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Abstract — Radionuclide release from a waste package (WP) is a series of processes that depend
upon the composition and flux of groundwater contacting the wasteforms (WF); the corrosion rate
of WP containers and internal components made of Alloy 22, 316L SS, 304L SS and carbon
steel; the dissolution rate of high-level radioactive waste (HLW) glass and spent nuclear fuel
(SNF); the solubility of radionuclides; and the retention of radionuclides in secondary mineral
phases. In this study, forward reaction rate measurements were made on a surrogate HLW glass
in the presence of FeCl; species. Results indicate that the forward reaction rate increases with an
increase in the FeCls; concentration. The addition of FeCl; causes the drop in the pH due to
hydrolysis of Fe*" ions in the solution. Results based on the radionuclide concentrations and
dissolution rates for HLW glass and SNF indicate that the contribution from glass is similar to

SNF at 75 °C.

INTRODUCTION

The potential high-level nuclear waste
(HLW) repository at Yucca Mountain (YM)
may store vitrified high-level radioactive
waste from the Hanford site, Savannah
River Site (SRS), West Valley
Demonstration Project, and Idaho National
Environmental Engineering Laboratory,
together with commercial and defense spent
nuclear fuel (SNF). The vitrified HLW could
contribute 4,667 metric tons of heavy metal
(MTHM) equivalent out of the total of
70,000 MTHM planned for the repository [1].
The proposed waste package (WP) designs
consist of two concentric cylinders in which
the waste forms (WF) will be placed. The
inner cylinder is made of stainless steel (SS)
Type 316NG and the outer cylinder is made
of a corrosion resistant nickel-base alloy
(Alloy 22). A typical co-disposal WP may
contain five 304L SS canisters with HLW
glass and one 316L SS Department of
Energy (DOE)-owned SNF canister. The
proposed WP will be emplaced horizontally
on a pallet in a drift as part of an engineered
barrier system.

The contribution of HLW glass to repository
performance needs to be evaluated. The
HLW glass corrosion process involves
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contact of a reactant (i.e., groundwater or
water vapor) with the glass surface,
chemical reaction between the reactant and
glass surface, and transport of reaction
products away from the reaction zone. The
dissolution rate is controlled by the
combination of these three processes and
depends on factors such as chemical
composition of the glass, solubilities of the
reaction products, exposed surface area,
temperature, pH, relative humidity, and
chemical composition of the aqueous
environment. As WPs are breached, the
groundwater, along with the corrosion
products from the containers, could enter
the waste packages. These corrosion
products from the dissolution of WP internal
components may consist of iron compounds
such as FeOOH, Fe,03, FeCl,, and FeCls.
Pan et al. [2] showed that the normalized
glass dissolution rate based on initial boron
and alkali release from leaching experiments
in 0.25 M FeCl; solution were approximately
50 to 70 times greater than those in
deionized water. Furthermore, Total System
Performance Assessment (TSPA)
calculations showed that the contribution
from glass in the presence of corrosion
products to the estimated mean dose rate
could be up to 30 percent of the total dose
rate for nominal case at times of the order of
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52,000 years [2]. The calculated results are
consistent with the observations of
enhanced glass dissolution in the presence
of iron-containing corrosion products [2-7].
The chemistry of the aqueous environment
inside the breached waste packages may,
therefore, have a significant influence on
waste form degradation.

In this study, forward reaction rate
measurements were made on surrogate
HLW glass in the presence of iron species to
examine the effect of steel corrosion
products on glass dissolution rate. Tests
were conducted on monolithic glass
samples formulated within the anticipated
SRS glass composition envelope. All tests
were conducted following ASTM static
leaching test method C1220-98 [8] at 90 °C
[194 °F] with and without the presence of
FeCl;. The purpose of these tests was two
fold. First, to determine forward dissolution
rate, and second, to compare this data with
the Pan et al. [2] data collected using
powdered samples. Even though Pan et al.
[2] used frequent solution volume changes,
the influence of dissolution products due to
large surface area could be sufficient to
suppress normalized reaction rate. The
results are discussed in the following
sections. In addition, risk insights are
provided based on the radionuclide release
from the HLW glass and SNF.

EXPERIMENTAL METHODS

HLW surrogate glass, of composition shown
in Table |, produced by the Argonne
National Laboratory using SRL frit 202G was
used in this study. This glass composition
represents a composition within the
anticipated envelope of the HLW glass
compositions may be produced at the SRS.
An internal waste package environment was
simulated by conducting test in 0.0025 M
and 0.25 M FeCl; solutions. While these
test environments do not contain the ionic
species present in J-13 Well water, the
literature shows that dissolution of glass in
deionized water is about 2 times faster than
that in J-13 Well water [3]. The relatively
high leach rates observed in deionized water
are attributed to solution composition effects
because, as elemental concentrations
increase in the leachate, elemental release
rates generally decrease. The behavior in
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deionized water, therefore, bounds the
effects of the species present in J-13 Well
Water.

TABLE |. Chemical Composition of
SRS 202G Glass (Weight Percent).
Oxide
Compound SRL 202G
Al,O3 5.81
B,0O3 10.32
BaO 0.03
CaO 1.08
Cr203 0.41
CuO 0.12
Fe203 9.27
K>O 3.28
L3203 0.02
Li,O 3.44
MgO 1.7
MnO 1.54
MoO; 0.01
Na,O 15.33
NiO 0.95
P,0s 0.32
PbO 0.04
SrO 0.02
SiO, 44.06
TiO, 0.13
uo, 1.61
ZnO 0.01
ZrO, 0.08
Total 99.98

Since iron chloride solutions corrode
stainless steel vessels, leaching tests were
carried out in 60-cm® perfluoroalkoxy
TFE-fluorocarbon vessels. The test vessels
were cleaned and checked for pH and
fluoride concentration that meet the
requirements specified in ASTM C1285 [10].
The effect of the influx of CO, into the
leachant is anticipated to be negligible
because of the low initial pH values
measured in FeCl; solutions. In these tests,
approximately 0.15 g of a monolithic glass
sample of geometric surface area between
1.7-1.8 cm” was placed in a 50-cm? test
solution. Vessels were placed in an oven
held at a temperature of 90 °C [194 °F] and
withdrawn at specified time intervals ranging
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from 1 to 14 days. At the end of each test
period, the vessels were removed from the
oven and allowed to cool. A small portion of
the leachate was used to measure pH using
a glass electrode pH meter. The leachate
was then filtered with a 0.45-um syringe
filter for cation analysis using the inductively
coupled plasma atomic emission
spectrometry technique.

The mass of glass leached, M;, based on the
leached component i from the sample, was
calculated using equation

M = C, xV
F;
where (1
M; — inunits of g
C;, — concentration of element iin
solution, in units of g/m®
F; — mass fraction of element i in glass
(dimensionless)
V — the volume of solution in test vessel

in units of m*

The surface area normalized release, NR;
was calculated using equation

NR, = M1
SA @)

NR,— in units of g/m?
SA — geometric surface area of the
sample in m?

The normalized forward reaction release
rate was determined from the slope of the
normalized release and time (Figures 3-5).
An average normalized release was based
on the normalized release averages for B,
Na, Al, Si, and U at each time interval. This
method of averaging normalized release is a
slight departure from standard method of
using B as an indicator of the highest
release component. In this study, it was
observed that the component having highest
normalized release was dependant on the
pH of the solution. Therefore normalized
release, used for calculating forward
reaction rate, was based on an average of
the normalized releases from major
components that are released congruently.
This methodology provides a realistic
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approach for calculating forward reaction
rate. In some cases certain components
were not used in averaging, for example, in
deionized water U release was below
detection limit, and in 0.25 M FeCl; solution
Si release was extremely low compared to
other components. In such cases, the
release from such components was not
considered in the averaging.

RESULTS AND DISCUSSION

Figures 1 and 2 show the changes in the

surface conditions of the surrogate HLW in
the presence of 0.25 M and 0.0025 M FeCl;
solutions. Significant surface fracturing was
observed in a sample immersed in 0.25 M

FeCl; solution. However, in 0.0025 M FeCl;
solution, a thick coating of Fe was observed
on the surface of the surrogate HLW glass.

o A T

3 days X m
Fig. 2. Iron deposits on th sc of th
glass sample after 3 days in 0.0025 M FeCl;

Any estimation of the exposed surface area
for the HLW surrogate glass in 0.25 M FeCl;
solution will be subjected to significant
errors. Similar fracturing on glass surfaces
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was observed by Gislason and Oeklers in
acidic solutions [11].

Table Il displays the pH evolution at room
temperature in deionized water, 0.0025 M
FeCls, and 0.25 M FeCls;. After initial drop in
pH in 0.25 M FeCls, the pH of the samples in
FeCl; solution did not significantly change
with time. In the deionized water, however,
the pH increased from 5.9 to 9.8 in the first
five days, and thereafter remained around
10. In deionized water, an average pH in the
first 5 days was 7.5. This increase in pH is
attributed to the hydrolysis of cations
released from the surrogate HLW glass.

TABLE Il. Evolution of pH With Time For
High-Level Waste Surrogate Glass
Immersed In Different Solutions.
pH pH pH
Deionized 0.0025M | 0.25M
Day | Water FeCl; FeCl;
0 5.55 2.73 1.39
1 0.82
2 0.79
3 7.11 243 0.80
5 9.78 2.56 0.79
7 8.18 2.64 0.75
10 9.92 2.83 0.75
14 9.97 2.98 0.72

Figures 3 to 5 show normalized release as a
function of time for surrogate HLW glass in
deionized water, 0.0025 M FeCl; and 0.25 M
FeCl;, respectively. The slope of best-fit line
is referred to as forward reaction rate. Linear
fit was obtained by using two or three data
points at the beginning of the curve
proposed as in ASTM 1220-98. These
best-fit lines indicate that the forward
reaction rate for glass dissolution is different
in different solutions as shown in Figures 3
to 5.

Except for U, major glass components are
approximately released congruently in
deionized water. In 0.0025 M FeCl; solution,
major glass components including U are
released congruently. However, the
normalized release rate in 0.0025 M FeCl;
solution is a factor of 10 higher compared to
deionized water. In 0.25 M FeCl; solution
except for Si, major components are
released congruently as shown in Figure 5.
The highest normalized
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Fig. 3. Surface area normalized release from
surrogate high-level waste glass in
deionized water.
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Fig. 4. Surface area normalized release from
surrogate high-level waste glass in 0.0025 M
FeC|3.
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Fig. 5. Surface area normalized release from
surrogate high-level waste glass in 0.25 M
FeC|3
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Fig. 7. Percent element release from
surrogate high-level waste glass in 0.0025 M
FeCI3
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Fig. 8. Percent element release from
surrogate high-level waste glass in 0.25 M
FeCI3
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release rate was observed in 0.25 M FeCl;
solution. The normalized release rate in 0.25
M FeCl; is one order of magnitude higher
compared to 0.0025 M FeClI3 solution and
deionized water. Extremely high release rate
observed in 0.25 M FeClj; solution is
attributed to surface fracturing of the glass
surface as shown in Figure 1.

Figures 6 to 8 show percent of component
released from the glass as a function of time
in deionized water, 0.0025 M FeCl; and 0.25
M FeCl; respectively. In 14 days, between 2
and 3% of each component was released in
the deionized water while between 15 to
20% of each component was released in the
0.0025 M FeCl;. Extremely high release
(100% in first five days) from the glass,
except Si, was observed in 0.25 M FeCl;
solution. Release greater than 100% is
attributed to measurement uncertainties in
leachate and HLW glass analysis.
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Fig. 9. Normalized release rate as a function
of pH at 90 °C. CNWRA model is bounded
by variability in activation energy

In Figure 9, forward reaction rate data,
normalized to surface area, is superimposed
on the CNWRA abstracted model, bounded
by variability in activation energy, estimated
using powdered samples in iron based
solutions and DOE model obtained in
deionized solutions. Except for the data at
low pH, forward reaction rate data follows
the upper bound normalized dissolution rate.
In the CNWRA model, upper bound
normalized dissolution rate data was
obtained using activation energy of

45.4 kJ/mol which equals 51 kdJ/mol (mean
value) — 5.6 kdJ/mol (standard deviation). In
this study, forward reaction rate was



obtained by averaging release by several
cations in the solution, while the CNWRA
and DOE data is specifically based on B
release.

RELEVANCE OF HLW GLASS WASTE
FORM SOURCE TERM

Contributions to close from the HLW glass
waste form depend on concentration of
radionuclides and the rate at which they are
released. TSPA analysis conducted by Pan
et al. [2] showed that Tc-99, I-129, and Np-
237 contribute to more than 95% of the dose
in the 10,000 year performance period.
Table 11l shows the amount, in g/WP, of
these radionuclides present in the HLW
glass and SNF [12]. The radionuclides mass
in HLW glass per WP are significantly lower
than in SNF.

TABLE lll. Radionuclides Contributing
Greater Than 95% of the Dose [12].
Wasteform | Np-237 | 1-129 Tc-99
(g/WP) | (g/WP) | (g/WP)

SNF 4740 1800 7860
HLW 72.3 48 729
Glass

The following assumptions are made to
simplify comparisons between HLW glass
and SNF releases.

1. HLW glass and SNF dissolution rates
are not influenced by natural or
engineered barriers that could be
present in a repository, e.g., no credit
is assumed for cladding for SNF and
304L SS for HLW glass.

2. Total surface area for SNF in a WP is
based on surface area of pellets in a
Westinghouse 17X17 PWR assembly
and 21 assemblies per WP [13]. The
total SNF surface area and mass per
WP were 706 m? and 9,610 kg,
respectively.

3. The surface area for HLW glass in a
WP is based on the surface area of
monolithic glass in a canister and
5 canisters in a WP. The total HLW
glass surface area and mass per WP
were 27 m? and 10,000 kg,
respectively [1].
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In alkaline region, the HLW glass has a
strong dependence on pH and temperature
[2] while SNF has a strong dependence on
total carbonate concentration and
temperature [14]. In this study, comparison
was limited to alkaline region because of the
lack of SNF dissolution data in acidic region.
Pan et al. [2] provide empirical expressions
for calculating HLW glass dissolution rate. In
this analysis, upper bound normalized
dissolution behavior shown in Figure 9 for
CNWRA model was used for comparison
because it represents forward reaction rate.
Forward normalized reaction rate is higher,
compared to normalized reaction rate used
to develop CNWRA model, because it's not
subjected to feed back effects by backward
reaction. The SNF dissolution model is
provided in [14]. Tables IV and V show
calculated dissolution rates for important
radionuclides that contribute to the dose
from the HLW glass and SNF at 25, 50 and
75 °C at a pH of 8 and carbonate
concentration of 0.02 moles.

Based on the information presented in
Tables IV and V, Figure 10 shows
contribution of key radionuclides from the
HLW glass relative to the SNF as a function
of temperature. Data shows that for both
SNF and HLW glass, the maximum
contribution comes from Tc-99. The
contribution from the glass increases linearly
with temperature. At 75 °C, HLW glass is
almost 20% of the SNF Tc-99 release rate.
The risk from the HLW glass wasteform is
significant compared to that from the SNF.
This analysis is based on an assumption
that the relative surface areas for HLW
waste and SNF remain the same after
fracturing. SNF in addition to fragmentation
in the rim region, undergoes 10-15 fractures
during irradiation [15] that increases the
surface area. In the HLW glass, fracturing
occurs during cooling. DOE has estimated
the fractured surface area of one HLW
canister was 94.6-m? compared to the
geometric surface area of 4.7-m? [16]. This
provides a 20-fold increase in the expected
surface area of the HLW glass. Similarly
assuming 12 fractures in a spent fuel pellet,
the surface area will increase by a factor of
8 to 10 depending upon the size of
fragments in the rim. If the fracturing in the
HLW glass is twice the SNF, radionuclide
released from glass will be similar to SNF at
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75 °C. However, as the temperature drops
below 50 °C, the contribution from HLW
glass becomes less significant. The TSPA
analysis indicates that within the 10,000
year period, contribution from HLW glass is
similar to SNF.

TABLE IV. Calculated Dissolution Rate
For HLW Glass [2] at a pH of 8 and Total
CO; of 0.02 moles at Different
Temperatures.

HLW
Glass
CNWRA Rate Rate Rate
Model 25°C 50°C 75°C

g glass/ 0.08 0.33 1.11
m°-d

g glass/ 1.89 7.79 26.3
d/WP

g 1-129/ 9.5E-6 | 3.9E-5 1.3E4
d/WpP

g Tc-99 1.5E-4 | 6.0E-4 | 2.0E-3
[d/WP

g Np- 14E-5 | 59E-5 | 2.0E4
239/d/WP

TABLE V. Calculated SNF Dissolution
Rate [13] at a pH of 8 And Total CO;
of 0.02 moles at Different
Temperatures.

SNF
DOE Rate Rate Rate
Model 25°C 50°C 75°C
g SNF/ | 0.004 0.008 0.014
m>-d
g SNF/ | 2.95 5.65 9.85
d/WP
gl-129/ | 5.5E-4 | 1.1E-3 | 1.8E-3
d/WP
g Tc- 24E-3 | 46E-3 | 8.1E-3
99/
d/WP
g Np- 1.5E-3 | 2.8E-3 | 4.9E-3
239/
d/WP

CONCLUSIONS

Forward normalized reaction rates were
determined in a surrogate HLW glass.
Results showed that as the pH decreases
due to the increase in the concentration of
FeCls solution, the forward normalized
reaction rate also increases. In a 0.25 M
solution, extensive fracturing of the glass
surface was observed within one day.
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Fig. 10. Contributions from the HLW glass
relative to SNF.

Forward reaction rate in the 0.0025 M
concentration was higher than the deionized
water despite the fact that the glass surface
was covered with iron deposits. In 0.25 M
solution, 100% of the components, except
Si, present in the glass, including U, were
released into the solution within three days.
The forward reaction rates measured in this
study followed the upper bound of the rates
determined earlier by Pan et al. [2].

The analysis indicates radionuclide
contributions per waste package from the
HLW glass are comparable to SNF at 75 °C.
However, as the temperature drops below
50 °C, the normalized dissolution rates
become less significant compared to SNF
normalized dissolution rates.
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