaching mechanisms is necessary before meaningful validation
of mathematical models is possible. The model validation effort this fiscal
year has focused on physicochemical models of leaching behavior.

As part of the model validation effort in this program, physicochemical
models of leaching behavior are needed for specific waste form/1eachant/
radionuclide systems to evaluate the validity of mathematical leaching models
independently of curve-fitting efforts. Mathematical curve fits are restrict-
ed to available data, which limit their generality to the leaching conditions
and time frame over which the data have been obtained. Only by understanding
the physicochemical aging processes which the waste form undergoes in specific
leaching environments can there be reasonable confidence in the reliability of
mathematical models over time periods longer than the data covers. For LLW,
the time span of concern of the radioactivity hazard is on the order of hun-
dreds of years, which is generally at least a hundred times longer than the
duration of even "long-term" laboratory leach tests.

Since the goal of this work is development of accelerated leach testing
procedures, the use of model validation efforts in accomplishing this goal
must be specified. The procedures we are following to do this are outlined in
the following description.

Consider physicochemical ageing of the solidification agent matrix and
the incorporated waste separately. As a first approximation, assume that the
leaching environment acts independently on matrix and waste. Thus, in the
first approximation, only physical changes in the waste form affect leachabil-
ity since no change in the chemical interaction between waste and matrix is
allowed to occur. Then, correct the first order approximation to include
changes in interaction between waste and matrix to arrive at the expected
long-term leaching behavior of the waste form (under the specified condi-
tions). Physicochesnical changes which have been considered important in
affecting leaching behavior include:

Waste Form Porosity
Sorption
Complexation and/or Chelation
Precipitation and/or Mineral Formation
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The goal is to determine, from validated physicochemical models, whether
there are long-term mechanistic changes which affect leaching behavior or
whether the short-term mechanisms determined from standard, short-term leach
tests control leachability over both the short and long term.

The approach is:

First, to compile and validate low-level waste leaching models. Mathe-
matical models can be compared to data by curve-fitting. These curve
fits must be considered to be empirical or semi-empirical unless and
until the mechanistic parameters contained in the models are validated by
correlation with physicochemical processes occurring in the waste form
during leaching.

Predict leaching behavior based on the short-term behavior from validated
mathematical models. This provides a "baseline" of leachability from
which long-term leachability may be predicted to vary, if at all, from
knowledge of leaching mechanisms and factors that affect leaching in the
long term.

Finally, include long-term effects due to changes in the conditions/pro-
cesses listed above. Each applicable condition/process will affect
long-term leaching behavior by increasing, decreasing or having no effect
on leachability. Presumably, the long-term effects occur in only one
direction for each applicable condition/process. Quantify the effect, if
possible.

8.1 Physicochemical Models of Leaching Behavior of Low-Level Waste Forms

The solidification agents chosen for investigation in this program -
Portland cement, bitumen, vinyl ester-styrene - are either in use or being
considered for use in solidifying low-level radwaste. This selection of
solidification agents also provides a broad cross-section of materials proper-
ties.

8.1.1 Cement Waste Forms. Hydrated portland cement is a complex materi-
al consisting primarily of hydrated calcium silicate (CSH) along with port-
landite (calcium hydroxide) and small amounts of calcium aluminum silicates,
calcium iron silicates, sodium and potassium hydroxides, some sulfates and
trace amounts of numerous other elements as impurities. Pure portland cement
hardens to a microporous structure with a characteristic porosity of approxi-
mately 30% - 40% [46-48] and a large surface area, typically 30 - 60nr/g or
more [49], depending upon how the measurement is performed. Several physical
models of hydrated portland cement are reviewed in reference [20]. The inher-
ent porosity of cement is a major factor affecting the leachability of cement
waste forms. Additionally, since this porosity is increased both by increas-
ing the water-to-cement ratio and by increased cure temperature, the condi-
tions under which cement waste forms are fabricated influence leachability.
Changes in porosity due to water-to-cement ratio variations and cure tempera-
ture affect leachability but do not change leaching mechanisms. Various
treatments and processes for incorporating organic polymers into cement forms
have been advanced to reduce their porosity and leachability [50-55] although
none are used operationally in radwaste management to our knowledge.
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Physicochemical factors that affect the leaching behavior of waste forms
solidified with portland cement may be summarized as follows:

• Hydrated portland cement has an inherent, connected porosity of
approximately 30% and is readily permeable to water.

- For cement waste forms incorporating soluble wastes, this initial
porosity may be expected to increase as the soluble material is
leached.

- With insoluble wastes, especially silica-containing wastes or
additives, the porosity may decrease due to continued, slow
hydration of the cement and/or reaction of cement components with
silica [56]. However, this continued, slow reaction, while bene-
ficial due to the reduction in porosity, may adversely affect
sorbent additives sometimes added to cement waste forms.

- As reviewed in reference [2], the apparent diffusion coeffi-
cient in a porous medium is related to the physical structure of
the porous medium. Changes in porosity, which are known to af-
fect diffusibility, would thus be expected to result not only in
changes in Teachability, but also to invalidate (if the change in
porosity is significant) the use of a constant diffusion
coefficient in mathematical modeling.

Hydrated portland cement evidences a very limited, almost negligible
sorption for cesium. Strontium sorption, though greater than that
for cesium, is also limited. The sorption behavior of cobalt is
generally considered irrelevant since the very low solubility of
cobalt at pH 12, which is typical of cement, effectively immobilizes
cobalt in cement.

- The apparent diffusion coefficient of a. substance in a sorbent
system is affected by the distribution coefficient, Kd. As Kd
increases the apparent diffusion coefficient decreases, all
else being equal. The mathematics for both the semi-infinite
medium and for cylinders for a system in which diffusion is the
mass transport mechanism and in which sorption of the form,

F = KC (8.1)

F = concentration of diffusant which is fixed (immobile).

C = concentration of diffusant which is mobile

K = proportionality constant

is present was derived by Moore, et al [57]. The applicability of
this to sorbent systems is clear upon recalling the definition of
Kd,

C(solid) = Kd*C(liquid)
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C(solid) = concentration of sorbed substance on the solid
sorbent (quantity/g)

C(liquid) = concentration in the liquid (quantity/ml)

Kd = distribution coefficient (ml/g)

- Sorption on a solid phase depends on its chemical composition,
physical structure and on the composition of the liquid phase.
Thus, changes in the chemical composition and/or physical struc-
ture and/or leachant composition during leaching may be expected
to change the sorbtion behavior and, hence, the diffusion coeffi-
cient of the waste form. Such changes, if significant, would
invalidate the use of a constant diffusion coefficient in mathe-
matical modeling.

- Evidence from solid phase analyses of cement waste forms in
Section 4 of this report and from other observations, as listed
in Section 8.1.1.1 below, indicates that changes in both the
chemical composition and physical structure occur during leach-
ing.

8.1.1.1 Changes in Cemented Waste Forms Upon Leaching. Physical
and chemical changes occur in cemented waste forms due to leaching
[3,58,59]. Changes in the elemental composition of hardened portland cement
due to leaching have been measured [3,58]. Such changes include depletion of
soluble components, e.g., Ca, Na and K, which result in the relative
enrichment of the leached solid in less soluble species. The implications of
changes in the calcium silicate hydrate (CSH) gel and the pore water
compositions have been discussed by Glasser, et. al., using CaO-SiO-H2O phase
diagrams for cement [59].

From SEM/EDS spectral analysis of leached versus unleached portland
cement samples the following observations were reported in [1]. Changes
in the leached sample compared to the unleached sample included:

* The elemental composition of the leached sample in the
depletion zone was noticably enriched in magnesium and silicon
relative to the calcium content compared to the unleached
sample.

* The potassium peak in the leached sample had disappeared.

* Small, but definitely identifiable peaks corresponding to sulfur
and chlorine appeared in the depletion zone of the leached
sample.

These observations indicate that leaching depletes more soluble species such
as potassium and calcium from cement leaving the relatively less soluble mag-
nesium and silicon compounds in relatively greater concentration in the deple-
tion zone. Additionally, it appears that sulfur and chlorine {probably as
sulfate and chloride) accumulate in the depleted zone as leaching proceeds.
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These changes in chemical composition - depletion of potassium and calcium,
enrichment in magnesium and silicon plus sorption of sulfate and chloride -
may lead to solubility and/or sorptive ability changes in the depleted zone
which could significantly affect the leachability of radionuclides or other
species of,interest during leaching.

In reference [58], comparison of SEM micrographs of leached and unleached
cement surfaces resulted in the following comments: "The striking difference
between the before- and after-leaching micrographs is vividly evident. Judg-
ing by the after-leaching micrographs, an unspecified amount of material has
dissolved into solution from the surface of the cement waste forms. Secondary
phases appear to have formed on the surface of the leached pellets."

As discussed above, physicochemical factors that affect the leaching of
cesium from portland cement include changes in chemical composition and poros-
ity due to leaching. When cement is leached the depleted (leached) zone has
been shown to become relatively depleted in calcium and enriched in silicon
and aluminum. Other studies have shown that cesium sorption is greater on
both alumina cement and on silica and additives rich in silica than on port-
land cement. Since cesium sorption on portland cement itself (i.e., CSH) has
been shown to be almost negligibly small by many researchers, it seems reason-
able to attribute the minimal degree of sorption that has been observed to the
small amount of aluminum compound which is naturally present in portland
cement. Thus, mechanistically it might be expected that sorption in the
leached zone of a cemented waste form would increase as the relative aluminum
content increased. The relative increase in silicon content of the leached
zone might also contribute to increased sorption. If this does, in fact,
occur, then leaching would form a sorptive barrier which could progressively
retard cesium release. The implication of such sorptive changes to modeling
would be that the simple diffusion model with constant diffusion coeffi-
cient,D, would be inadequate and would not accurately reflect the long-term
behavior of the waste form. Additionally, the diffusion coefficient is known
to vary with porosity in porous media. Again, if leaching results in signifi-
cant changes in waste form porosity, (e.g., due to the dissolution of soluble
wastes from the waste form) then models incorporating a constant D could be
inadequate for long-term prediction of leaching behavior.

In sum, numerous differences have been observed between leached and
unleached cement samples which indicate that changes in physicochemical
properties occur during leaching which may affect leachability. The implica-
tion for mathematical modeling of the long-term leaching behavior of cement
waste forms is that use of a constant diffusion coefficient may not be valid.

8.1.2 Bitumen Waste Forms. Bitumen is a relatively complex material
that is composed mainly of hydrocarbons. Although generally considered to be
hydrophobic, bitumen has a small, but definite, permeability to water. It is
a viscoelastic material which has little mechanical strength at ordinary tem-
peratures and creeps readily under loads that are typical of shallow land
burial. Because it forms an adhesive coating and is only slowly permeable to
water, bitumen waste forms typically have low short-term leachabilities. How-
ever, bitumen waste forms incorporating soluble wastes often swell at longer
times during leaching and the leach rate increases substantially once swelling
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occurs. The onset of swelling is also a function of waste loading as is
clear from Figures 5.22 and 5.23 in this report. Waste loading effects on
leaching behavior are also discussed in Section 8.2.3.

The leach testing results shown in section 5 of this report for bitumen
waste forms plus those referenced in the literature survey [2] have led us to
conclude that the leaching behavior of bitumen waste forms incorporating solu-
ble wastes generally follows the pattern shown in Figure 8.1. Specifically,
there are two regions, A and B, in the CFR versus Time plot. In region A the
low leach rate normally associated with short-term leach tests on bitumen
waste forms is evident. Water uptake within the waste form is not sufficient
in region A to cause swelling. In region B water uptake has become sufficient
to initiate swelling and, as swelling progresses, the leach rate increases
substantially. The swelling is. typically so severe in bitumen waste forms
incorporating sodium sulfate salt that the waste form cracks open and falls
apart as the cracking progresses [60]. With sodium sulfate this can occur in
days for salt loadings greater than approximately 17 wt%. With other salts
and ion exchange resins the process is typically slower and region B behavior
is generally not observed in leach tests of relatively short duration (weeks
or months). Bitumen waste forms incorporating insoluble wastes and wastes
that do not swell should remain in Region A.

8.1.3 Vinyl Ester-Styrene (VES) Waste Forms. The vinyl cster-styrene
copolymer system can be used to solidify both aqueous and dry waste streams.
Aqueous wastes are solidified as an emulsion with comonomers. The emulsion is
formed under high-shear mixing of the comonomers with the aqueous waste which
then polymerized to form the solid waste form. Dry wastes are simply mixed
with the comonomers, which then polymerize to form the solid waste form.
Polymerization is normally accomplished using a catalyst and promoter system
which is added to the comonomer solution along with the waste to be solidi-
fied.

8.1.3.1 VES Emulsion With Aqueous Wastes. No defensible physicochem-
ical model of the leaching behavior of vinyl ester-styrene/aqueous waste emul-
sion waste forms is yet available, even in the preliminary state of those for
Portland cement and bitumen presented above. The solid phase analysis in Sec-
tion 4.4.2 is part of the effort to determine leaching mechanisms and factors
that affect leaching from physical analysis of emulsion structure.

8.1.3.2 VES Incorporating Dry Wastes. The waste forms resulting from
the solidification of dry wastes in VES are two phase systems (i.e., counting
the waste as one phase no matter what its actual composition) consisting of
individual particles of waste in a polymer matrix. The polymer matrix is
structurally rigid and of very limited permeability to water. The structural
rigidity means that the pore structure of the polymer matrix remains intact
even though the waste may dissolve out of or otherwise be removed from the
waste form. The impermeability of the polymer matrix to water means that mass
transport of waste substances out of the waste form occurs through, and is
constrained by, the pore structure of the polymer matrix. The only other
interaction that the polymer matrix may have with the waste that may affect
leaching is sorption or ion exchange capacity. The effects of both waste form
porosity and sorption can be included as multiplicative parameters to the dif-
fusion coefficient, as was discussed in reference [2] and references therein.
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Figure 8.1 Schematic model of expected leaching behavior of bitumen waste
forms incorporating soluble waste and/or waste which swells upon
hydration. The dashed vertical line separates Region A, in which
no swelling has occurred, and Region B, in which there has been
enough water uptake to cause swelling. The leach rate increases
markedly with swelling.
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However, both dissolution of waste in the waste form and dissolution of the
waste form require a separate parameter, the dissolution rate constant, which
was also reviewed in reference [2].

Waste loading is a major determinant of leaching behavior in VES waste
forms incorporating soluble salts. This is evident from the scoping results
on the effects of waste loading on the leaching behavior of sodium sulfate
salt in VES as shown in Section 3, Figure 3.3. Such behavior is not explain-
able using the assumption that the waste form approximates a homogeneous
medium. Instead, the two-phase nature of the waste form must be explicitly
recognized as being a major factor that determines leaching behavior in this
and similar systems. This is discussed in detail in Section 8.2.3, Waste
Loading Effects On Leaching Behavior.

8.2 Factors That Affect Model Validation

Model validation is affected by everything that influences the interpre-
tation of data for modeling purposes. Thus, any qualifications to data inter-
pretation are especially important in model validation efforts. In this sec-
tion several factors that need to be considered or be aware of before model
validation efforts begin in earnest are listed and discussed. These include:

- The initial surface wash in leach testing

- The relationship between solid phase analysis and validation
of leaching models

- Waste loading effects on leaching behavior

- Solubility effects on leaching behavior

Ion exchange effects on leaching behavior

- Wet/dry cycling of leaching conditions

- Container effects on waste form leachability

The effect of leachant flow, which could also have been included here, is pre-
sented in Section 7.4 with the data generated from the experimental investiga-
tions of the effects of leachant flow.

Each of these topics is considered in the subsections following this
introduction. The list above is not comprehensive but includes those factors
that we feel to be most important based on current experience. The last two
factors in the list, wet/dry cycling and container effects, are noted for com-
pleteness although no experimental work to investigate them is planned in this
program.
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8.2.1 Initial Surface Wash in Leach Testing. The initial leach rate
upon sample immersion is typically larger than can be accounted for by back
calculating from longer times and assuming a diffusion mechanism. This larger
than expected initial release, or "surface wash", has been reported to last
for periods of up to a week in laboratory leaching tests. As a result, this
initial period is often discarded from analyses of long-term and/or bulk
leachabilities using the argument that it occurs by a different mechanism than
that which occurs in leaching the bulk waste form. However, since the surface
wash contributions to the initial leach rate are often reported to extend
several days into the leaching experiment, it would seem to require a more
complete explanation than a simple surface wash, which would occur rapidly.
The specific question of importance to model validation is whether discarding
up to a weeks worth of data from a laboratory-size waste form significantly
affects the interpretation of data from a mechanistic point of view.

Empirically, the surface wash has been accounted for by including a con-
stant in the leaching release equation which represents an instantaneous
release [61-65]. The form of the equation referenced in [61-65] is shown in
equation 8.2.

1/2
f = A(0) + A(l)t (8.2)

f = cumulative fraction released at time, t
A(0) = constant representing surface wash
A(l) = constant coefficient

t = cumulative leaching time

In general, mechanistic modelling which does not include a surface wash does
not result in an expression which includes a constant. In reference [66] a
mechanistic model is developed which includes an instantaneous surface wash
release in a bulk diffusion plus surface dissolution model. The physical
interpretation of the instantaneous surface wash was that it resulted from
washing small particles from the surface and an instantaneous leaching of
microscopic surface irregularities. The microscopic surface irregularities
made the actual surface area larger than the geometric surface area until the
leaching process depleted the irregularities. Since the surface irregulari-
ties were assumed to be microscopic, depletion occurred virtually instantane-
ously. Although this argument may be valid for polished glass samples, it is
not clear that this physical mechanism is valid for low-level waste forms.

A possible explanation for an increased leach rate early on in a leaching
experiment, but not requiring the instantaneous release of a surface wash
mechanism, has been described. Crawford, et. al., [56] noted that evaporation
from a cemented waste form can concentrate Cs and soluble material on the
waste form surface, which can result in an increased initial leach rate.
Transport of soluble material to the surface during curing of cement waste
forms, if water evaporation occurs, could explain the initial high leach rate
from cement waste forms, but could not explain it for bitumen waste forms or
any waste form incorporating dry wastes in a non-water containing matrix.
This efflorescence phenomenon may also be the reason for increased leaching
observed from cement following wet-dry cycling [6,67].
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8.2.2 Solid Phase Analysis. Specific examples of solid phase analysis
have been reported in Section 4 of this report for cement and vinyl ester-
styrene samples. These investigations are important because they show direct-
ly the physical structure of waste forms both before and after leaching and
point to changes which may be important in determining the long-term behavior
of waste forms. Additionally, studies using SEM/EDS can indicate changes in
the elemental composition of cement samples which may indicate changes in
sorption behavio;-. A significant change in sorption behavior could change the
dominant leaching mechanism, which clearly would affect long-term leaching
behavior and response to factors that affect leaching.

Solid phase analysis is required to investigate waste form porosity, sur-
face conditions which may be different from bulk characteristics. It also
provides information on changes in the elemental composition of cement samples
due to leaching.

8.2.3 Waste Loading Effects On Leaching Behavior. The effect of waste
loading (i.e., waste to binder ratio) is one of the most important factors
affecting the leaching behavior of low-level waste forms. The specific
effects of waste loading depend on the physical and chemical characteristics
of both the solidification agent and the waste. Waste loading effects domi-
nate the leaching behavior of waste forms solidified using rigid, inert (to
the waste), impermeable binders in that there are two distinct regions of
leaching behavior in such systems which are determined by waste loading, as
evidenced by the data shown in Figure 3.3, Section 3. Specifically, at waste
loadings below a threshold value the leachability is little affected by waste
loading while above it the leachability increases rapidly with waste loading.
This kind of mass transport behavior (percolation behavior) is typical of two
phase systems in which the diffusion coefficient in one phase (the conduction
phase) is much greater than that in the other phase. The waste loading value
at which the behavior changes is called the "percolation threshold" and the
formalism that describes such behavior is percolation theory. The leaching
behavior shown in Figure 3.3 cannot be explained using diffusion theory
applied to homogeneous media, as has been common practice [2].

An analysis of the effect of waste loading on the leaching behavior of
sodium sulfate salt solidified with low-density polyethylene is presented in
the following paragraphs. Although polyethylene waste forms are not being
specifically investigated in this program, polyethylene is, like VES, a rigid,
impermeable material. As such, the leachability vs. waste loading of polyeth-
ylene-solidified waste forms is similar to that of the VES waste forms inves-
tigated in Figure 3.3.

Table 1 lists some of the data reported [79] for Cs-137,Sr-85 and Co-60
leached from polyethylene waste forms containing sodium sulfate salt at load-
ings of 10 wt%, 30 wt% and 50 wt%. The radionuclide tracers were incorporated
into the salt by dissolution/evaporation to dryness before solidification.
Leach testing was performed using the ANS 16.1 methodology. Table 8.1 lists
the cumulative fraction released (CFR) after five days leaching time. These
particular data were chosen because the leachant replacement intervals become
much longer following the fifth day. Although the following analysis uses the
five-day data, the same general results obtain over the whole range of data so
that the use of only the five-day data does not limit the generality of the
analysis.
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Table 8.1

Cumulative Fraction Released After Five Days Leaching Time From
Leaching Polyethylene Waste Forms Containing 10 wt%, 30 wt% and 50 wt%

Sodium Sulfate Salt [79].

10 wt% 30 wt% 50 wt%

Cs-137

Sr-85

Co-60

.0013

.0015

.0026

.0034

.0039

.0041

.0120

.0090

.0100

Figure 8.2 shows the data from Table 8.1 plotted as CFR versus waste
loading (wt%). Since only one sample was leached at each loading, no
estimates of the variability of the leaching process for these data are
available. Three features of the plot in Figure 8.2 seem noteworthy.

(i) The CFR for each radionuclide increases as waste loading
increases.

(ii) The relative increase in CFR from 30 wt% to 50 wt% is much greater
than that from 10 wt% to 30 wt%.

(iii) The spread in CFR values at 50 wt% is much greater than at the lower
loadings and the relative ordering has changed with Cs-137 having
the largest CFR at 50 wt% whereas it has the lowest CFR at the
lesser waste loadings.

The observations in item (iii) may indicate that solubility limitations
may be limiting the leaching of Sr and Co at the 50 wt% loading whereas no
such effect occurs for Cs.

The observation in item (ii) is not easily explained using diffusion
theory as it has generally been applied to LLW leaching. Specifically, since
waste forms are considered to be homogeneous, each waste loading may represent
a qualitatively, as well as quantitatively, different "material". In this
case there is no formal way to extrapolate the leaching behavior at one waste
loading to another. Alternatively, a change in waste loading may be assumed
to change only the concentration of the substance of interest without
affecting the mass transport properties. In this case, for diffusion with
constant diffusion coefficient as the leaching mechanism, an increase in waste
loading results in a proportional increase in the amount leached at any
specified time. However, the CFR would remain constant as long as the
boundary conditions in the preceeding two sentences are met. This is clear
from Equation 8.3, which specifies the amount leached per unit area, m, from a
semi-infinite medium of uniform initial concentration, C [80].

1/2
m = 2C(Dt/pi)
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m = quantity released per unit area

C = initial uniform concentration of the substance of interest in the
semi-infinite medium

D = the diffusion coefficient (constant) of the substance of interest in
the medium

t = time since leaching started

pi = ratio of the circumference to diameter of a circle

The transformation of Equation 8.3 to the more useful units of CFR versus time
is shown in Equation 8.4.

1/2
CFR = 2(S/V)(Dt/pi) (8.4)

S/V = surface area to volume ratio of the (finite) waste form

Equation 8.4 shows that the CFR at any specified time should be constant for
all waste loadings as long as the initial and boundary conditions specified
above hold.

Returning to Figure 8.2, it appears that an analysis based on Equation
8.3 which predicts a linear increase in the quantity leached, m, with increas-
ing waste loading, may fit the data up to 30 wt% loading. Since the 50 vt%
data lie well above the (least-squares fitted) line extrapolated from the 10
wt%

CFR = .0001 (wt%) + .0008 (8.5)

r = .91 correlation coefficient and
sigma = .0012 standard deviation of the curve fit

Although the CFR increases somewhat as waste loading increases, as shown in
Equation 8.5, it is approximately constant up to 30 wt% loading, which may
imply that analysis based on Equation 8.4 (i.e., the initial and boundary con-
ditions under which Equation 8.4 is valid) accurately models leaching behavior
as a function of waste loading in this system up to approximately 30 wt% load-
ing.

Alternatively one could note that simple diffusion theory as expressed in
Equations 8.3 and 8,4 does not fit all of the data in Table 8.1 and try to
find other explanations which do fit the data. Figure 8.3 plots the data from
Table 8.1 on a semi-log scale and Equation 8.6 shows the least-squares fit to
the data (solid line).

CFR = .00106exp[.0447(wt%)] (8.6)

r = .97 ,correlation coefficient
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The empirical curve fit of Equation 8.6 provides a better correlation for all
the data than does Equation 8.5. However, the fact that the diffusional anal-
ysis of Equation 8.5 fit only part of the data should not be taken as proof
that a diffusion mechanism is not important in this case. On the contrary,
diffusion has traditionally been reported as a principal leaching mechanism
for low-level waste forms. Rather, it may be that leaching behavior as a
function of waste loading is better explained another way. In the remainder
of this section an alternative analysis based on percolation theory [81,82] is
applied to the problem of leachability as a function of waste loading using
the data in Table 8.1.

Percolation theory [81,82] is useful for describing diffusion in porous
solids and other composite media which have the following property: The
matrix is subdivided into regions with significantly different diffusivities -
e.g., a porous solid containing randomly distributed pores or cavities.
Qualitatively, diffusion in such a matrix is characterized by two regions of
behavior separated by the "percolation threshold" porosity. At porosities
less than the percolation threshold, the diffusivity of the matrix is essen-
tially that of the solid region. At porosities greater than the percolation
threshold the diffusivity increases rapidly with increasing porosity. Physi-
cally, below the percolation threshold the porosity tends to be isolated or
connected in only small clusters while above the percolation threshold the
porosity is connected, which creates pathways in the high-diffusivity region
throughout the medium.

Theoretically the threshold porosity is approximately 0.25 to 0.33 void
fraction. However, experimentally observed values for all cases studied have
been lower, in the range from approximately 0.1 to 0.15 [82]. These lower
values of the threshold porosity compared to theoretical expectation have been
attributed to the fact that, in real systems, factors such as the lack of uni-
form particle (void) size and shape lead to networks which have some degree of
correlation as opposed to truely random porosity.

In sum, percolation theory is generally applicable to diffusional mass
transport in porous media, porous implying a two (or more) phase system in
which the diffusivity in one phase is much greater than that in the other(s).
The leaching behavior of such a system is expected to approximate that of the
pure solidification agent matrix up to a waste loading of 10% - 15% by volume
(the percolation threshold), beyond which the leachability would rapidly
increase with increased waste loading.

Returning to Figure 8.2, it appears that the data from Table 8.1 may
exhibit percolation behavior as waste loading increases. Table 8.2 transforms
the waste loading values from wt% to volume% (v%) using the following param-
eters and Equation 8.7.

Pden = density of polyethylene
Sden = density of sodium sulfate salt

Vf = volume fraction of sodium sulfate salt
Ws = wt% of sodium sulfate salt
Wp - wt% of polyethylene
Vf = (Pden*Ws)/(Pden*Ws + Sden*Wp)
v% = Vf*100 (8.7)
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Table 8.2

Equivalent Volume% Values for the Weight% Data Listed in Table 8.1

Weights
Sodium Sulfate

10

30

50

Volume%
Sodium Sulfate

4

13.7

27

Since low-level waste forms typically consist of a matrix in which the
solidification agent and incorporated waste are physically and chemically dis-
tinct, percolation theory may provide a better mechanistic description of the
effect on leachability of increasing the waste loading than does simple diffu-
sion theory.

8.2.4 Solubility Effects on Leaching Behavior. The rate at which a sub-
stance dissolves is influenced by the nature of the substance and its inherent
solubility in the solvent, by the relative degree of saturation of the solvent
relative to the dissolving substance and by the presence of solid matter which
may act as a sorbent for the substance in solution [68,69]. Thus, for any
substance undergoing leaching, the Teachability may be influenced by its solu-
bility and rate of dissolution in the leachant and by the distribution coeffi-
cient, Kd, of the dissolved substance with respect to the solid matrix.

In dynamic leaching systems the kinetics of approach to steady-state may
be more important than the limiting concentration in solution. In an ideal
dynamic system the concentration in the leachant remains effectively zero so
that saturation effects are insignificant and the maximum leach rate under the
specific conditions is observed.

Under static leaching conditions the kinetics of approach to saturation
can be determined along with the concentration at saturation, or steady-
state, for the system. If sorption is important, then the measured steady-
state concentration would reflect the Kd value. If the solid phase is inert,
then solubility considerations would control the steady-state concentration.

The properties of real systems generally change during leaching due to
physical and/or chemical changes (aging) caused by the leaching process it-
self. If the system changes significantly during leaching, then the solubil-
ity and sorbtion properties may also change substantially as the system ages.
For example, it has been shown that leaching changed the elemental composition
of the depletion zone (i.e., surface and near surface) of a cement specimen
compared to regions of the specimen nearer the center [1]. There is evidence
that such changes in elemental composition affect the leachability of cesium
from cemented waste forms [58,59].
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Clearly, modeling efforts directed toward systems which age signifi-
cantly due to leaching must either account for such aging or show that it is
not significant for the long-term leaching behavior of the waste form.

8,2.5 Ion Exchange Effects on Leaching Behavior. If ion exchange is a
potential mechanism for LLW leaching, then the nature of the ion exchange or
adsorption, including factors which may affect the ion exchange mechanism in
the long term, should be determined. Adsorption of radionuclides onto port-
land cement has been the subject of numerous investigations from which it has
been well documented that cesium neither reacts with nor sorbs onto hydrated
Portland cement to any appreciable degree [70-77]. The situation for stronti-
um is, however, less well defined. Although strontium sorbs onto hydrated
Portland cement to a greater degree than does cesium, the sorbtion is still
not very large [75,76]. However, in the long term, sorbtion of strontium may
be moot since there is some speculation that strontium reacts with cement,
albeit slowly [68]. Thus, in the long term, strontium fixation in a cemented
waste form may have little to do with sorption parameters measured from
short-term testing.

To reduce the Teachability of cesium from cemented waste forms, sorbent
additives have been included in cement-based solidification agent formula-
tions. Additives which have been evaluated for use include amorphous silica,
powdered fly ashes, powdered blast furnace slags, clays and natural zeolites
[75,76].

Adsorbtion isotherms have been fit to some sorption data for cesium and
strontium on cement and cement plus various additives. Since little sorption
occurs on the cement itself, the nature of the sorption would seem to depend
on the nature of the additive. Since silica-containing additives are known to
react slowly with cement, thus losing their sorbent capacity, the long-term
ability of such additives (e.g., zeolites, fumed silica and blast furnace
slag) to reduce Teachability from cement waste forms is questionable.

8.2.6 Wet-Dry Cycling of Leaching Conditions. Changing leaching condi-
tions from continuously saturated to alternately saturated then unsaturated
has been shown to lead to substantially different leaching behavior for the
release of cesium from cement waste forms [6]. The important considerations
in wet-dry cycling appear to include the durations of both the saturated and
unsaturated conditions and the nature of the waste form. Specifically, wet-
dry cycling has been shown to be important for leaching cesium from cement.
This and other observations from reference [6] suggest that the conditions
necessary for wet-dry cycling to substantially affect leachability include the
following:

(i) The wet cycle is long enough for the (cement) waste form to imbibe a
significant amount of water,

(ii) The dry cycle leads to much, if not all, of the water imbibed into
the waste form in the wet cycle being released from the waste form
during the dry cycle and,
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(iii) Soluble substances from within the waste form are carried to the
surface by the water evaporating from the surface, which concen-
trates these substances at the surface where they are then readily
leached by dissolution during the next wet cycle.

The effect of wet-dry cycling on insoluble, otherwise fixed and/or only
slightly soluble substances should be minimal. However, other factors, such
as the possibility that chelating or complexing agents may be imbibed in the
leachant during the wet cycle and may mobilize otherwise immobile substances
and lead to their enhanced leaching, may need to be considered in actual dis-
posal environments compared to laboratory tests using deionized water as
leachant.

8.2.7 Container Effects on Waste Form Leachability. The implication in
leach tests incorporating bare waste forms is that such leaching shows the
leaching behavior of the waste form itself and is the worst case. The func-
tion of the container has generally been considered to be limited to delaying
the onset of leaching until the container is breeched and/or corrodes away.
However, there is some evidence that interactions between waste form and con-
tainer during leaching can occur which result in increased leachability [7].

In a study of the leaching of nitrate salts solidified in cement using
the IAEA Standard Leach Test it was reported that the container cracked after
approximately sixty days leaching time. Following this, the leach rate
increased dramatically and far more than could be explained by a simple
increase in the exposed surface area. The same effect was also observed upon
removal of the container from another sample after approximately the same
duration of leaching [7]. These results were dramatically different from
those typically seen from samples which are removed from their containers
prior to leaching.

In general, leaching experiments on complete waste packages, which
include waste forms in the containers in which they are to be disposed of, are
not performed. Rather, the waste form is normally "decanned" prior to leach-
ing so that the leaching behavior of the waste form itself can be measured in
isolation. All of the standard leach tests used for low-level waste forms
specify that the waste form shall be removed from its container prior to leach
testing [8,9,78].
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9. SUMMARY AND CONCLUSIONS

Although much of the work in this program is ongoing at this point in
time, results obtained to data allow us to make several preliminary conclu-
sions.

• Formulation development, Section 3, indicated that waste loading
effects are of great significance in determining waste form stability
toward immersion. Leaching studies on waste forms incorporating simu-
lated wastes, Section 5, indicated that waste loading significantly
affects the leaching behavior for all systems tested. Model valida-
tion analysis, Section 8, indicated that, in both bitumen and VES
incorporating soluble salts, leaching behavior is controlled by waste
loading effects.

• Baseline leaching studies on waste forms composed of the pure solidi-
fication agents, Portland cement, bitumen and vinyl ester-styrene,
doped with radiotracers of Cs, Sr and Co have been completed. Repro-
ducibility of replicate samples as measured by the total release of
each radionuclide was excellent for portland cement when the cumula-
tive faction released (CFR) was large, but less so for the other mate-
rials, where the CFR was small. This reflects the relatively large
counting errors that result from low count rates for samples contain-
ing small amounts of activity.

• Correlation matrix analysis of leaching releases of Cs-137 and Sr-85
radiotracers and elemental releases of cement components including Na,
K, Ca, Sr, Al and Si indicate no correlation between the radiotracer
leaching and the cement component leaching. This does not mean that
the leaching mechanisms of the chemically similar elements (Na, K and
Cs-137) and the chemically identical elements (Sr and Sr-85) are dif-
ferent. However, it does suggest that factors which control radio-
tracer leaching and the cement matrix leaching are different under the
conditions of these tests.

• Solid phase analysis, Section 4, of cement before and after leaching
indicates that both the physical structure and elemental chemical com-
position of the cement has changed due to leaching. Physical changes
include changes in waste form porosity while chemical changes include
development of an altered surface layer due to leaching. These
changes may indicate that the dominant leaching mechanism may change
during leaching.

• Solid phase analysis of VES/aqueous waste emulsion waste forms show
that the waste is contained in a polymer structure which is sponge-
like in appearance. The connectedness of the porosity in the polymer
'sponge' could not be definitely determined from the work to date.
There was no obvious difference in morphology between the surface and
the interior either as fabricated or after leaching at room tempera-
ture for 471 days.
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Leaching of cement waste forms incorporating sodium sulfate resulted
in reactions between the waste and cement. Crystals of reaction
products filled voids in the cement and formed a surface coating on
the waste form that had a different morphology and chemical composi-
tion when compared to an unleached waste form. This surface coating
was also different from the surface of a leachad cement sample that
contained no waste.

• There appear to be two regimes of leachant (trench water) characteris-
tics following trench closure. Immediately following trench closure,
conditions in the trench should become anaerobic due to biodegradation
and chemical decomposition of organic matter in the waste. Trench
water would be anoxic under anaerobic conditions and its chemical com-
position would reflect the low Eh, reducing nature of the trench.
However, in the long term, after biodegradation and chemical decompo-
sition have depleted the organic matter in the trench, trench water
composition would return to that characteristic of the area surround-
ing the trench. These long-term conditions are likely to result in
trench water that is relatively oxic and whose chemistry reflects the
higher Eh condition.

9.1 Acceleration Factors

Factors that affect leaching and that have the potential to accelerate
leaching have been determined to be strongly influenced by waste effects,
which are due to waste loading (i.e., waste to binder ratio) and/or to inter-
actions between solidification agent and waste. The potential accelerating
factors investigated to date are briefly reviewed in the following paragraphs
and schematically summarized in Table 9.1

Temperature - The leaching of Cs-137 tended to increase with increased
temperature. Some ambiguity in the results occurred where matrix effects
(e.g., temperature-induced curing of vinyl ester-styrene waste forms) or waste
effects (e.g., very rapid release of material) masked or interferred with the
direct effect of increased temperature on leaching behavior.

Leachant volume to Waste Form Surface Area - For the leaching of
Cs-137 from cement with 5% Na2S0,t, Teachability decreased as the ratio of
leachant volume to waste form surface area increased. For VES incorporating
40 wt% Na2SO4 salt no effect due to increased leachant volume to waste form
surface area was observed.

» pH - In general, the highest leachabilities were observed in
deionized water, pH=6. (The pH of pure water is 7 at room temperature, but
dissolved carbon dioxide from the air reduces this to approximately 6.) Only
for bitumen containing 20 wt% sodium tetraborate did the leaching of Cs-137
increase in more acidic solution.
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Table 9.1

Summary of Relative Change for Potential Acceleration Factors for Leaching of Cs-137 From Low-Level Waste Forms

Relative Changea

- 
156 

-

Acceleration
Factor

Groundwater

Temperature

Leachant
Volume

PH

Flow

Size
small cylinder
disc

Cement

NPb

+

NP

NP

0

NP
NP

VESa

Emulsion

NP

0

NP

NP

NP
NP

Bitumen

NP

0

NP

NP

0

NP
NP

Cement

Na2SOlt

-

+

-

0

*

Cement

Ash

-

0

NP

0

VES
Na, SO^

Emulsion

-

mixed

NP

0

*

VES
Na2 SO4

-

+

mixed

0

mixed

Bitumen
20 wt%

Na2 B^ O7

mixed

mi xed

NP

pH4+

0

mixed
mixed

Bitumen
40 wt%

Na2Bl+0/

-

mixed

NP

0

0

mixed
mi xed

a. A qualitative comparison of Cs-137 CFR results for experiments
compared to results obtained by the modified ANS 16.1 test using
5 cm diameter x 6.4 cm high cylindrical waste forms and DIW at 20°C.

+ - implies an increase in the leaching of Cs-137
- - implies a decrease in the leaching of Cs-137
0 - implies statistically identical results.

mixed - implies no apparent trends, but irregulaties or significant statistical variations in the results.
NP - experiment not performed.

b. VES - Vinyl Ester-Styrene.



• Leachant flow - Leach rates for Cs-137 from a flow test with DIW at 1
liter/day, were very similar to, but less reproducible than the results from
the modified ANS 16.1 test. The flow test was substantially more difficult to
perform than the ANS 16.1 test. The equation employed by the MCC4S flow test
is formally valid only for a constant leach rate, which is seldom or ever the
case for LLW waste forms.

In sum, the MCC4S flow test does not appear to be useful for LLW form
leach testing because it is more difficult to perform, the results generally
show a greater degree of irreproducibility than leachant replacement type
tests and the data analysis procedure provided in the flow test is formally
valid only when the leach rate is constant.

• Size - The release of Cs-137 generally increased for waste forms with
increasing waste form surface area to volume ratios (S/V). Exceptions occur-
red where very substantial release of CS-137 occurred which overwhelmed the
leaching effects of size.

Some of the ambiguity in results may be related to acceleration being
limited by the leachant change frequency. This was necessarily kept the same
for all experiments (to change only one variable at a time). Future work com-
bining accelerating factors will clarify this point and is expected to show
more distinct accelerations.
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