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ABSTRACT

A ceramic waste form composed of glass-bonded
sodalite is being developed at Argonne National Laboratory
(ANL) for immobilization and disposition of the molten salt
waste stream from the electrometallurgical treatment pro-
cess for metallic DOE spent nuclear fuel. As part of the
spent fuel treatment program at ANL, a model is being
developed to predict the long-term release of radionuclides
under repository conditions. Dissolution tests using dilute,
pH-buffered solutions have been conducted at 40, 70, and
90°C to determine the temperature and pH dependence of
the dissolution rate. Parameter values measured in these
tests have been incorporated into the model, and preliminary
repository performance assessment modeling has been com-
pleted. Results indicate that the ceramic waste form should
be acceptable in a repository environment.

I. INTRODUCTION

As part of the spent fuel treatment program at Argonne
National Laboratory, a glass-bonded sodalite waste form is
being developed for disposition of the molten salt waste
stream generated during treatment. Molten LiCl-KCl salt is
used in the electrorefining treatment of irradiated sodium-
bonded metallic fuel. During treatment, the salt accumulates
sodium, fission products, and transuranics. Periodically, the
salt must be discarded or recycled to maintain concentra-
tions of these materials below specified limits.

To immobilize the salt waste for disposal, it is first
blended with granulated zeolite-A to incorporate the salt
into the cage-like crystalline structure. During blending,
many of the rare earth and actinide elements form oxides
and silicates on the surface of the zeolite granules. The salt-
loaded zeolite is then mixed with glass frit and formed into
a monolith by means of a hot isostatic press (HEP). During
the HIP process, the zeolite is converted to sodalite and the
glass binds the granular material into a monolithic form.

The glass-bonded sodalite end product is referred to as the
ceramic waste form (CWF).

The CWF is prepared with approximately 75 wt% salt-
loaded sodalite and 25 wt% glass. Small amounts of discrete
phases such as halite and nepheline form during the HIP
process. Oxides and silicate phases of plutonium, uranium,
other actinides, and rare earth elements are also present as
inclusions in the glass phase. Because of their small
amounts, the "minor" phases do not contribute to the dura-
bility of the waste form.

Degradation of the CWF will occur by the dissolution
of sodalite and glass. Section II introduces the degradation
model being applied to the CWF and what parameters must
be measured experimentally. Section HI describes the disso-
lution tests and regression analyses that were conducted to
determine the temperature and pH dependence of the disso-
lution rate of the CWF. Parameters from these tests are
applied to the model, and the results of performance assess-
ment modeling are described in Section IV.

E. CERAMIC WASTE FORM MODEL

A. Background

The starting point for both glass and sodalite dissolu-
tion is the transition-state theory expression for the dissolu-
tion of aluminosilicate minerals. At constant pressure and
temperature, the rate equation can be expressed as1

where m is the mass of material dissolved per unit area,
k(T) is the intrinsic rate constant as a function of tempera-
ture, df represents the activity of the i"1 dissolved species
that contributes to the activated complex of the rate-limiting



microscopic dissolution reaction, r|,- is the order of the
rate-limiting reaction with respect to i, A is the chemical
affinity of the overall reaction, R is the gas constant, and T
is the temperature, a represents a stoichiometric factor that
relates the rate-controlling microscopic reaction to the over-
all solid dissolution reaction and is usually assumed to be
one.

Chemical affinity can be written as A = -RTln(Q/K),
where Q is the activity product and K is the equilibrium
constant for the rate-determining reaction step. With this,
the dissolution rate equation is written as

rate =

where the temperature dependence on the intrinsic rate is
shown explicitly, Ea is the activation energy, and the activ-
ity product has been reduced to include only the dependence
on hydrogen ion activity (i.e., pH). Because temperature,
pH, and affinity will change with time in the repository, dis-
solution rates are implicitly a function of time. This is the
basic equation from which the degradation model for the
CWF is developed.

B. Release Modeling

Degradation of the CWF will occur by the dissolution
of sodalite and glass. As these phases dissolve, radionu-
clides will be released and made available for transport to
the environment. In the present model, the minor phases are
assumed to have uniform distribution in the CWF and zero
durability. That is, as these phases are exposed to ground-
water through glass and sodalite dissolution, radionuclides
in these phases will be immediately released and made
available for transport.

A simplified schematic of CWF degradation and radio-
nuclide release is shown in Fig. 1. Sodalite and glass both
dissolve when exposed to groundwater, but may do so at
different rates. To provide an upper bound on release from
the more durable phase, overall durability of the CWF is
assumed to be equal to that of the less durable phase. To
illustrate, if glass is less durable than sodalite in the reposi-
tory environment, then faster glass dissolution will lead to
additional sodalite exposure as shown in Fig. 1 by the bro-
ken lines. The additional surface area of sodalite that is
exposed will lead to faster sodalite dissolution. However,
the dissolution of sodalite would still be bounded by glass
dissolution.

Based on experimental evidence that shows similar dis-
solution behavior between the CWF and high-level waste
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Figure 1: Ceramic Waste Form Degradation and
Radionuclide Release. This figure assumes glass is less
durable than sodalite so that glass dissolution leads to
additional sodalite exposure. Also, no credit is taken for the
durability of the minor phases.

(HLW) glass,3 the rate equation being used for the CWF is
the same as the one used for the HLW glass degradation
model. The most widely used glass dissolution model, and
the model used in the Total System Performance Assess-
ment-Viability Assessment (TSPA-VA) for Yucca Moun-
tain,4 is the Grambow model.5 Based on a simplification of
Eq. (2), the model includes only aqueous silica for the value
of Q in the affinity term, and K corresponds to an aqueous
silica (i.e., orthosilicic acid, H4Si04) saturation value. Also,
because glass is not thermodynamically stable and never
reaches true equilibrium, an addition term, klong was
included to account for continued dissolution once "satura-
tion" (Q —> K) is achieved. The final form of the glass dis-
solution model is written as

rate = (3)

where

rate = Degradation rate (g /m 2 / y r )

kj = Forward dissolution rate (g /m 2 /y r )

kQ = Intrinsic dissolution rate

T| = pH dependence

Ea = Activation energy

Q = Orthosilicic acid activity in solution

K = Orthosilicic acid saturation activity

&j = Dissolution rate at saturation



Parameters for Eq. (3) have been measured for typical
HLW glasses. Dissolution tests using dilute, pH-buffered
solutions have been conducted at 40,70, and 90°C to deter-
mine the temperature and pH dependence (Ea and r)
respectively) on the forward dissolution rate of the CWF.
These tests are described in the following section. Tests for
estimating the equilibrium constant K are presently under-
way. A value for &long has not been measured for the CWF.

III. CORROSION TESTING

A. Testing Methodology

Samples of borosilicate binder glass (Pemco Corp, Bal-
timore, MD), synthetic sodalite with a clay binder, and
CWF were prepared by hot isostatic pressing. Monoliths of
each material were cored and cut into wafers nominally 10
mm in diameter and 1 mm thick. The wafers were polished
with abrasives to a 600-grit finish. Scanning and transmis-
sion electron microscopy have shown that the CWF has two
major phases (~25 wt% glass and ~75 wt% sodalite) as well
as minor phases (nepheline, halite, oxides, rare earth sili-
cates, and clay). Preparation details and sample character-
izations have been published.3

The polished pellets were tested according to the
MCC-1 procedure6 in capped Teflon PFA containers with
buffered solutions having the compositions and pH values
shown in Table 1. The buffer solutions were selected to
minimize chemical interactions with components of glass
and sodalite. Concentrations were selected to maintain
nearly constant ionic strength and adequate buffering capac-
ities to maintain pH within 0.1 pH unit. The pH values of
these buffer solutions were determined with an Orion Ross
combination semi-micro electrode, calibrated with commer-
cial buffer solutions before each group of measurements.
The pH values of the commercial buffer solutions were
determined every 6 months with NIST standard buffer solu-
tions^

To achieve a ratio of 10 m'1 for the specimen surface
area to leachant volume (S/V), a typical wafer with geomet-
ric surface area of 2.00 cm2 was placed in buffer solution of
volume 20.0 mL. The sealed vessels were placed in a con-

aBuffer solutions were made from National Institute of
Standards and Technology Standard Reference Materials
SRM 185g (potassium hydrogen phthalate), 186-I-f (potas-
sium dihydrogen phosphate), 186-II-f (disodium hydrogen
phosphate), and 187d (sodium tetraborate decahydrate) and
the certificate sheets accompanying them: National Institute
of Standards and Technology, Gaithersburg, MD 20899.

stant-temperature oven at 40°C for test durations of 7 to 91
days, at 70°C for 1 to 10 days, or at 90°C for 1 to 5 days. The
pH was measured before and after each test using an Orion
Ross combination semi-micro electrode, calibrated with
commercial buffer solutions at 40°C, 70°C, and 90°C. All
pH measurements were carried out with the test and refer-
ence solutions in a controlled temperature bath that main-
tained temperature constant to ±0.5°C. For each pH
measurement the combination electrode was agitated gen-
tly, then allowed to come to a constant reading (less than
0.01 pH unit drift within one minute) in the (unstirred) solu-
tion being measured.

The MCC-1 tests were conducted at 40°C for 7,14,28,
56, and 91 days, at 70°C for 3,5,7, and 10 days, or at 90°C
for 1, 2, 3, 5, 7, and 10 days. The test durations were
selected to be short enough that the rate of corrosion would
be as close as possible to the forward rate. Results of
MCC-1 tests with an alkali borosilicate glass at 90°C had
previously shown that 3,5,7, and 10-day tests yield the for-
ward rate.7 The results of tests at shorter durations may be
dominated by surface roughness, while tests at longer dura-
tions show the effect of the affinity term, 1 - Q/K. Blanks
were run with the buffer solutions to measure background
concentrations.

To terminate the tests the test vessels were first allowed
to cool for about one hour. Aliquots were taken for pH mea-
surement at the testing temperature and at 25°C. After
0.45-jJm filtration and acidification the solutions were ana-
lyzed for concentrations of matrix and minor elements by
inductively coupled plasma - atomic emission spectroscopy
(ICP-AES) or inductively coupled plasma - mass spectros-
copy (ICP-MS). The vessels were then subjected to acid
stripping with 1% HNO3 solution. Cation concentrations in
the acid-strip solutions were negligible.

B. Results

The concentration of silicon in solution provides the
best measure of matrix dissolution of glass-bonded sodalite,
since both glass binder and sodalite have high silicon con-
tents. The measured Si concentrations in solutions from
buffered MCC-1 tests with each material (glass binder,
sodalite, and CWF) were used to calculate the normalized
mass loss of silicon, defined as

NLSi = (4)

where ms i is the mass of silicon in the test solution, mb is
the mass of silicon in the experimental blank, / S i is the
mass fraction of silicon in the material, and S is the sample



Table 1: Buffer Compositions Used in pH Buffer Tests and Measured Buffer pH Values

Buffer Composition pH,25°C pH,40°C pH,70°C pH,90°C

0.0095m KHpha + 0.00270m LiOH

0.00380m KHpha + 00031m LiOH

0.0130m TRISb + 0.0100m HNO3

0.0263m TRISb + 0.0100m HNO3

0.0640m H3BO3 + 0.0100m LiOH

0.0120m H3BO3 + 0.0100m LiOH

0.00098m HNO3 + 0.0117m LiOH

4.86

5.87

7.52

8.47

8.39

9.84

11.96

4.93

5.99

7.22

8.31

9.68

5.03

6.20

6.65

7.25

8.27

9.56

10.66

5.18

6.25

6.31

6.15

8.14

9.37

10.23

aKHph: Potassium hydrogen phthalate.
bTRIS: Tris(hydroxymethyl)aminomethane.

surface area. At each temperature and pH, the concentration
of silicon increased rapidly during the shortest test duration,
then increased at a slower but nearly linear rate for longer
test durations.

C. Regression Analysis

Normalized dissolution rates, NRSi = dNLsi/dt,
were calculated by linear regression at each pH of the 7- to
91-day normalized release of Si for glass, sodalite, and
CWF at 40°C; the 3- to 10-day normalized release at 70°C;
and the 1- to 5-day releases at 90°C. The release rates were
determined from the slope of each regression fit and are
listed in Tables 2a-2c. Dissolution rates for each material
are plotted in Figs. 2a-2c.

The temperature and pH dependence on the forward
dissolution rates for sodalite, glass binder, and composite
CWF were calculated from the normalized dissolution rates.
Because of the short test durations, the orthosilicic acid
activity remained low and (1 - Q/K) ~ 1. Also, since satu-
ration is not achieved, JfcIong can be dropped from Eq. (3).
This leaves

-Ea/RT) (5)

If the logarithm of Eq. (5) is taken, then a linear expres-
sion is obtained:

(6)

It can be seen from Eq. (6) that regression parameters can be
obtained by performing a linear regression on the logarithm

of the normalized dissolution rates as a function of pH and
temperature.

Linear regression of the data in Tables 2a-2c was per-
formed using the "StatisticsvLinearRegression%" package
available in Mathematica 4.0 for Solaris. For tests in which
pH < 7.2 (the acid region), data was fit to the function

\ogkf = C0 + Cl(pH - 5.52) + C2( 1/7/ - 0.002954), (7)

while for tests in which pH > 7.2 (the basic region), data
was fit to

logjfcy = C0 + Cl (pH - 8.47) + C2( 1/7/ - 0.002934). (8)

Variance weighting of the data was not performed. The
resulting coefficients and standard errors for each fit are
shown in Table 3. Eqs. (7) and (8) are plotted in Figs. 2a-2c
for each material at 40,70, and 90°C.

Dissolution rates measured for the CWF will reflect
dissolution of both the sodalite and binder glass phases. A
comparison of Figs. 2a and 2b with Fig. 2c shows similar
dissolution behavior between sodalite and the CWF. The
regression parameters in Table 3 show a similar trend. This
is due in part to the higher dissolution rate of sodalite and
also to the fact that sodalite comprises approximately 75
wt% of the waste form.

As described in Section n , overall durability of the
CWF is assumed to be equal to that of the less durable
phase. Sodalite dissolves faster than binder glass over much
of the pH range tested. Because of the weak pH dependence
on sodalite dissolution, glass begins to dissolve faster than



Table 2a: Normalized Dissolution Rates (NRSi) in g/m-d
for Sodalite, Binder Glass, and Ceramic Waste Form
(CWF) as a Function of pH at 40°C.

Sodalite Dissolution Rates vs. Temperature and pH

pH

4.9

6.0

7.2

8.3

9.6

Sodalite

0.14

0.062

0.012

0.029

0.030

Glass

0.0027

0.0010

0.0006

0.024

0.031

CWF

0.13

0.041

0.0074

0.022

0.023

Table 2b: Normalized Dissolution Rates (NRSi) in g/m-d
for Sodalite, Binder Glass, and Ceramic Waste Form
(CWF) as a Function of pH at 70°C.

PH

4.9

5.1

6.0

6.4

7.2

8.3

9.4

9.6

Sodalite

1.02

-

-

0.48

0.11

0.23

0.36

-

Glass

-

0.025

0.0093

-

0.016

0.22

-

0.50

CWF

-

1.4

0.48

-

0.19

0.40

-

0.50

Figure 2a: Sodalite Dissolution Rates as a Function of
Temperature and pH.

Glass Dissolution Rales vs. Temperature and pH

-Regression
• Dissolution Rates

fer 8 W.W Reference
Glasses at 90'C

10

Figure 2b: Binder Glass Dissolution Rates as a Function of
Temperature and pH. Filled circles represent measured
dissolution rates for six HLW reference glasses (Ref. 8).

Table 2c: Normalized Dissolution Rates (NRSi) in g/m2-d
for Sodalite, Binder Glass, and Ceramic Waste Form
(CWF) as a Function of pH at 90°C.

CWF Dissolution Rates vs. Temperature and pH

pH

5.1

6.0

7.0

8.1

9.2

10.2

Sodalite

2.6

0.64

0.38

0.98

1.2

2.6

Glass

0.088

0.056

0.056

0.93

1.5

5.3

CWF

1.8

0.67

0.69

1.3

1.5

3.3
Figure 2c: CWF Dissolution Rates as a Function of
Temperature and pH.



sodalite above pH 9. The dilute conditions of the buffered
MCC-1 tests, however, do not reflect repository relevant
conditions.

In the Viability Assessment,4 the incoming groundwa-
ter is assumed to be in equilibrium with cristobalite (a major
constituent of the host rock at Yucca Mountain). As a result,
the value of Q in Eq. (3) is fixed by the solubility of cristo-
balite. The solubility of sodalite is expected to be lower than
that of cristobalite, suggesting that the affinity term
(1 - Q/K) in Eq. (3) would tend toward zero. Therefore,
under repository conditions, the binder glass would dissolve
faster than sodalite. For the performance modeling results
described in the next section, regression fits of the binder
glass dissolution rates are used to represent the CWF.

IV. PERFORMANCE MODELING

Performance assessment modeling calculations were
carried out using the Repository Integration Program
(RIP).9 A simplified version of the TSPA-VA model was
used to represent the repository environment.10'11 The CWF
model was integrated into the performance assessment
model through the use of a dynamic link library (DLL) sim-
ilar to the one used to represent HLW glass degradation in
the VA. CWF degradation rates are calculated in the DLL
according to Eq. (3). Values for kjfj, pH) are determined
by Eq. (7) or (8) as appropriate. Because values for K and
k]oag have not been determined for the CWF, values used in
the VA for HLW glass were substituted.4 The value of Q in
the VA is fixed by the solubility of cristobalite.

Based on an assumed production-scale HIP can, the
specific surface area of the CWF was fixed at 4.91xlO"6

m2/g. The extent of cracking in full-scale HIP cans has not
been determined, however the amount of cracking in small-
scale HIP cans has been shown to be less than that in full-
size glass logs. Measured cracking factors for small-scale
HIP cans3 are in the range 4.2-4.8. A bounding value of 5 is
used in the current analysis to represent thermal fracturing
in the CWF.

Like the HLW glass model used in the Viability
Assessment, the CWF model does not take credit for the
retention of radionuclides in alteration phases. As a result,
radionuclides are made available for transport once released
from the waste form matrix. In addition, the CWF model
takes no credit for the durability of the HIP can.

The performance assessment model represents uncer-
tainty in the data through the use of stochastic parameters.
In addition to temperature and pH, the CWF DLL accepts
nine parameters sampled from a normal distribution with
zero mean and unit variance. Six of the nine parameters are

Table 3: Regression parameters for the acid and base
"leg," corresponding to Eqs. (7) and (8) respectively.

Sodalite

Binder
Glass

CWF

"Leg"

acid

base

acid

base

acid

base

Co

-0.365
±0.065a

-0.687
±0.030

-1.883
±0.064

-0.944
±0.107

-0.378
±0.090

-0.615
±0.037

-0.425
±0.061

0.221
±0.029

-0.165
±0.063

0.614
±0.100

-0.404
±0.089

0.187
±0.034

C2

-2930
±303

-3675
±166

-3972
±298

-4235
±589

-3388
±422

-4389
±204

a. Uncertainties represent standard errors in the regres-
sion fit.

used to represent uncertainty in the regression parameters
C o , Cx, and C2 for both the acid and base leg of the binder
glass regression fit. For example, the regression parameter
Co for the binder glass would be calculated in the base
region as

Co = - 0.944 + N(0,1)0.107,

where iV(0,1) is one of the stochastic parameters provided
by RIP. The remaining three parameters are used to repre-
sent uncertainty in the data used in the Viability Assessment

The small inventory of CWF in relation to other waste
forms in the repository results in a negligible contribution to
the calculated dose rate at a well 20 km from the reposi-
tory.11 Therefore, the behavior of the CWF was compared
to that of other waste forms on the basis of the cumulative
fractional release of various radionuclides from the engi-
neered barrier system (EBS). Cumulative fractional release
for a waste form is defined as the cumulative release of a
particular radionuclide divided by the initial inventory
present in that waste form. Release rates for the CWF are
based on the model as described here, while results for DOE
spent nuclear fuel (SNF), defense high-level waste (HLW)
glass, and cladded commercial SNF are based on the prelim-
inary models used in the Viability Assessment for Yucca
Mountain.4



The results for 1-129 are presented here because iodine
has a high solubility and 1-129 is a major contributor to the
dose at the 20-km well during the first 10,000 years. Results
are calculated based on the average of 100 "realizations,"
each of which sample the stochastic input parameters inde-
pendently. Additional details of the performance assessment
model are contained in a companion paper.10

At 10,000 years, the cumulative fractional release of
1-129 from the CWF is calculated to be 0.039% of its initial
inventory. By comparison, cumulative fractional release for
HLW glass, commercial SNF, and DOE SNF are calculated
to be 0.014%, 0.0067%, and 0.48% of the respective initial
inventories. Calculated fractional release of 1-129 from the
CWF is higher than that for HLW glass as modeled in the
Viability Assessment, but an order of magnitude lower than
that for DOE SNF. Although commercial SNF has the low-
est calculated fractional release of 1-129, results are similar
to those of DOE SNF when cladding is not included in the
model.10

Although calculated release rates for the CWF are
higher than those calculated for HLW glass in the Viability
Assessment, recent measurements8 of the dissolution rates
for six reference HLW glass compositions at 90°C show
similar results to those presented here for the binder glass.
Results of these tests are shown in Fig. 2b for comparison.

V. SUMMARY

As part of the spent fuel treatment program at Argonne
National Laboratory, a model is being developed to predict
the long-term release of radionuclides from the ceramic
waste form under repository conditions. Based on transi-
tion-state theory for the dissolution of aluminosilicate min-
erals, the rate equation used is the same as the one used for
the HLW glass dissolution model in the Viability Assess-
ment for Yucca Mountain.

Dissolution tests using dilute, pH-buffered solutions
have been conducted at 40, 70, and 90°C to measure the
temperature and pH dependence on the dissolution rates of
sodalite, binder glass, and composite ceramic waste form.
The forward rate term of the rate equation was fit to the
measured dissolution rates using linear regression. Parame-
ter values obtained in the regression have been incorporated
into the model. Remaining model parameters are currently
defined by values used in the Viability Assessment for
HLW glass dissolution.

Performance assessment modeling calculations were
carried out using a simplified version of the TSPA-VA
model. Because the ceramic waste form represents a small
fraction of the waste in the proposed repository, it makes a

negligible contribution to the calculated dose rates at a well
20 km from the repository. To evaluate the impact of the
ceramic waste form on repository performance, cumulative
fractional release of 1-129 from the engineered barrier sys-
tem was calculated. Cumulative fractional release for a
waste form is defined as the cumulative release of a particu-
lar radionuclide divided by the initial inventory present in
that waste form. At 10,000 years, the cumulative fractional
release of 1-129 from the CWF is calculated to be 0.039% of
its initial inventory. This is an order of magnitude lower
than that for DOE spent nuclear fuel, but 2.8 times higher
than that for HLW glass as modeled in the Viability Assess-
ment. Although calculated release rates for the ceramic
waste form are higher than those calculated for HLW glass
in the Viability Assessment, recent measurements of the dis-
solution rates for six reference HLW glass compositions
show similar results to those presented here for the ceramic
waste form.
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