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ABSTRACT

A literature survey on leaching mechanisms, available mathematical models
and factors that affect leaching from solidified low-level radioactive waste
(LLW) has been compiled. Physlcochemlcal mechanisms which have been identi-
fied include diffusion, dissolution, ion exchange, corrosion and surface ef-
fects • Diffusion has been generally considered to be the predominant mecha-
nism in LLW teachability with the other processes playing relatively minor
roles. However, this hierarchy of importance has been strongly questioned for
waste forms containing soluble salts and has been shown to be invalid for
waste forms incorporating sorbents which control the release of radionuclides
by ion exchange. Leaching behavior has been modeled both mathematically for
curve fitting co leaching data and by consideration of physical and chemical
interactions within and between solidification agents, waste materials and
additives, if any. Detailed descriptions of chemical reactions in cement
including interactions with silica-containing additives and cesium are avail-
able. Physlcochemical analyses of bitumen and polymer solidification agents
have considered them to be inert encapsulants with limited water permeability.
All of the mathematical models are derived from solutions to the diffusion
equation and most are limited to consideration of a constant diffusion coeffi-
cient and a semi-infinite medium. Other mechanistic processes are included as
additional terras In the equation. Each additional terra represents a mechanis-
tic process and incorporates a parameter which must be assigned a value,
either by computation within the model or from independent knowledge. No com-
prehensive evaluations of mathematical models for LLW based on curve fitting
to data were found in the literature. Factors that affect leaching have been
categorized as system factors, leachant factors and waste form factors. Sys-
tem factors include temperature, pressure, radiation, time and the ratio of
waste form area to leachant volume. Leachant factors include pH, Eh, flow or
replacement frequency and composition while waste form factors include compo-
sition, surface condition, porosity and surface area to volume ratio. Infor-
mation obtained from the literature is reported for each of these factors.

- vii -



EXECUTIVE SUMMARY

A literature survey on leaching mechanisms and factors that affect leach-
ing from solidified low-level radioactive waste (LLW) has been compiled from
reviews of previous work, pertinent models and information about parameters
known to affect leaching.

1. Introduction

The final report on the leaching mechanisms of the high-level waste (HLW)
borosilicate glass waste form was reviewed for applicability to the LLW leach-
ing mechanisms program. Although some information from the HLW program was
useful, in general it was not applicable because the solidification agents,
waste types and disposal environments are different and the time span of con-
cern for LLW is shorter than that for HLW.

Most leaching data obtained from standard leach tests are analyzed us-
ing models which assume diffusion with a constant diffusion coefficient in a
homogeneous, semi-infinite medium to be the leaching mechanism. Such models
are probably inadequate If any of these assumptions are not met in reality.
In particular, the semi-infinite medium approximation severely limits the
range of validity of such models to real waste forms. Standard leach tests
currently available are more suited for formulation development and quality
control than for long-term prediction of leaching behavior.

2. Leaching Mechanisms of Several Solidification Agents for LLW

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

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

3. Factors That Affect Leaching

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

System factors include time, temperature, pressure, radiation environment
and ratio of waste form surface area to leachant volume. Leach rate is a
function of time and the functional dependence typically changes over the long
term. Any attempt to predict long-term leachability must account for long-
term changes in leaching behavior. Temperature is generally the first param-
eter to be varied in attempts to analyse rate processes since, if the rate
behavior obeys the Arrhenius equation, then an apparent activation energy can
be assigned to the process. Correlating apparent activation energies with rea-
sonable physicochemical processes is a traditional tool for analyzing rate
processes. Leach rates of some glasses follow Arrhenius behavior. The
leachability of cement increases with temperature; however, an irreversible
change in the pore structure of cement with increasing temperature which
increases leachability complicates any attempted Arrhenius analysis. No de-
finitive trends in the leachability of bituminized waste forms with tempera-
ture have been reported. Pressure effects in near surface burial of LLW may
be negligible except for bituminized waste forms, which will probably deform
by creep. The affect of creep deformation on the leachability of bituminized
waste has apparently not been investigated. There is considerable information
available on the effects of irradiation on the leachability of LLW forms.
Irradiation should have no effect on glass leachability, based on the HLW
glass studies. Cemented LLW, including cemented organic ion exchange resins,
showed no effect of irradiation on leachability up to at least 10^ rad.
Both bituminized LLW and vinyl ester-styrene solidified LLW showed no in-
creased leachability up to 108 rad.

Leachant factors include the effects of pH, Eh, flow rate or replacement
frequency and composition. The solubility of most cations is strongly depen-
dent on pH. The high pH of cement limits the solubility of most radionuclides
with the notable exception of cesium. The leachability of glass is near its
minimum in neutral pH conditions. Eh controls the oxidation state, and thus
the solubility of elements such as cobalt with multiple oxidation states. The
Eh of hydrated cement has been measured and found to be moderately oxidizing.
Leachant flow rate or replacement frequency affects the degree of saturation
of the leachant with respect to leached material. This not only exerts strong
control over leachability but also determines the boundary conditions which
need to be accounted for in any modeling analysis of leaching behavior.
Leachant composition may affect the leachability of different waste form types
in different ways. While demineralized water as leachant often produces high-
er leach rates than brine or 'tap water,1 waste forms containing ion exchange
resins or sorbents generally chow higher leach rates in brine and leachants
which contain exchangeable ions.
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Waste form factors include composition, surface condition, porosity and
waste form surface area to volume ratio. LLW forms are generally multi-phase
systems in which the solidification agent matrix and the incorporated waste
are physically and chemically distinct. Waste form composition, including the
physicochemical natures of the solidification agent and the waste materials,
determines the possibility that these components may react chemically. Cement
and glass are both chemically complex and may react with waste components
whereas bitumen and VES have been described as inert encapsulants. Surface
condition may change as a result of leaching. Glass forms a 'gel layer1 upon
extended leaching while cemented waste forms are known to accumulate carbonate
on the surface from leachants containing carbonates and leachants exposed to
air. Porosity in a solid is a major factor affecting diffusion within the
solid. Changes In porosity due to dissolution of soluble material or other
factors may affect long-term leachabllity. The surface area to volume ratio
of a waste form controls the time required to deplete the waste form of
leachable substances. Accordingly, it has been used as an accelerating factor
in HLW glass leaching studies. For diffusion as the leaching mechanism it has
been shown that leaching from small-scale samples can predict leaching release
from larger waste forms as long as the semi-infinite medium approximation is
valid.

4. Modeling Considerations and Mathematical Models

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

Several mathematical models for LLW leaching release are available. All
are based on the diffusion equation and all but one assume D constant. Leach-
ing release equations are available in which diffusion is the only mechanism
for both the semi-infinite medium and for realistic geometries such as cylin-
ders. Two different diffusion plus dissolution model equations have been
solved and the leaching release equations reported; however, both of these are
limited to the semi-infinite medium. The dissolution mechanism in one of the
models is equivalent to corrosion of the surface of the waste form. Models
incorporating diffusion plus a specific form of chemical reaction or equilib-
rium and diffusion plus ion exchange are also available. An empirical equa-
tion which was developed for glass leaching may be of some use of analyzing
LLW leachability. When models become too complex to solve analytically in
closed form, then numerical solution procedures such as finite element analy-
sis codes may be used to obtain approximate solutions. One such model has
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been reported for LLW leaching. This model incorporates a concentration de-
pendent diffusion coefficient plus dissolution, corrosion and radioactive de-
cay. A very sophisticated numerically calculated model, PROTOCOL, for glass
leaching in geologic repositories was developed for the HLW leaching mecha-
nisms program. However, it is not clear how this model could be useful for
LLW Leaching.

5. Summary and Conclusions

This report has reviewed information on leaching mechanisms, models and
factors that affect leaching for low-level radioactive waste. Leaching
mechanisms are complicated processes which are generally not fully understood
except possibly for the case of cesium release from cement. This is because
most experimental and modeling efforts have concentrated on cesium releasei
from cemented waste forms. However, definitive conclusions on leaching mecha-
nisms and models are substantially limited by the lack of curve fitting and
evaluation of complete, or near complete, leaching curves since virtually all
modeling of cesium release has been based on analysis of a relatively small
fraction of the total release in the initial stages of leaching. Cesium is
also unique in cement in that it may be the only radionuclide of concern in
LLW management which does not have at least the possibility of chemical reac-
tion with cement (technetium in some chemical forms may be another although
this was not addressed in this report). Reported leaching mechanisms for
bitumen have included diffusion and dissolution alone and in combination.
However, none of the work on bitumen appears to be really convincing. Mecha-
nistic studies on polymer solidification agents appear to be in an early phase
of development and have been limited to investigating the permeation proper-
ties of the polymer solidification agents themselves.
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1. INTRODUCTION

This report documents the results of a literature survey on the leaching
mechanisms of solidified low-level radioactive waste. The information pre-
sented in this report includes reviews of previous experimental work and
pertinent mathematical models which have been used to analyze leaching data.
Also included is information on parameters which may affect leaching, such as
the physicochemical properties of various solidification agents, waste types,
environmental conditions and waste form properties. Finally, the effects of
the environmental and waste form parameters and their interactions with postu-
lated leaching mechanisms are correlated with leach testing. The question
with regard to leach testing is whether long term performance can be predicted
with confidence from short term testing. The answer to this question must be
based on knowledge of leaching mechanisms and interactions between the waste
form and disposal environmental conditions over both the short and long term.
In sum, the objective of this report is to document the current state of
knowledge of the leaching mechanisms of solidified low-lavel radwaste and to
relate this kno /ledge to the goal of long-term performance assessment.

The Low-Level Waste Program has initiated a program to evaluate leaching
mechanisms with emphasis on predictive capabilities and accelerated testing.
Leaching mechanisms research will better allow investigators to understand the
performance of the waste form for low-level waste (LLW) and allow modelers to
take credit for the waste form in performance assessments. Understanding
factors that affect leach rates without changing the mechanisms will allow
development of accelerated test procedures. The results of investigations of
the leaching mechanisms of borosilicate glass systems similar to that to be
used for high-level waste (HLW) solidification have been reported*.
Although the borosilicate glass studies provide some guidance for the LLW
leaching mechanisms studies, the details of the high-level waste systems and
those of LLW systems are significantly different. Some of these differences
are:

• The time span of concern for LLW is on the order of a few hundred
years as compared to thousands of years for HLW. The radionuclides of
concern in LLW are relatively short-lived fission and activation prod-
ucts, whereas the very long-lived transuranic elements are the radio-
nuclides of primary concern in HLW.

• The trench water in LLW shallow land burial (SLB) sites has much dif-
ferent characteristics than the groundwater in HLW deep geologic
repositories. HLW repositories (except in salt) have been postulated
to be flooded with slow moving, anoxic groundwater which will be in
chemical equilibrium with the host rock and, eventually, with the HLW
form as well*. Conversely, SLB trench water may range from aerobic
to anaerobic and will contain organic products from biodegradation and
other constituents picked up during runoff and seepage into the
trench. Conditions in a trench may vary from saturated to dry depend-
ing on climate and seasonal variations in precipitation.
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• Activity In SLB trenches, once leached from the waste form, is poten-
tially directly available to the environment. Transport out of the
trench can occur via downward movement to groundwater, by lateral
movement toward the disposal site boundary or by movement to the sur-
face via plants whose roots have penetrated into the trench.

Qualitatively, the basis for leaching of solidified LLW is release of
radionuclides from the waste form upon contact with water. The mechanism for
leaching has been assumed to be diffusion, or diffusion dominated, by virtual-
ly all researchers. The analytical basis for the diffusion mechanism has been
the linearity of plots of cumulatlve-fraction-released (CFR) vs the square-
root-of-time over some selected range of experimental leaching data. The
procedure has generally included three steps:

(1) Discard the initial data from the leaching experiment as atypical
due to surface effects. For example, in the ANS 16.1 Leachability
Test a 30 second wash Is specified which is then subtracted from the
source term. The general consensus is that the initial surface wash
occurs by a different mechanism from the long-term data and so
should be treated separately.

(11) Use the linear (more or less) region of the data on the CFR vs.
(time)1/2 piot which remains after discarding the short-time data
to calculate an effective diffusion coefficient.

(Hi) Often, leaching data at 'long* times does not remain linear vs.
(time)1/2. Depending on conditions this has been attributed to
source term depletion, to leachant saturation effects and to surface
effects changing with time. If the leaching release becomes linear
with time, dissolution or corrosion have been cited as having super-
ceded diffusion as the predominant leaching mechanism.

This procedure may be adversely affected by any or all of several possi-
bilities. If diffusion is not the only important mechanism controlling mass
transport out of the waste form, then a problem would arise from attempting to
fit a wrong or incomplete functional description to the data. Other potential
problems may arise from the following possibilities:

• The diffusion coefficient, which has generally been assumed to remain
constant during leaching, may vary significantly with varying concen-
tration in the waste form, waste form porosity and leaching time.

• Conditions in laboratory leaching experiments may be significantly
different than leaching conditions in a burial trench.

• Waste forms, being real rather than hypothetical materials, may change
their leaching characteristics due to the leaching process itself.

Numerous solutions to the diffusion equation (equivalently, the heat
equation) for various boundary and initial conditions have been document-
ed^-A, Boundary conditions include the shape of the waste form, surface
conditions and leachant composition while Initial conditions specify the
radionuclide distribution within the waste form prior to leaching. With cer-
tain restrictions, the solution to the semi-infinite medium problem can be
applied to any diffusion problem over part of the data range, e.g, the first
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202 or so of the CFR according to Nestor's analysis of diffusion from cyl-
inders^. Solutions to the diffusion equation for other geometries are also
available2"*. The solution for cylindrical waste forms has been used in a
procedure developed by the American Nuclear Society to quantify diffusional
leaching in terms of a leaching index and to account for source-term depletion
due to the finiteness of real waste forms'*. Solutions of the diffusion

fc. equation for realistic geometries allow quantitative comparison of data to a
diffusion model. The goodness-of-fit of the model to the data should provide
a measure of the applicability of the diffusion-only model to the problem of
LLW leaching. One aspect of this program is to determine the applicability of
the diffusion model to leaching data for several types of solidified LLW.

One condition must always be met for real systems: the leach rate at
long time must approach zero as the diffusant is leached out. Other restric-
tions may apply because of the initial and boundary conditions which apply to
specific situations and because of the nature of the mathematical analysis.
These restrictions are discussed in later sections of this report.

1.1 Leach Testing and Long-Term Leaching Behavior

The standard leach tests currently available were designed to be used for
relative comparison of formulations, quality control or for meeting regulatory
requirements, not for long term prediction of leaching behavior. Some reasons
for this are listed as follows:

(1) No account of actual burial conditions over the long term is taken.
Specifically, the actual composition of trench water, including
aerobic vs. anaerobic conditions, the presence of carbonates and
natural organic complexing agents from biodegradation in trench
water and other factors have not been accounted for.

(ii) Not enough account is taken in the standard leach tests of boundary
condition requirements. The leachant replacement frequency in all
semi-dynamic leach tests may be inadequate, especially for cement.
Alternatively, it is not clear that such tests adequately mimic
long-term conditions in a burial trench.

(ill) Source term depletion in the waste form is accounted for in only one
test procedure—the ANS 16.1 Leach Test Procedure6.

(iv) Diffusion with a constant diffusion coefficient has been the only
leaching mechanism considered in the standard leach tests. The
adequacy of this assumption has been questioned, especially for
waste forms incorporating soluble waste, but has never been ade-
quately tested**.59,60.

(v) Solidified LLW forms sre generally heterogeneous systems. The
solidilication agent matrix is normally physically and chemically
distinct from the waste material. In such systems one phase often
exerts much more control over leaching behavior than the other
phase. Some of the mathematical problems of modeling diffusion in
two-phase systems have been reviewed2.



The knowledge to be developed In this task will be directed toward the
goal of long-term prediction of leaching behavior. This is to be accomplished
through knowledge of: (i) leaching mechanisms for each radionuclide in each
solidification agent and, (ii) waste form leaching characteristics in the bur-
ial site environment. Factors which influence leaching have been discussed in
the literature arid some have been investigated experimentally?"^. This re-
port documents information reported on leaching mechanisms of low-level waste
and factors which affect leaching and includes both experimentally supported
and speculatively proposed mechanisms.
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2. LEACHING MECHANISMS OF SEVERAL SOLIDIFICATION AGENTS FOR LLW

This section documents reported leaching mechanisms for several solidi-
fication agents used for solidification of LLW. Leaching mechanisms in any
specified disposal environment are largely dependent on wast? ferni character-
istics. These, in turn, are dependent upon the soldification agent, the type
of waste which is solidified and processing parameters such as temperature,
homogeneity, waste-to-binder ratios, etc. Portland cement has been by far the
most common solidification agent with bitumen gradually increasing in use.
Polymer solidification agents have been used to only a very limited extent be-
cause of cost and other problems associated with interactions with waste com-
ponents. The use of soda-lime glass as a possible solidification agent for
low-level waste has been experimentally investigated by Mound Laboratory^.

Leaching results from mass transport of substances within as well as out
of a waste form. Mass transport processes which have baen identified as oc-
curring In solidified waste forms include diffusion, dissolution, ion ex-
change, corrosion and surface effects. Diffusive transport out of the solidi-
fied waste form has traditionally been credited as being the principal leach-
ing mechanism. The other factors have often been assumed to be relatively
minor compared to diffusion. Although the validity of this assumption has
been questioned, little by way of review and evaluation of the relative impor-
tance of mechanistic factors in LLW leaching is available. Figure 2.1 pic-
tures schematically the traditional view of the relative importance of mass
transport processes in LLW leaching.

2.1 Portland Cement

Portland cement solidifies as the result of a hydratlon process with
water. Cement leachability is affected not only by the type and quantity of
waste but also by the amount of water used to set the cement^*™. Sorbents
such as vermiculite and other additives are often added to the cement-waste
mixture. These additives also influence the leacbability of the waste form.
Portland cement and the hydrated chemical components that constitute solidi-
fied portland cement have been shown to exhibit very limited sorption for
cesium2*~30. A somewhat greater, but still very limited, sorption for
strontium onto hydrated portland cement has also been reported29-31.

Neilson and Colombo^" reported distribution ratios (Rd) for portland
cements and other materials which were under consideration as additives for
cement-based waste forms. The distribution ratio is defined as the ratio of
the activity sorbed onto a solid sorbent per unit weight divided by the activ-
ity, per unit volume, remaining in solution.

(2.D
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•Relative importance may vary with waste type, solidification agent
and elapsed leach time.

Figure 2.1 Traditional view of the relative importance of mass transport
terms in the leaching of low-level radioactive waste.
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Rd « distribution ratio

Ag • activity associated with the solid

Ws •» weight of dry solid

Aj * activity remaining in liquid

Vjj. * initial volume of liquid

The data from Reference 29 is reproduced in Table 2.1. These are single-
point data based on the results of sorption experiments at room temperature
for 0.5 g of powdered (< 63 iim) solii* agitated for three days in 20 ml of
liquid which originally contained 1.0 p Cl of radionuclide in solution. Re-
sults were expressed as distribution ratio rather than distribution coeffi-
cient, Kjj, since the experiments were not continued to determine if equilib-
rium was attained. These data indicate that portland cement is a relatively
poor sorbent for cesium, whereas the synthetic zeolites (Ionsiv 1E-95 and
Ionsiv A-51) are relatively strong sorbents for cesium. The reduced sorption
by the zeolites in saturated calcium hydroxide solution compared to pure water
was attributed to competition with the calcium ions.

Atkinson, et al.^0, investigated cesium and strontium leaching from two
types of cement waste forms and reported the leaching mechanisms which they
deduced from mechanistic modeling of data from leaching and sorption experi-
ments. The two types of waste forms which they studied were described as:

(1) a 'homogeneous' wasteform produced by mixing an aqueous solution of
radionuclide with ordinary portland cement (OFC).

(ii) a 'heterogeneous' wasteform produced by mixing granuals of a
contaminated zeolite ion-exchange (clinoptilolite) with OPC

Atkinson, et al.30^ a i s o performed sorption experiments, which they allowed
to proceed to apparent equilibrium, at several concentrations using portland
cement and zeolite materials. They fitted the data to a Langmuir adsorption
isotherm to quantify the sorption versus concentration behavior. The form of
the Langmuir adsorption isotherm they used to fit the data is shown in Equa-
tion (2.2).

Cads ' YC* / (1 + YCA/Csat) (2.2)

^ads " concentration of adsorbed species on solid

csat " maximum adsorption possible on solid (i.e., all adsorption
sites filled)

Ci • concentration in the liquid

y • constant for the specific adsorbent/liquid system
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Table 2.1

Measured Distribution Ratios for Selected Candidate Additive Materials for Cement Waste Forms

CESIUM

DISTRIBUTION RATIO (Rd)

STRONTIUM COBALT

Material Ca(OH)2
b D.W.a Ca(OH)2b Ca(OH)2

b

CERIUM

D.W.a Ca(OH)2
b

aDemineralized Water

^Saturated Ca(0H)2 Solution

Thlxojel ~ 1

Limonlte

Glauconite

Attaflow-350

Attasorb-LVM

Mineral Colloid BP

Thixojel ~ 3

Tuff

Alumina

Silica

Bauxite

Unmllled Incinerator Ash

Ball-milled Incinerator
Ash

Volcanic Ash

Illitlc Slate

Ionsiv IE-95

Ionslv A-51

Coal Fly Ash

Portland Cement Type I

Portland Cement Type III

High Alumina Cement

900

5.C

60

140

310

59

490

18

17

3.0

19

5.0

8.0

11

53

89,000

9,700

1.5

1.0

0

2.0

600

3.0

83

98

ISO

540

790

7.0

7.0

1.0

8.0

11

8.0

2.0

21

37,000

2,400

4.8

0

2.0

0

240

39

63

350

820

17

99

160

32,000

13

210

-

-

-

-

-

-

-

6.0

10

36

1,200

3.0

25

20

270

1,300

1,000

6.0

560

0

26

-

-

-

-

-

-

-

15

11

32

280

-

-

-

59,000

20

290

-

150,000

-

-

-

-

-

-

-

-

-

-

-

—

42

-

-

-

49

25

19

-

390

-

-

-

-

-

-

-

-

-

-

-

-

24,000

-

-

-

26,000

110

290

-

710,000

-

-

-

-

-

-

-

-

-

-

-

-

19,000

-

-

-

2,100

26,000

Very High

-

20,000

-

-

-

-

-

-

-

-

-

-

-

—



Values of y and C s a t for adsorption onto hardened portland cement and values
of Y for desorption from clinoptilolite (a natural zeolite) derived from the
curve fits by Atkinson, et al.-30, are listed In Tables 2.2 and 2.3., as
reproduced from Reference 30. These parameters Indicate that, at 30°C,
sorption of cesium and strontium by hardened portland cement Is very limited
compared to that of a known strong sorbent for these Ions.

Table 2.2

Parameters Describing the Absorption of Cs and Sr onto Hardened Cement Paste

Element Y

4.2

10

csat
(mole 1-1)

0.002

0.64

Cs

Sr

Table 2.3

The Desorption Partition Coefficient Between a Simulated Waste Clinoptilolite
and Various Liquids

Liquid pH Y (Cs) Y (Sr)

Distilled water

Saturated Ca(0H>2

OPC equilibrated water

Equilibrium leach test
on clinoptilolite/OPC
wasteform

7.

12.

12.

3

4

4

2.6

2.1

2.2

1.8

(+0

(+0

(+0

<±°

• 9)

.6)

• 6)

.4)

x 105

x 104

x 104

x 104

2(+l)

5 (+3)

6(+3)

5(+l)

x 105

x 104

x 104

x 103
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Leach data for the 'homogeneous1 type waste forms were taken from the
literature'l. The 'heterogeneous' type waste forms were fabricated and
leach tested by the authors. Both static and dynamic leach tests were
performed. The static leach tests were performed to determine steady state
concentrations between sample and leachant. The dynamic tests used
distillation recycling of water past the sample as in a Soxhlet procedure.
The flow rate was approximately 3 ml min~l to ensure that leachant
concentrations remained well below saturation.

Mechanistic modeling of leaching release from the OPC and OPC -
clinoptilolite simulated waste forms specifically considered diffusion as the
mass transport mechanism and adsorption/desorption from both the OPC and zeo-
lite materials as possible release mechanisms for the Cs and Sr radionu-
clides. Adsorption parameters were derived from the sorption experiments
which were analyzed assuming a Langmuir adsorption isotherm. Diffusion param-
eters were derived both from leaching data and from permeation experiments
which provided independent estimations of diffusion coefficients of ions
through water-saturated cement^2.

The mechanistic interpretation deduced by Atkinson, et al.3°, from this
work are summarized below for the two waste form types.

For the OPC waste form:

• For Cs, diffusion through the water-saturated cement matrix is
the principal release mechanism. A weak, reversible adsorption
onto the cement matrix is the only additional process which
occurs. Although, this reversible adsorption tends to slow the
release, the effect is small.

• For Sr, the release-controlling mechanism does not appear to be
simple diffusion from the waste form. Chemical binding in the
waste form was given as the most probable reason for this.
Possibilities for chemical binding were said to include: Sr
replacing Ca in the calcium silicate hydrate during setting;
coprecipitation with CaSO4'2H2O or ettringite (a calcium
aluminum sulfate hydrate) since this specific waste form con-
tained a lot of sulfate salts or, the Sr may be incorporated in
precipitated carbonates as a result of C0'2 dissolving in the
leachant.

For the OPC - clinoptilolite waste forms:

• For both Cs and Sr, the controlling release mechanisms were
indicated to be desorption from the zeolite ion-exchange and
diffusion. The driving force for Cs release was said to be ion
exchange between Cs and Ca ions. Modelling results were less
conclusive for Sr release via the mechanism of ion exchange for
Ca. This was said to possibly be due to the participation of
another ion in the Sr exchange.
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For both waste form types:

• Leaching release for the first several days was greater than
could be accounted for by the diffusion-ion exchange mechanism.

• A conclusion which was implied, but not directly stated, was that
t'.ie release mechanism(s) of Sr from these waste form types has
not been well enough characterized for reliable modeling.

2.2 Bitumen

The function of bitumen in the solidification of LLW is generally consid-
ered to be that of an adhesive coating agent. As such, the waste content of
bituminized waste does not significantly change the mechanical properties of
the solidified form until the waste loading exceeds approximately 60
wt%16»18. Conversely, the strength of a cement form depends on waste load-
ing and reportedly decreases substantially at salt loadings greater than 130 g
per Kg of cement product (i.e., 13 wt% of waste form)15. According to a
1970 report on bituminized low-level waste, "The mechanisms of leaching of
isotopes from bituminous mixtures has not yet been precisely establish-
ed"^. Analysis of data based on two postulated mechanisms has been report-
e(jl6,19, j n o n e analysis

1^, diffusion was presumed to be the mass trans-
port process, whereas in the other1^ the solubility of the activity was
presumed to control the leaching. Functionally, the diffusion-mechanism would
result in a release rate proportional to t~H% while the solubility con-
trolled mechanism would result in a constant rate of activity release from the
waste form. These different analyses may not be incompatible since the bitu-
mens used for solidification, the waste and the process used to incorporate
the wastes into the bitumens were different.

2.3 Polymers

There is almost a complete dearth of reported information on the leaching
mechanism(s) of VES. Structurally, the solidified emulsified material has
been reported to consist of droplets of waste enveloped in polymer. However,
no physical evidence, such as photomicrographs are available to support this
hypothetical structure. Only a limited amount of information has been re-
ported on leaching mechanisms of polymeric solidification agents^^. The
postulated mechanism for two thermosetting polymers under study in Europe,
which included a chemically crosslinked epoxy and a chemically crosslinked
polyester-styrene copolymer, is that these polymers form a low permeability
barrier from which radionuclides are leached by diffusion [Reference 13,
47-55]. Measured diffusion coefficients from these studies^ on thin
membranes of the two polymers were approximately 7xl0~13 cm2/sec for
Cs-137 and 3x10"^ cm^/sec for water in both materials.

2.4 Glass

Leaching mechanisms for glass have been comprehensively investigated and
reviewed in Reference 1. Although this work concentrated on the HLW defense
glass solidification matrix, the review and experimental work appear to be
general enough to address the long-term leachability of most glasses based on
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silica as the primary network former. Glass leachability is sensitive to tem-
perature, leachant pH and flow rate and glass composition. Initially, the
leaching is dominated by release of soluble species such as alkali metals and
boron (in borosilicate glasses). The leaching of these elements typically
follows diffusion kinetics until the depleted surface layer, which is composed
of the less soluble material such as silica, begins to affect the leaching re-
lease. In a hard-rock HLW repository, the slow flow of groundwater through
the repository and the development of a surface layer which includes precipi-
tated crystalline species of lower solubility than glass was said to ultimate-
ly control the leachabilit/ of HLW glass waste forms under the expected condi-
tions.

The LLW glass2^ investigated by Mound Laboratory has different physical
and chemical characteristics than the HLW borosilicate glass. Chemically, the
LLW glass is ordinary soda-lime silica glass rather than the borosilicate
glass used for HLW solidification. Physically, the LLW glass is a two-phase
system since some incinerator ash which has not been totally oxidized is in-
corporated in the glass. Short term leach tests on the LLW glass^ show no
greater leachability than a typical HLW glass.
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3. FACTORS THAT AFFECT LEACHING

In 1981, Stone^ provided a brief, qualitative overview of factors af-
feccittg leachability from a review of the literature. Factors which need be
considered in any comprehensive analysis of leaching behavior were listed
ucvtai- i-hree categories: (i) system factors, (ii) leachant factors and, (iii)
cossp".' .' -.ion of the solid waste form. System factors included time, tempera-
ture-,. j/Vessure, radiation environment and ratio of waste form surface area to
le&tfient volume. Leachant factors included composition, pH, Eh and flow or
replacement frequency. Waste form factors were said to include composition,
surface condition and porosity. These factors plus others are discussed in
this chapter and quantitative models of the effects of these factors are
included, where available.

3.1 System Factors

3.1.1 Time. Leachability is a function of time in the sense that the
functional relationship of leach rate to time typically changes over the long
term. The exact dependence of leachability with time depends on the leaching
mechanism(s) operative at the time and may also be affected by other condi-
tions. A common empirical function which fits cumulative fraction released
versus time for several types of glass is:^3»3*.

F . atl/2 + bt (3.1)

where F is cumulative fraction released, a and b are constants with a larger
than b. Thus, at short times the fraction released is linear with O-'^-,
which would be expected for a diffusion mechanism, while at long times the
fraction released becomes linear with t.

Godbee and Joy^9 have reviewed the relationship of the empirical Equa-
tion 3.1 to proper solutions of mass transport equations incorporating dif-
fusion with a constant diffusion coefficient plus dissolution as the release
mechanisms. Two types of dissolution were considered: (i) concentration de-
pendent dissolution of waste which occurs throughout the waste form and, (ii)
surface dissolution only. It appears that the shapes of the curves given by
Equation 3.1 compared to the proper solutions to the mass transport equation
may be similar in the short term (at^'^»bt), but not when both terms make
significant contributions to the overall release. They also show that, if
dissolution of radionuclides of limited solubility is not accounted for, the
leaching release of activity assuming diffusion can underestimate that which
actually occurs at long time.

3.1.2 Temperature. Temperature is usually the first variable consid-
ered in attempts to change and/or analyze rate processes. This is so because:
(i) relatively small changes in temperature often lead to relatively large
changes in the observed rates of many processes and (ii) the variation of the
rate with temperature is often well represented by the Arrhenius equation,

R(T) « A exp (-Ea/RT) (3.2)
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where R(T) is the rate at (absolute) temperature T, A is a constant, R is the
gas constant and Ea is the 'apparent activation energy' of the rate process.
Upon taking the logarithum of Equation 3.2,

log R(T) = log A - ( — (3.2a)

it is seen that plotting the log of the rate parameter versus (1/T) results
in a straight line of slope (-Ea/R) for an activated process. A change of
slope on these plots is indicative of a change in activation energy associated
with a change in mechanism.

The leach rates of some high-level waste glasses have shown Arrhenius be-
havior35,36. Such relationships have also been observed for som« cemented
LLW forms, but not for bituminized LLW forms. Leaching of cemented cesium
sulfate salts (simulated sulfate evaporator wastes) has indicated an approxi-
mate Arrhenius relation with an apparent activation energy of 4-6 Kcal/mole in
the early stages of leaching"»1-0. These data were from approximately room
temperature to 70°C and were said to be consistent with a diffusion mecha-
nism. However, at longer times at the high temperature the apparent activa-
tion energy increased to 8-11 Kcal/mole which was said not to be consistent
with diffusion**. Additionally, upon lowering the temperature again, the
leach rate remained high, indicating that irreversible changes occurred at the
higher temperature^. This last observation may be explained at least in
part from the observations by Atkinson and Nickerson^Z that the pore struc-
ture of cement becomes more permeable at higher temperatures. Thus, for cesi-
um, the leach rate increase at higher temperature appears to arise from at
least two contributing processes: (i) the increase due to temperature normal-
ly associated with an activated process and, (ii) the irreversible increase
resulting from the effect of an increase in temperature on the pore structure
of the cemented waste form.

Leaching data for strontium over the same temperature range resulted in
little increased release at 70°C compared to 30°C8. The reproducibility
of duplicate leach test results on the SrSO4 salt in cement was also poor.
However, it was noted that these results for Sr may have been influenced by
solubility limitations since a relatively large quantity of SrS04 salt (6.6%
by weight) was solidified in the cement waste form samples. Conversely, leach
tests on Sr(N03)2 salts incorporated in trace amounts in cement (which
would be more typical of LLW concentrations) showed a large temperature effect
on leachability*'. Thus, it appears that temperature effects on Sr leach-
ability may be Influenced by solubility limitations and that any analysis of
Sr leachability versus temperature mint take solubility into account.

Bituminized samples containing the cesium and strontium sulfate salts
showed no consistent trend in leaching behavior with temperature". It was
stated that further testing was needed before any conclusions could be shown
concerning the effect of temperature on the leachability of bituminized waste
forms.
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3.1.3 Pressure. The effect of pressure under shallow land burial should
be negligible for rigid waste forms such as cement and glass. Test results
under hydrothermal conditions such as occur under deep geologic burial for
high-level waste disposal are not applicable to LLW forms.

The overburden load of approximately 20-50 psl in shallow land burial may
affect bituminized waste forms and some types of VES waste forms^"^.
Bituminized waste forms are known to deform by creep in this load range and,
over the long term, this can lead to substantial deformation. One can specu-
late that if the deformation by creep,results in cracking of the bituminized
waste form then the increased surface area could lead to an increase in leach-
ability. However, this speculation has no basis in experimental results since
leach tec is on bitumenized waste forms have not been performed under load to
our knowledge.

3.1.4 Radiation. Irradiation of LLW forms results primarily from
activity, since the TRU content of LLW is normally limited to less than 100
nCi/g. The effects of radiation on the mechanical integrity and leachabil-
ity of cement, bitumen and VES as solidification agents for LLW have been re-
viewed in a report prepared for the U.S. Nuclear Regulatory Commission^.

Cement exhibits excellent radiation resistance and is used for both
shielding and construction of reactors and other radiation facilities.
Cement-solidified ion exchange resins have been irradiated to 10^ rad with
no noticeable effect on the leachability or mechanical integrity^.

Similarly, irradiation of cement-solidified sodium nitrate salt to 1010

rad showed no significant increase in leachability for loadings up to 30 wt%
salt4*.

Although bitumin evolves gas and swells upon irradiation, no significant
increases in leachability have been reported for doses up to 10° rad for
bituminized simulated wastes^ and to 10" rad for bituminized sludge
wastes'8,61.

VES solidified wastes from a BWR showed little change in leachability up
to a dose of 10^ rad&2»?2. Above 10^ rad the leachability appeared to
increase with increasing dose and by 6x108 rad the fraction leached was ap-
proximately double that at 108 rad.

For glass, no effect on leachability due to Irradiation from LLW is ex-
pected, based on leach studies on HLW glass following irradiation [Reference
1, Chapter 5].

3.1.5 Ratio of Waste Form Area to Leachant Volume. The ratio of waste
form surface area to leachant volume affects how fast the leaching system can
approach steady state as the leachant becomes saturated with leached material.
This factor is clearly not independent of leachant flow rate or replacement
frequency (Section 3.2.3) and is also not indpendent of the surface area to
volume ratio of the waste form (Section 3.3.4). Given this, we will include
consideration of this point with Section 3.2.3 (Flow or Replacement Frequency)
and Section 3.3.4 (Surface Area to Volume Ratio).
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3.2 Leachant Factors

3.2.1 pH Effects on LLW Leaching. Since LLW forms are typically two
phase systems, pH effects result from the interaction between the leachant,
waste and solidification agent. Percolate water from rain and runoff may be
expected to be close to neutral, depending on dissolved atmospheric gases such
as carbon dioxide and interaction with the overburden soil.

Neutral conditions, pH 5-9, give the lowest leach rates for glass with
leachability rising as pH becomes more acidic than 5 or more basic than
9l»65-67, Glasses with high concentrations of- soda (Na2<3) and other solu-
ble basic oxides cause the leachant to become basic, which then causing leach-
ing to increase. However, at room temperature the leachability of glass Is
generally so low that this may not be a problem.

The pH of hydrated portland cement is approximately 12.5, based on the
presence of a saturated solution of Ca(0H)2 in the pore fluid. This value
varies somewhat depending on the water to cement ratio and the quantity of
alkali metal oxides, Na2<) and K2O, in the cement powder. Addition of
silica or silacious material which reacts with calcium hydroxide may reduce
the pH to approximately 11. This high pH limits the solubility of most ca-
tions with the exception of the alkali metal cations.

3.2.2, Eh_. Several elements of concern in LLW management exhibit more
than one chemical oxidation state, e.g., Co, U, Pu and Tc. The solubility of
these elements depends (in the absence of chelation complexes) on the chemical
oxidation state which is a function of Eh. For cobalt the +2 state is gener-
ally more soluble than the +3 state for the common anions such as hydroxide,
chloride and sulfate. Conversely, for uranium, the lower oxidation state, +4
is less soluble than the +6 state. For elements with only one oxidation
state, such as Cs and Sr, Eh conditions probably have little effect on solu-
bility.

Glasser, et al.H, have reported Eh data for portland cement from mea-
surements on pore fluid squeezed from set cement and from direct measurements
in situ from electrodes placed in the cement before setting. Results from
both of these techniques indicated moderately oxidizing conditions in the set
cement with Eh values from 80-181 for setting times from 7 days to 14 months.
Pore fluid measurements on portland cement containing additives including
silica, pozzolan and blast furnace slag indicated no noticeable change, in Eh
after 14 months setting time. It was also noted that, while the Eh in port-
land cement is inherently oxidizing, it is of limited poising capacity so that
addition of even relatively small amounts of materials active in redox re-
actions may alter the normally moderately oxidizing Eh.

3.2.3 Flow or Replacement Frequency. Leachant flow rate or, presumably
equivalently, replacement frequency of a specific volume of leachant in semi-
dynamic leach tests is a major factor in determining leachability and also de-
termines the boundary conditions which apply to any data analysis. The sub-
ject of boundary conditions In data analysis and modeling is described in
Section 4.1.2.
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Static leach tests, such as the MCC-163, Ideally are of sufficient
duration to allow the leachant and sample to attain equilibrium. Information
available from static tests includes solubility limits for the specific leach-
ant-waste form system under the conditions of the test and kinetic data if the
approach to equilibrium is followed. Knowledge of both saturation levels and
the kinetic approach to saturation are important not only for static leaching
but also for estimating adherence to boundary conditions in flowing and semi-
dynamic tests. By repeating static leach tests on the same sample it should
be possible to determine the minimum amount of leachant re' tired to remove a
substance from the sample. Such successive leaching would i*ot be needed if
the leaching process itself does not significantly alter the leaching behavior
of the system due to, for instance, depletion of a soluble constituent of the
waste form.

Flowing and semi-dynamic leach tests ideally maintain the leachant at
such low concentrations of leached substances that redeposition onto the sam-
ple is not significant. However, this is seldom assured since the fixed
schedule of leachant replacement in most leach tests is seldom varied by ex-
perimenters, and no specific test procedures are included to assure that con-
centration effects are not significant. This problem would seem to be of more
concern for cemented waste forms than for bitumen, VES and glass waste forms
which are generally less leachable than cement-solidified waste forms. One
case has been reported in which leach rates from weekend leachant replacements
were lower than those from daily replacement"^. Such retardation of leach-
ability in tests may be of little significance as long as the effect is small
and the shape of leach curve is not affected. However, evidence is needed to
establish under what conditions of concentration the effect remains small.

3.2.4 Leachant Composition. Standard leachants include demineralized
water (DIW) and brine although leach testing is also done with tap water,
whose composition may or may not be specified, and other aqueous solutions.
DIW generally results in higher leach rates than brine except for ion exchange
resin wastes in which the cationic radionuclides on the resin are readily
exchanged for cations in the brine.

3.3 Waste Form Factors

Waste form factors which affect leachability include composition, surface
condition, porosity and the ratio of the surface area to volume of the waste
form. The relative importance of these factors varies substantially depending
upon composition.

3.3.1 Waste Form Compos!ton. The fundamental nature of a waste form,
including its physicochemical properties and tho mechanism of leaching is
determined by its composition. A waste form consists of some type and
quantity of waste fixed in a solidification agent. Other materials such as
sorbents are often added to cemented waste forms to improve performance in
specific ways. The nature of the waste also affects the selection of the
solidification agent. The waste stream may need treatment to become compati-
ble with a solidification process. Such treatments nay include pH and/or
water content adjustments or, in the case of glass, incineration.
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Low-level waste forms are generally two or more phase systems in which the
solidification agent matrix is physically and chemically distinct from the
incorporated waste. This is unlike the case for the HLW glass in which the
waste components are required to become part of the glass itself. Phase
separation, or devitrification, of HLW glass has been considered to be un-
desirable. Because LLW forms are inherently not 'one substance* there is the
possibility of interaction between waste and solidification agent.

Cement is chemically complex and the interactions of each radionuclide of
concern with hydrated cement must be considered individually during solidifi-
cation and subsequent leaching. Cesium has been shown not to react with and
to sorb only weakly onto hydrated portland cement (Section 2). Also, the
inherently high pH of hydrated cement does not limit the solubility of Cs.
Thus, pure portland cement acts to limit the leachability of cesium only by
physical restriction, not by chemical reaction. Strontium has also been shown
to sorb relatively weakly onto hydrated portland cement. However, Sr has been
postulated to chemically react with cement during solidification and over time
following solidification22. This speculation was based in part on several
observations in which Sr leachability from cemented waste forms decreased with
increasing cure time2**"22 and, in part, on the fact that small amounts of Sr
can substitute for Ca in calcium-containing minerals22. An alternative en-
terpretation of reduced Sr leachability from cemented waste forms with length
of cure and/or extended leaching time is also available". In this interpre-
tation, it is carbonation of the surface which results in reduced Sr leach-
ability (see also Section 3.3.2). In support of this latter interpretation
Amarantos and Petropoulos8 presented results in which the leachability of Sr
did not decrease with time when carbon dioxide (from air) was rigidly excluded
from the leaching system. The high-pH cement environment also limits the
solubility of Sr in cemented waste forms. The high-pH of cement also severely
limits the solubility of cobalt in cemented waste forms.

Bitumen has been thought to be an essentially inert, adhesive coating of
low permeability to water. Waste incorporated into bitumen must be dry or de-
watered during bituminization, which is done at elevated temperature. Al-
though bitumen has been thought to be generally unreactive toward radwaste
components, it has been reported that Sr leachability is reduced at bitumini-
zation processing temperatures above 205°C^. Also, in a leach test em-
ploying tap water as leachant of a bitminized waste form containing repro-
cessing sludges, the total salinity of the leachate was reported to be lower
than that of the leachant even though water absorption by the waste form
increased its weight by 3% [Reference 13, pp. 42-43]. This observation was
not explained although the reduced salinity presumably resulted from sorption
by the bitumen and/or the sludge. These observations may indicate that under
some conditions chemical reactivity and/or sorption may affect the leachabil-
ity of bitminized wastes.

3.3.2 Surface Condition. Waste form surface conditions often change as
a result of leaching. The alteration layer which may form on glass as a re-
sult of leaching has been shown to have a significant effect on the leachabil-
ity of glassified high-level wasted. Carbonation of the surfaces of cement
LLW forms from C02 dissolving in the leachant has been shown to reduce Sr
Ieachability8»13. NO similar surface carbonation of bituminized sludge
wastes was observed under conditions similar to those in which it was observed
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with cement waste forms [Reference 13, p. 43]. The elemental composition of
the surface of a cement waste form has also been reported to have changed due
to leaching1''. Specifically, the relative concentration of silicon (silica)
increased compared to that of calcium in the surface layer.

3.3.3 Porosity. An inert matrix which *s physically porous can only
retard the teachability of other substances embedded in the matrix compared to
simply exposing the substances to the leachant directly. This is not equiva-
lent to the effect of porosity acting to increase surface area because of mi-
croscopic surface roughness, as has been found to be important for glass*•''.
Porous LLW forms in which the waste and solidification agent matrix are dis-
tinguishable may be better described by formally considering the effect of the
porous matrix rather than considering the effect of porosity as simply in-
creasing surface area.

The physical considerations necessary to account for the effect of poros-
ity on diffusion in a porous matrix along with mathematical models incorporat-
ing these considerations have been reviewed by Van Brakel and Heertjes" .
In general, the diffusibility, Q, of a porous matrix is described as

PC
Q = - (3.3)

T2

where P is the porosity, C is the constrictivity and T is the tortuosity. P
and T depend only on the porous matrix whereas C depends on both the porous
matrix and the diffusant since the relative sizes of porosity and diffusing
species are important. Q is defined as the ratio of the effective diffusion
coefficient in the porous medium to the diffusion coefficient in the absence
of the porous medium.

Atkinson and Nickerson^0, have applied this concept of porosity-depen-
dent diffusion to the problem of leachability of cemented LLW forms. Analy-
sis of leaching data plus other data led them to conclude that the pore struc-
ture of cement is best characterized as one in which relatively large pores
are connected through much finer pores. They also indicated that the pore
structure was irreversibly changed upon heating from 30°C to 60°C. Cesium
leachability from a sample which had been heated and then cooled was greater
than from the sample prior to heating.

3.3.4 Surface Area to Volume Ratio. It has been stated that, when cer-
tain conditions are met, increasing the sample surface area to volume ratio
may be useful as an accelerating factor in leach testing. Different require-
ments have been stated for leaching which is diffusion-controlled or corro-
sion-controlled. The argument for corrosion-controlled leaching is contained
in [Reference 1, 1.11-1.12]. Briefly, this conclusion proceeded from the fol-
lowing argument. The concentration of species, i, in the leachant, C±, may
be related to the leach rate, L^, the fraction of species in the waste form,
ff, the surface area to volume ratio of the waste form, (S/V), and the
contact time of the leachant with the waste form, T, as in Equation (3.4).

C± - Li f± (S/V) T (3.4)
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I4 depends on the chemical composition of the leachant and may also be a
function of time and/or (S/V) explicitly^, if L^ depends only on leach-
ant composition and Equation (3.5) holds, then increasing (S/V) will effec-
tively shorten the time required to reach a given concentration level in the
leachant, thus accelerating the leaching process.

(S/V)i Ti - (S/V)2 T2 (3.5)

The subscripts 1 and 2 in Equation (3.5) indicate different conditions of
(S/V) and T. The validity of Equation (3.5) for glass leaching has been
experimentally demonstrated once the leach rate has become linear with
timel»46-48. JJO s u cj, gimilar investigations on low-level waste forms have
been reported to our knowledge.

Alternatively, under diffusion-controlled conditions, the following argu-
ment has suggested that leach test results on small samples may be used to
predict the leaching that would occur from full-size waste forms'+9>50. The
relationship of the cumulative release leached from different sized samples,
which are otherwise identical and are leached under identical conditions, has
been stated to be

(3.6)

an • amount of substance of interest leached in interval n.

AQ » total amount of substance of interest originally present

van
- cumulative fraction leached through interval n.

Ao

where subscripts 1 and 2 indicate the different sized samples. This conclu-
sion is based on the solution to the problem of diffusional release from the
semi-infinite medium [Reference 2, p. 32], which may be stated as in Equation
(3-7).

(3.7)

For samples which are nominally identical, except for size, D should be
the same. If they are leached under similar conditions for the same length of
time, t, then the right-hand-side of Equation (3.7) is the same for both
samples and Equation (3.6) follows. Experimental evidence has been reported
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in support of Equation (3.6)49-51. However, the leaching results used to
support the validity of Equation (3.6) were limited to a relatively small
range of fractional release early in the leach test such that the semi-
infinite medium approximation might be valid. Rearrangement of Equation (3.6)
to the form of Equation (3.8)

(3.8)

was said to allow prediction of cumulative release from a full-scale (fs)
waste form from data obtained from a small scale (ss) sample1".

To summarize, it has been shown based on diffusion theory and supported
by experimental results that leaching from small-scale test samples can be
used to predict leaching release of larger waste forms under certain condi-
tions^ 9-51. The complete set of conditions under which this result may be
valid include the conditions set forth above plus those which lead to Equation
(3.7) as the quantitative expression of cumulative release versus the square
root of time2. These include:

• Diffusion is the mass transport mechanism and the diffusion
coefficient is constant.

• The diffusant is uniformly distributed throughout an effectively
homogeneous medium prior to leaching.

• The leachant and the surface of the waste form are maintained at
effectively zero concentration with respect to the diffusant
during leaching.

If test conditions on small scale samples can be controlled to effec-
tively simulate actual burial conditions and Equation (3.7) holds, then it
should be possible to use Equation (3.8) to predict long-term leaching release
for the specified conditions. Under these conditions, small scale tests would
provide an accelerating factor to estimate long-term release. The validity of
Equation (3.8) is based on the applicability of Equation (3.7) to the leaching
behavior. Since Equation (3.7) describes the release by diffusion the concur-
rence of leaching mechanisms other than diffusion may invalidate the utility
of Equation (3.8) for long-term prediction. Also, Equation (3.7) applies to a
semi-infinite medium. The validity of Equation (3.6) was not investigated
beyond the range of validity of the semi-infinite approximation.
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4. MODELING CONSIDERATIONS AND MATHEMATICAL MODELS

One approach to investigate the leaching mechanisms of radioactive waste
has been based on curve fitting data to mathematical models incorporating an
assumed mechanism, or mechanisms, plus initial and boundary conditions as seem
reasonable or as simplification to make the mathemathics more tractable.

Empirical and semi-empirical model equations are sometimes included for
convenience and because theoretically-derived model equations are often ap-
proximated by simpler expressions for convenient, albeit, approximate calcula-
tion. Empiricism may also be introduced into theoretically-derived models by
allowing certain parameters to 'relax'. For example, an exponent specified as
0.5 in the precise model equation may be allowed to vary to the optimal value
for a specific curve fit. Optimization is a valuable tool for several rea-
sons. First, it provides a sensitivity estimate of variation for specific
parameters. Second, real systems are generally more complex than the model,
therefore, one can often include only the most important aspects of the real
system.

The mathematical problem of radionuclide release from solidified LLW
forms has traditionally been approached as a diffusion problem or as a mod-
ified diffusion problem in which the diffusion equation is modified by inclu-
ding terms representing other mechanistic processes such as dissolution, cor-
rosion, ion exchange, surface effects, etc. In this section, various mathe-
matical models which have been used to analyze leaching data are presented
following some discussions of general modeling considerations. Such consid-
erations include the specifications which any real system must meet for the
model to be applicable to that system. These are often expressed in the ini-
tial condition and boundary conditions of the model. Also, every model con-
tains parameters such as diffusion coefficients, equilibirium constants and
rate constants, which may be obtained from curve fitting to leach data or from
other sources independent of leach data. The aost valuable and reliable param-
eters are those which are independently verifiable from different sources.

4.1 Modeling Considerations

A leaching mechanism may be expressed or implied. Often, an analysis is
made using a standard model or procedure without any specific reference to the
mechanism inherent In the procedure. In such cases, the mechanism inherent in
the procedure is the mechanism implied by the analysis. In any curve fitting
procedure utilizing theoretically derived equations, a very specific mecha-
nism, or set of mechanisms, is involved and a good fit to the data is a neces-
sary, but not a sufficient condition, to validate the model. Confirmatory
physical and/or chemical evidence for specific mechanisms is required to be
able to justifiably assert that a particular mechanism obtains in a given set
of leaching circumstances.

Leach data is often plotted as CFR vs \Jt based on the assumption that
diffusion is tne predominant mechanism in LLW leaching. Following an initial
release which is of relatively short duration and typically greater than can
be accounted for by the diffusion mechanism assumption based on data following
the period of initial release, the CFR vs 0 : plot often becomes linear for
some limited time and then falls below the extrapolated linear region. This
behavior has been rationalized in several ways. First, there is source term
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depletion. This can be calculated using the actual geometry of the waste form
to calculate CFR vs time for any selected mass transport mechanism. Defining
a basic 'simple system' as having diffusion as the only mass transport mecha-
nism, the incorporation of geometric boundary conditions based on waste form
geometry then allows curve fitting to establish to what degree depletion
accounts for decreased leachability. Such data characterization would be most
useful on complete leaching curves (i.e., leach until CFR • 1) and analyses of
a statistically significant number of data curves could allow a meaningful as-
sessment of the applicability of the pure-diffusion model. Secondly, leachant
replacement interval changes to longer time intervals, which is common prac-
tice in semi-dynamic leach tests as the test progresses, have been suspected
of retarding the measured leachability due to saturation effects in the leach-
ant at the longer replacement intervals. A significant aspect of this is that
the appropriateness of assuned leachant boundary conditions In leaching models
may be affected by concentration effects in the leachant. Few studies of
leachant replacement interval effects have been reported. Third, incorpora-
tion of a variable diffusion coefficient in place of a constant coefficient
has reportedly allowed one model to better fit data over a longer CFR
range** . For glass, the diffusion-coefficient has been shown to vary across
the surface layer which is formed after prolonged immersion (leaching) •'• A
similar effect may be expected to occur in LLW if significant chemical and/or
physical changes occur in the waste form or on its surface.

4.1.1 The Effective Diffusion Coefficient. Strictly speaking, the ef-
fective diffu'Ion coefficient, D, is not generally constant but may be ex-
pected to Vf^y with the concentration of diffusant, porosity and other
factors^3»54. However, it may be adequate, and is computationally much
simpler, to assume the constancy of D and to limit consideration to a suf-
ficiently narrow concentration range tha^ any variation in D over this con-
centration range is negligible. For low-level waste the concentration of
radionuclides is small for most wastes to begin with and approaches zero as
leaching progresses. If there is a significant concentration of non-radio-
active isotopes of any of the radionuclide elements of interest, then the
constant-D approximation may be suspect. For example, portland cement
typically contains a few tenths weight percent of Sr which will leach along
with any radioactive Sr from the waste and will cause a much larger (absolute)
decrease in concentration than the radiostrontium isotope alone. From a
mechanistic viewpoint, it would be useful to know if the leaching profile of
the radiostrontium from the waste and that of the Sr initially in the cement
powder parallel each other. No such correlative studies appear to be
available at the moment.

The effective diffusion coefficient may also vary because of changes in
the waste form during leaching. Dissolution of soluble salts from the waste
form would tend to change D by increasing porosity. Selective dissolution of
parts of the solidification agent matrix may affect D by a change in the chem-
ical nature of the matrix as well as by a change in porosity of the waste
form.

The effect of variation in D with the concentration of diffusant in the
waste form has been reported in the literature-^. The conclusions listed
below were drawn from a list of general conclusions stated by Crank^3 for
the case of leaching by diffusion in which the magnitude of D varies with con-
centration in the waste form, but does not depend on any other variable.
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(1) In the early stages, when diffusion takes place effectively in a
semi-infinite medium, the amount leached is directly proportional
to the square root of time. When D increases with concentration
in the waste form decreasing, the linear behaviour may extend beyond
50 per cent of the final release.

(ii) When they cease to be linear, the leaching curves plotted against
(time)l'2 become concave towards the (time)l'2 axis, and
steadily approach the final release value. It is reasonable to
conclude that this is a quite general result though no satisfactory
general proof has yet been produced.

(iii) When D decreases as concentration in the waste form decreases, the
shape of the leaching curve is sensitive to the form of the dif-
fusion coefficient and is often significantly different from the
corresponding curve for constant D. If D increases as concentration
in the waste form decreases, then the leaching curve will approxi-
mate that for a constant diffusion coefficient (see also Item (!))•

(iv) When D decreases with concentration in the waste form decreasing
throughout the relevant range of concentration, leaching slows in
the later stages beyond that which would occur in the case of
constant D.

Nestor-5 has' shown that for the finite cylinder, deviation from the semi-
infinite medium, constant D diffusion model becomes significant beyond approx-
imately 20% fractional release. However, a concentration dependence in D may
significantly change the point of deviation, as discussed by Crank^3 ±a
Items (i), (iii) and (iv). Table 4.1 summarizes the changes in a diffusional
leaching curve resulting from either an increase or a decrease in D with con-
centration compared to the reference case of constant D.

The shapes of leach curves for test samples compared to those expected
for the case of diffusion with constant D in the actual geometry of the
samples may offer evidence for the adequacy of the constant D hypothesis for
the diffusion model. In fact, experimental results are.availablp which sug-
gest that, for waste forms incorporating readily soluble waste, the constant
diffusion coefficient model may not be adequate. Specifically, leach data has
been reported for cement-solidified sodium nitrate wastes in which the nitrate
release was linear with (time) 1/2 to approximately 50% release^. This
may be a case in which the diffusion coefficient was increasing as concentra-
tion was decreasing since, as the nitrate salts dissolved, the porosity of the
waste form almost certainly increased while the concentration of nitrate in
the waste form pore water remained relatively constant until depletion occur-
red due to dissolution of the salt crystals.

4.1.2 Initial and Boundary Conditions. In general, it has been found
that the higher the leachant flow rate (or the more often the leachant is re-
placed) the greater is the mass loss or activity loss from the waste form vs
time. This is expected since the leaching rate is greatest when the concen-
tration of diffusant in the leachant is zero and the leach rate approaches
zero at saturation when the system reaches steady-state. The approach to
steady-state Is a function of concentration and may, or may not, be signifi-
cantly affected by a relatively small concentration of diffusant in the leach-
ant.
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Table 4.1

Tabulated Behavior of the Shape of Leaching Behavior Presented as Fractional
Release vs (time)1/2 for D Remaining Constant, Increasing or Decreasing with
Concentration in the Waste Form According to General Conclusions (i), (iii) and
(iv) From Crank [Reference 53].

to

Variation of D
as Concentration
in the Waste Form
Decreases

D Increases as
Concentration in
the Waste Form
Decreases

linear region of
CFR vs (time)1/2

may extend well
beyond 20% of
total release

(iii)

desorption curve
may approximate
that for constant D;
see Item (i)

(iv)

desorption faster
than reference case

D Remains Constant linear region of
CFR vs (time)1/2

extends to about 20%
of total release

reference case reference case

D Decreases as
Concentration in
the Waste Form
Decreases

linear region of
CFR vs (time)1/2

may not extend
to 20% of total
release

desorption curve
sensitive to form
of D, may deviate
substantially from
reference case

desorption slower
than reference case



For the case of pure diffusion, the semi-infinite model may be applied to
finite systems provided that concentration changes near the boundaries are
negligible [Ref. 54, pg. 21].

Moore, et al.56} indicated that the ideal boundary conditions of negli-
gible concentration maintained in the leachant were not met during a set of
leach tests on hydrofracture grout. It also seems likely that the boundary
conditions may not be adequately met for other cementatious waste forms in
standard leach tests. The question then becomes to what extent this affects
analysis and can any effects be accounted for quantitatively. The evidence of
Moore, et al.̂ *> indicated that the measured diffusion coefficient de-
creased. This may well be the totality of the effect for small deviations
from the specified ideal boundary conditions. However, it seems unlikely that
the results would be so simple for a large deviation from the specified bound-
ary conditions.

Waste form leaching in SLB may be affected by the waste form container as
well as by the leaching characteristics of the waste form itself. If the con-
tainer leaks or corrodes so as to hold water, then a saturated solution, or
'bath', may be in contact with the waste form. If the waste form swells upon
contact with this water due to, say, hydration of salts or other waste compo-
nents, then Interaction between container and waste may occur. In one case
[Reference 13, pp. 60-61] reported as part of leaching studies using the IAEA
Leach Test^8 on cemented nitrate salts, the container cracked after approxi-
mately 60 days of leaching. Following cracking of the container the leach
rate increased dramatically and far more than could be explained by a simple
increase in exposed surface. The same effect was also observed upon removal
of the container on another sample following approximately the same duration
of leaching. This result was dramatically different from leeching typically
seen from samples which are removed from their containers prior to leaching.

4.2 Models Based on Diffusion

Models in which diffusion with constant D is the only mass transport
mechanism and which consider the waste form to be a homogeneous medium may be .
divided into two subsets for purposes of discussion: (i) those which use the
semi-infinite medium approximation and (ii) those which incorporate the actu-
al, or appropriate, geometry of the waste form into the boundary conditions.
The semi-infinite medium approximation may be accurate to approximately 20%
release, depending on other factors as discussed in Section 4.1, before source
term depletion begins to decrease the leachability.

4.2.1 Semi-Infinite Approximation. The solution to the transport equa-
tion for diffusion in a homogeneous, semi-infinite medium [Reference 2, 32]
has become the most general analytical relation to explain the leaching re-
lease of radionuclides from solidified waste forms. The differential equation
from which this model derives is shown in Equation (4.1).

dC ,
— - DV2c (4.1)
dt
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C • concentration of dlffusant

t " time

D « diffusion coefficient (constant)

d2
yZ m Laplacian Operator (—o in one dimension)

dzz

Limiting consideration to a one dimensional, semi-infinite medium in which the
diffusant is uniformly distributed prior to leaching (t <0) and for which the
surface concentration drops to zero upon initiation of leaching leads to the
following initial and boundary conditions:

C(z,O) * Co , z >0

C(~,t) - Co , t >0 (4.2)

C(O,t) - 0 , t >0

Godbee and Joy [Reference 59, 13-16] have reviewed this equation and other
equations which have a similar form as applied to LLW leaching. Section 3.3.4
of this report reviews other aspects of the semi-infinite model to LLW leach-
ability and scaling effects. The great virtue of this model is its simplicity
compared to other models which incorporate other mechanisms as well as diffu-
sion or which account for the actual geometry of real waste forms. The re-
lease equation for this model is shown in the first line of Figure 4.1.
Bell69 has reviewed the use of this model for evaluating leaching along with
other relevant factors, including radioactive decay and the ultimate amount of
activity released from a waste form.

4.2.2 Finite Geometry. Leaching of real waste forms leads to depletion,
which must be accounted for in any realistic model of leaching behavior. Con-
siderable mathematical complexity is introduced into the analytical solutions
for diffusion in any finite medium. The solution to the problem of diffusion
in finite cylinders, which is relevant to LLW leaching, has been reported5

and is reproduced in the second line of Figure 4.1. Equation (4.1) is also
the differential equation solved for diffusion in a finite geometry. Ac-
counting for the cylindrical geometry in the boundary conditions leads to the
increased complexity of the solution in line 2 of Figure 4.1.

4.3 Models Incorporating Diffusion Plus Other Processes

Leaching models for LLW generally proceed from the assumption that dif-
fusion is either the only, or most important process, controlling the release
of radionuclides from the waste form. However, other processes including dis-
solution, corrosion, ion exchange and/or surface effects also affect the
leaching behavior of LLW forms. This section presents analytical model equa-
tions which Incorporate these other processes along with diffusion.

The effect of radioactive decay on leaching release has been addressed by
69 and by Godbee and Joy5^. Although radioactive decay affects all

leaching releases over long enough time periods, it is easily accounted for
and is not considered as a mechanism for the purposes of this report.
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Model Description

Medium Transport Mechanism
Releaae Equation for the Mobil Species*

(Cumulative Fractional Release)

semi-infinite,
homogeneous,
chemically inert

diffusion IfE * V , Dt
1/2

A S
o

finite cylinder,
homogeneous,
chemically inert

diffusion

(2n-l)2

to
00

seml-infinite,
uniform initial
concentration

diffusion +
concentration-dependent

dissolution

£=• * £ - (kD)1/2 [(t •&>&>'".*]

semi-infinite,
uniform initial
concentration

diffusion +
surface dissolution
(moving boundary)

V J/2f - (RD)
1/2 -Rt

*%a - amount of substance of interest leached in interval n; AQ « total amount of substance of interest
originally present; (V/S) - volume to surface ratio; t - time; D - diffusion constant; k » dissolution rate
constant; erf - error function; R - U^/4D where U - velocity on the moving boundary. Jom - m

1-*1 positve
zero of the zeroth order Bessel function; r » radius of cylinder; h - height of cylinder.

Figure 4.1 Mass transport models that have been used to describe leaching from IXW forms.



4.3.1 Diffusion Plus Equilibrium. Theoretically, the leaching behavior
of a system in which the species of interest is in equilibrium between a
mobile, leachable form and a fixed form is indistinguishable from the case of
diffusion, using the semi-infinite medium boundary conditions for both cas-
es*^. The differential equation plus the ancillary equilibrium specifi-
cation are shown in Equation (4.2).

dC o dF
— = D72C (4.2)
dt dt

F = KC

F - concentration of the fixed species

K « equilibrium constant

The release equation from Equation (4.2) is identical in form to that listed
in line 1, Figure 4.1, except that the diffusion constant is

as a result of the equilibrium condition. For this reason it is not listed
separately in Figure 4.1.

The use of this equation of analyzing leach data from grouted waste forms
is reported in Reference 64 and the detailed solution to Equation (4.2) is
shown in Appendix B, Reference 64.

4.3.2 Diffusion Plus Dissolution. The importance of dissolution as a
leaching mechanism has been pointed out for waste forms incorporating solu-
ble wastes8»5<>f59. Two analytical mathematical models incorporating both
diffusion and dissolution are available and have been used to analyze LLW
leach data56«59. However, these models are based on the semi-infinite
medium and the effects of depletion due to the finiteness of real waste forms
is not addressed. Both of these models modify the diffusion equation by ad-
ding a term which represents a dissolution process. The models are different
due to the different mechanistic natures of the two posited dissolution pro-
cesses. These are:

(i) Concentration dependent dissolution.

(ii) Dissolution of the surface at a constant rate of
penetration into the waste form (i.e., a moving boundary).

The differential equation which models diffusion plus concentration-
dependent dissolution is
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dC „
— = DV2C + k(C6-C) (4.3)
dt

k = dissolution rate constant

Cs = saturation concentration of mobile species under conditions in the
waste form.

The release equation for this model is shown in line 3 of Figure 4.1.
Godbee and Joy59 have fit Equation 4.3 to leach data and reviewed the ap-
plicability of this equation to LLW leaching. The detailed derivation of the
release equation shown in line 3 of Figure 4.1 from Equation (4.3) is pre-
sented in Reference 59, Appendix A.

For the model incorporating diffusion plus surface dissolution the dif-
ferential equation is

— - Dtf2c + uVC (4.4)
dt

u « rate of surface dissolution (velocity of moving boundary).
The release equation for this model is shown in line 4, Figure 4.1. The de-
tailed derivation of this aquation is not available since the report in which
it was to appear was not published. The release equation listed in line 4,
Figue 4.1, is reported in Reference 21 and is used to theoretically predict
(Cs-137) leaching from borosilicate glass.

Pescatore^O has reviewed the use of Equation (4.4) as a model for glass
leaching and concludes that it provides a basis to develop a predictive model
for glass leaching. The predictive model which he developed using Equation
(4.4) as a basis is published in Reference 70 and includes the effect of
leachant composition as the concentration of leached material builds up in the
leachant. The possibility of using this equation for LLW leaching modeling
was presented in Reference 71.

4.3.3 Diffusion Plus Ion Exchange. The effect of diffusion plus ion ex-
change on leaching of cement-based waste forms has been investigated both the-
oretically and experimentally^. The conclusions deduced from this work are
listed in Section 2.1 of this report. Two alternative models for evaluating
the effect of ion exchange on the diffusion of Cs and Sr through cemented
waste forms containing a zeolite additive were discussed in Reference 30. The
applicability of those models depended upon the microstrueture of the waste
form which, in turn, was determined by whether or not the hydrated cement gel
penetrated the zeolite granuals.

4.4 Other Analytical Models

A power series equation, the BIKO equation, was reportedly developed to
fit and extrapolate leach data empirically?^. The acronym "BIKO," which was
reportedly chosen for purposes of reference, apparently Is not shorthand for a
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descriptive phase although the letters B, I and 0 are the first letters of the
last names of three of the four authors of the report. The BIKO equation is
shown in Equation (4.5).

for n=2,3,... (4.5)
i-o 1 + ki t1/2

f = fraction leached

Zj = fraction of ions leachable by the i1*1 "mechanism"

k£ = rate constant for the i*-*1 "mechanism"

t - time

Griffing57 reviewed the mechanistic interpretation of the BIKO equation
and concluded that, "Although there are similarities between the second and
third terms of the BIKO equations to diffusion and (chemical) reaction, they
are sufficiently different from the derived equations as to be invalid for re-
liably extrapolating leach data."

In Reference 57 Griffing also solves the equations for leaching from a
sphere with diffusion plus a reversible, first order source term. The dif-
ferential equations (4.6) which express the mechanisms of this model are

dt

(4.6)

— - kiCi - k2C2
at

C^ • concentration of mobile ions

C2 • concentration of fixed Ions

t - time

ki - rate constant for fixing ions

k2 • rate constant for mobilizing ions

The solution to this equation is extremely complex and was not obtained in
final form. Additionally, since there are three parameters, D, kj and k2,
in the equation, one would need a good initial idea of the values of at least
two of these to be able to effectively use the solution to this model.
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4.4.1 Non-Homogeneous Waste Forms* Low-level waste forms are typically
inhomogeneous, whereas most mathematical analysis procedures and models assume
homogeneity. The only example we have found to date of modeling which specif-
ically accounts for inhomogeneity is that reported by Atkinson^ . The model
was described theoretically and compared to simple diffusion models, but was
not used for data analysis.

The Atkinson model^ assumes a three-phase, semi-infinite waste form
consisting of a radiophase (i.e., the phase which initially contains the ra-
dionuclides), a conductive phase and an inert phase. The mechanisms of radio-
nuclide release from the radiophase is diffusion with a constant diffusion
coefficient. The radiophase consist of uniformly distributed spherical parti-
cles of radius, R, which comprise volume fraction, Vj,, of the waste form.
Diffusion within each of the spheres is characterized by diffusion constant,
Dj. Phase 2 has volume fraction, V2, is continuous, having both the
radiophase spheres and the inert phase embedded in it, and provides the high
diffusivity path to the surface of the waste form. The diffusivity of phase
2, D2, is much greater than D]/. Phase 3 is an inert phase which occupies
the remaining volume.

Two conclusions were reported from applications of the model to a series
of hypothetical systems in which model conditions were varied.

(i) Although the model considered is intrinsically complicated, the re-
lease of radionuclide at times greater than the characteristic dif-
fusion time for a single sphere of radiophase (^1/R^) can be
described simply in terms of an effective diffusion coefficient.
The concept of the effective diffusion coefficient was originally
developed by Hart?5 (in considering grain boundary diffusion in
polycrystalline solids) and was believed to apply only at times many
orders of magnitude greater than D 1 / R 2 . The computed results
show that the concept is valid even for relatively short times.

(ii) At times shorter than Dl/R2 the exponent of time for the leach-
ing kinetics is > 0.5. Therefore, exponents of time other than 0.5
measured in leaching experiments do not necessarily show that the
release is not diffusion controlled.

Typical waste form types said to be potentially modelable using this
procedure included ion-exchange resins and fuel cladding material embedded in
cement.

4.5 Models Utilizing Approximate Numerical Solution Procedures

The number of problems which have been solved analytically using Fickian
or modified Fickian analysis is extensive^"*, if a problem involving dif-
fusion plus other well defined mass transport effects can be determined to
hold in a particular case, then that particular case is, in principle, ex-
actly modellable for the specified set of conditions. Approximate methods are
used when the detailed mechanisms are not known or the complete equation can-
not be solved analytically (or is not worth the effort of solving exactly).
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Numerical solution is the most popular form of approximate solution. A
weakness of numerical methods occurs when the results of a previous approxi-
mate solution is then used as input for another approximate calculation. Such
situations arise in projecting numerical solutions in time where each time
step calculation is used as input for the next time step. Eventually, the
buildup'of error from the successive approximation may become unacceptably
large. Griffing57 reported that such error-buildup in numerical calcula-
tions led him to revert to seeking analytical solutions to problems for long-
term projection of leaching of glass waste forms.

A numerical model for LLW leaching which includes provision for a con-
centration-dependent effective diffusion coefficient has recently been re-
ported^. The concentration dependence of D is expressed in Equation (4.7).

D(C) = Do (1 + a ) (4.7)

D(C) * the value of the diffusion coefficient at concentration, C.

Do « the value of the diffusion coefficient at t • o.

a « constant

t * time

C(t) « the concentration of the species of interest at time, t.

C s a t " the concentration of the species of interest at saturation.

The most thorough computational model for glass leaching was developed as
part of the Defense High-Level Waste Leaching Mechanism Program. This numeri-
cally computed model, named PROTOCOL, is far more sophisticated than the other
models discussed in this report in that it is specifically designed to extra-
polate experimental rate data to very long times in a repository environment.
Since PROTOCOL was programmed to model condition in -a HLW repository and ad-
dresses the borosilicate glass waste form, it is not clear that this program
would be of value for predicting releases from LLW glass in a shallow-land
burial environment. A description of PROTOCOL and information on access for
potential users is contained in Chapter 7 of Reference 1.
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5. SUMMARY AND CONCLUSIONS

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

(i) Knowledge of leaching mechanisms and factors that affect leaching
is necessary for long-term prediction of leaching behavior.

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

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

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

(v) Although analysis based on diffusion as the principal leaching
mechanism has been generally accepted as a standard procedure, no
adequate experimental investigation of the validity of this has been
reported. Virtually all reported analyses are limited to a small
region of fractional release in the early stage of leaching in which
the semi-infinite medium approximation may be valid.

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

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

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

Mechanistic and other information gained in this literature survey are
summarized in the following paragraphs.
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There is an apparent need for a computerized data base on leaching of LLW
forms. This information will help in the determination of leaching mechanisms
and in radiological assessments of waste disposal. The data base currently
being developed by the LLWMP is limited to immediate program needs.

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

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

Cement

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

Additives which sorb cesium, such as zeolites, certain clays and silica,
can reduce cesium leachability by factors of a hundred or more, depending upon
the additive. When sorption is the dominant mechanism of cesium binding in an
additive-doped cement waste form, then cesium leachability decreases and may
be dependent upon displacement of the sorbed cesium by calcium from the ce-
ment. In such cases cesium leaching may follow diffusion kinetics, however,
the actual leaching mechanism (i.e., the rate limiting step) is release from
the sorbent. The amount of any such additive is also important to the long-
term leachability in that the continued slow reaction of Ca(0H)2 with avail-
able silacious material reduces the sorbing capacity. Thus, if the amount of
additive is not sufficient to consume all of the Ca(0H)2 liberated by the
portland cement in the long term, then the sorption value of the additive can
be lost over time and the long-term leachability can increase. Also, such
systems may be very sensitive to the ionic strength of the leachant in that,
if more cations are available in the leachant to compete with cesium for the
available sorption capacity, then cesium leachability can increase over that
observed in deionized water.

Sr leaching from cemented waste forms does not appear to be simple dif-
fusion. It has been shown to be affecteH by the presence of CO2 and by the
presence of non-radiostrontium which may be added to waste forms to control Sr
release by solubility and dilution considerations. It has been speculated
that, over the long term, Sr may be chemically incorporated into cement
although no direct evidence for this has been reported.
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Cobalt leachability from cemented waste forms appears to be controlled by
the low solubility of Co in the high-pH cement environment. Although Co can
exist in two oxidation states, no specific effects of Eh on cobalt leachabil-
ity seem to have been reported.

Polymers

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

Glass

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

Bitumen

No definitive mechanistic studies of leachability of bituminized waste
forms were found. Although leach data have been analyzed assuming diffusion,
diffusion plus dissolution and dissolution, none of the available interpreta-
tions seems definitive or convincing. Swelling of bituminized waste forms
during leaching often complicated data interpretation.

Modeling Considerations

There has been virtually no consideration given to the effect of possible
variation in the diffusion coefficient in modeling LLW leaching behavior. The
one exception is the numerically calculated model program, DIFMOD^0, which
assumes a concentration-dependent diffusion coefficient of the form (see Sec-
tion 4.5).

C(t)
D(C) - Do (1 + a )

csat

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