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ABSTRACT

The rate of radionuclide release as a result of leaching of high-level radioactive waste (HLW) glass is important
to the performance of engineered barriers. The modified product consistency test (PCT), with regular leachant
exchanges, was used to determine the leaching rate of simulated HLW glasses (West Valley Demonstration Project
Reference 6 and Defense Waste Processing Facility Blend 1) in aqueous solutions of FeCl2 and FeCl3 at 90 EC.
These conditions were selected to simulate an internal waste package (WP) environment containing steel corrosion
products and oxidized by radiolysis. Substantially higher initial B and alkali release rates, approximately a factor
of 50 to 70 times greater than those in deionized water, were measured in 0.25 M FeCl3 solutions. The initial
leaching rate for B and alkali was found to be pH-dependent and decreased as the leachate pH was increased. While
the leach rate for Si did not show any significant change in the pH range studied, the leach rate for Al showed a
minimum. The minimum in the leach rate of Al occurred at different pH values. The study indicates that elements
in the glass matrix are released incongruently.

INTRODUCTION

The potential Yucca Mountain (YM) repository may store vitrified HLW from the Hanford site, the Savannah
River Site, West Valley, and Idaho National Environmental Engineering Laboratory, together with spent nuclear fuel
(1). The vitrified HLW will contribute 4,667 metric ton of heavy metal (MTHM) equivalent to the total of 70,000
MTHM equivalent planned for the repository. Therefore, based solely on this percentage of the inventory argument,
vitrified HLW could be neglected in a risk-informed performance-based approach. Contribution of the vitrified HLW
to the dose could be significant, however, if the rate at which the radionuclides can be released and transported from
the glass is much higher than that from the spent fuel (e.g., increased corrosion in presence of corrosion products).
Current DOE plans state that vitrified HLW, poured into stainless steel (SS) canisters, will be packed into a double-
barrier WP consisting of Ni-base alloy 22 and type 316NG SS. Each WP will contain five SS pour canisters and
one spent fuel canister. The WP will be placed in the repository as part of an engineered barrier system. The external
aqueous WP environment consists of groundwater percolating through the repository. Well water from the saturated
zone, designated J-13, has been used as a reference groundwater for materials testing purposes. Water, enriched with
chloride after the initial dry out period of the repository, is mainly responsible for the initial corrosion of the WPs
(2). As the WPs are eventually breached, water, along with the corrosion products, will enter the inside of the WP.
These corrosion products consist of iron compounds such as FeOOH, Fe2O3, FeCl2, and FeCl3. The internal WP
environment in contact with the vitrified waste form may contain these iron compounds from WP and pour canister
corrosion.

Glass dissolution behavior has typically been investigated in aqueous conditions either with deionized (DI) water
or J-13 water without consideration of the WP corrosion products. However, a few studies have explored the effect
of container materials and corrosion products on the glass dissolution behavior. McVay and Buckwalter (3) and
Burns et al. (4) studied the effect of metals on glass dissolution behavior. While the former showed higher glass
dissolution in the presence of ductile iron, the latter showed no significant effect on glass dissolution from 304L SS,
409, and 430 ferrite steels. In addition, Burns et al. (4) showed that A516 carbon steel had a significant detrimental
effect on glass dissolution. Inagaki et al. (5), Bart et al. (6), and Werme et al. (7) studied the effect of magnetite on
glass dissolution behavior. Magnetite is considered a primary corrosion product. These studies showed that glass
dissolution is enhanced by the presence of magnetite. Werme et al. (7) also studied the effect of FeOOH and
concluded that glass dissolution is higher in the presence of FeOOH than in the presence of the same amount of
magnetite. These studies clearly established that magnetite and FeOOH enhance glass dissolution. In the present
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study, simulated waste glass samples from WVDP and DWPF were subjected to long-term leaching tests in the
presence of FeCl2 and FeCl3, to simulate an internal WP environment, at 90EC. Ferrous and ferric chlorides were
selected because chloride is the primary ion responsible for WP corrosion. At 90EC, FeCl2 and FeCl3 solutions tend
to precipitate a small quantity of P-FeOOH (or akaganeite). While the test environment does not represent YM
repository J-13 ground water environment, the literature shows that dissolution behavior of glass DI water is more
aggressive than J-13 water (3). Therefore, the DI bounds the effect of J-13 environment. If present studies indicate
an important effect of glass dissolution on dose, future studies on glass dissolution will be conducted to better
simulate the chemistry of the groundwater modified by reactions with waste package components. The effect of
internal waste package chemical environments on glass dissolution behavior is discussed in this paper.

EXPERIMENTAL PROCEDURES

Dissolution of WVDP Ref. 6 glass frit and DWPF Blend 1 glass was studied. These glasses are referred to
hereafter as WVDP glass and DWPF glass, respectively. Environmental Assessment (EA) standard reference glass
was tested as a baseline. The compositions of these three glasses are listed in Table I. To simulate internal WP
environment, DI water enriched with either ferrous or ferric chlorides was used. The test matrix is shown in Table II.
Molar concentration of 0.0025 represents anticipated Cl" concentration in the Yucca Mountain after dryout period,
while molar concentration of 0.25 represents a much higher than anticipated concentration of Cl" ions to simulate
worst case scenario. The tests were conducted using a modified product consistency test (PCT) method in accordance
with ASTM Standard Test Method C1285-97 (8). In these tests, 60-cm3 perfluoroalkoxy (PFA) Teflon7 vessels were
used. The solution was replaced entirely with an identical volume of fresh solution twice every week, at an interval
of alternate three-day and four-day cycles, for the first twelve weeks. The frequency of solution replacement was
changed to once a week for the second twelve weeks, followed by once every two weeks for the remaining test time.
Each experiment will be continued for one year. At the end of each test period, the vessels were removed from the
oven and allowed to cool. A small portion of leachate was used to measure pH. The leachate was then filtered with
a 0.45 um syringe filter for cation analysis using an inductively coupled plasma (ICP) technique.

The normalized concentration for element i in glass, NQ, in the leachate can be calculated by the following
equation:

NC = § (Eq.l)
ti

where NQ is in g/m3, Q is the concentration of element i in solution in g/m3, and F; is the mass fraction of element
i in glass. The normalized leach rate for element i in glass, NLR;, at the nth solution replacement can be calculated
from:

(S/V)(tr,-tn-,)

where NLRj is in g/m2-day, tn-tn_i is the time in days between the n-lth and n* solution replacements, and S/V is the
surface-to-volume ratio in m"1.
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RESULTS AND DISCUSSION

Leaching Solution Analysis

Leaching in the presence of iron chloride causes precipitates to form, especially in the high concentration iron
chloride solutions. Solid precipitates contained in the leachates were air-dried. Precipitate samples were then
mounted on glass slides for X-ray diffraction (XRD) analysis. XRD patterns of the solid precipitates suggest the
dominant occurrence of akaganeite (P-FeOOH) in all cases.

Table

Oxide Compound

A12O3

B2O3

BaO

CaO

Cr2O3

Cs2O

CuO

FeO

Fe2O3

K2O

La2O3

Li2O

MgO

MnO

MnO2

MoO3

Na2O

Nd2O3

NiO

P2O5

RuO2

SO3

SiO2

TiO2

ZnO
ZrO2

Total

I. Chemical compositions of test glasses

EA Glass"

3.60

11.16
—

1.23
—

—

—

1.59

7.58

0.04

0.28

4.21

1.79

1.36
—

—

16.88
—

0.53
—

_.

48.76

0.65

0.26

0.48

100.40

WVDP Ref. 6 Glassb

6.67

11.48
—

0.66
—

—

—

—

11.95

5.15
—

4.84

0.18

0.51
—

—

11.94
—

—

2.01

0.25

42.28

1.04
—

1.28

100.24

(in weight percent)

DWPF Blend 1 Glassc

4.16

8.05

0.18

1.03

0.13

0.08

0.44
—

10.91

3.68
—

4.44

1.41
—

2.05

0.15

9.13

0.22

0.89
—

0.03
__

51.9

0.89
-

0.14

99.91
a C. M. Jantzen, N.E. Bibler, D.C. Crawford and M.A. Pickett, ACharacterization of the Defense Waste
Processing Facility (DWPF) Environmental Assessment (EA) Glass Standard Reference Material (U),
WSRC-TR-92-346, Westinghouse Savannah River Company, Aiken, SC, 1993.
b Composition provided by West Valley Nuclear Services Co., Inc.
c Composition provided by Westinghouse Savannah River Company.

Table II. Solution test matrix

Sample ID Test Solution Glass Type Leachant pH
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BLANK
EAW

WVNSW
WVNSLF2
WVNSLF3
WVNSHF2
WVNSHF3
WVNSHCL

SRSW
SRSLF2
SRSLF3
SRSHF2

SRSHF3

Deionized Water
Deionized Water
Deionized Water
0.0025 M FeCl2

0.0025 M FeCl3

0.25 M FeCl2

0.25 M FeCl3

0.25 M HCl
Deionized Water
0.0025 M FeCl2

0.0025 M FeCl3

0.25 M FeCl2

0.25 M FeCl3

—

EA
WVDP Ref. 6
WVDP Ref. 6
WVDP Ref. 6
WVDP Ref. 6
WVDP Ref. 6
WVDP Ref. 6

DWPF Blend 1
DWPF Blend 1
DWPF Blend 1
DWPF Blend 1
DWPF Blend 1

5.78
5.78
5.78
3.95
2.22
2.47
1.34
0.69
5.78
3.95
2.22
2.47
1.34
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Fig. 1. Cumulative normalized leach concentration for boron versus time for (a) WVDP and (b) DWPF glasses in

various solutions.

Results from the first 84-day leaching duration, which covered 24 solution replacements, are reported here. The
cumulative NCB results of the modified PCT tests in various solutions are shown in Figs, la and lb for the WVDP
and the DWPF glasses, respectively. From Fig. 1, it is apparent that for both glasses the NCB values in iron chloride
solutions were consistently higher than those in DI water, and leaching in 0.25 M FeCl3 solutions exhibited the
highest boron release. The NCB values of the leachates from the first solution replacement were observed to increase
by a factor of about 50 and 70 times for the DWPF and WVDP glasses, respectively, in comparison with those in
DI water. In an attempt to evaluate the effect of solution pH, additional tests were performed for the WVDP glass
in 0.25 M HCl solutions. As shown in Table II, the starting leachant pH of 0.25 M FeCl3 solution is higher than that
of 0.25 M HCl due to partial hydrolysis of ferric (Fe3+) ions. The leaching results in 0.25 M HCl are also included
in Fig. la. Although a factor of 30 times increase in NCB was measured from the first solution replacement,
compared to the DI water result, the total NCB in 0.25 M HCl was only about half of that in 0.25 M FeCl3.
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The NLRB results were also calculated using Eq. (2). The initial NLRB values were much higher in the high
concentration iron chloride solution tests (Fig. 2). In addition, NLRB decreased with time, but this tendency is much
greater in 0.25 M FeCi3 solutions. For the NLRss results for the WVDP glass in various solutions, in all cases NLRs;
remained almost constant throughout the leaching duration. The NLRSj levels depend on the test solution. Higher
silicon release rates were measured in the high concentration iron chloride solution tests. The normalized release
rates for various elements are shown in Fig. 2 for the WVDP glass in 0.25 M FeCl3 solution. Fig. 2 indicates Si
throughout the test and Al after 16 days are released incongruently from the glass. DWPF glass also showed a similar
trend.
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Fig. 2. Normalized leach rates for various elements as a function of time for WVDP glass in 0.25 M FeCl3 solution.

Effect of pH

The effects of pH on glass dissolution have been widely investigated (9,10). Jantzen (9) reported various
regression equations for glass durability as a function of solution pH and other parameters using a hydration
thermodynamics model. In order to determine the role of pH on glass dissolution in this study, normalized leach rate
for various elements versus leachate pH after first solution replacement for both the WVDP and DWPF glasses are
plotted in Fig. 3. The initial leaching rates for all major components were found to be pH dependent. The leach rates
for boron and alkali were similar and, as expected, decreased with an increase in pH.

In the pH range of this study, the Si release rate was independent of the pH. However, Al leach rate was
significantly pH-dependent and showed a minimum in the leach rate-pH behavior. The location of the minimum was
observed at different pH values for WVDP and DWPF glasses. In the acidic range Al is released as Al3+ ion and the
initial decrease in the Al leach rate with the increase in pH is attributed to a decrease in hydronium ion concentration.
In the alkaline region, Al is released as AIO2" ion and the increase in Al leach rate with the increase in pH in the
alkaline region is attributed to network dissolution caused by release of A1O2" anions. Except for Al leach rate
behavior, B, alkali and Si show similar release rates in both WVDP and DWPF glasses. The pH dependence data
clearly demonstrate that the ions are incongruently released from glass at rates determined by the pH of the leaching
solution.

Glass Dissolution Processes

The reaction of borosilicate glasses with aqueous solutions generally includes two independent processes: initial
diffusion-controlled extraction of alkali ions out of the glass matrix, and the dissolution of the glass matrix itself.
The initial reaction for alkali release is commonly known as an ion-exchange process as a result of water diffusion
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into the glass network. As the release rate decreases with increasing depth of alkali depletion in the outer glass
surface, matrix-dissolution becomes the dominant reaction.

The results from this study indicate that leachant pH is a dominant parameter in leaching of simulated
waste glasses. At the beginning of the tests, the hydronium ion in solution tends to exchange with the
alkalis in the glass matrix through an ion-exchange reaction. The more acidic the test solution, the higher
the alkali release rates. This is supported by the ICP analyses. It is also expected that the ion-exchange
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Fig. 3. Normalized leach rate for various elements versus leachate pH after first solution replacement
for (a) WVDP and (b) DWPF glasses.

reaction consumes hydronium ions and releases alkalis from the glass matrix. As a result, the leachate pH
is anticipated to increase at the end of glass leaching. In the case of glass dissolution in 0.25 M FeCl3
solution, an increase of the leachate pH, accompanied by the highest alkali release, was measured for the first
solution replacement. However, as the alkali release substantially reduced, the leachate pH was also observed to
decrease for the rest of the solution replacements. From the glass surface analysis results, it is apparent that the high
initial leaching produced an alkali-depleted surface layer, and consequently leaching rate dropped due to an extended
diffusion path.

The exact mechanism by which Fe cation accelerates the glass leaching process is not clear. Formation of iron
silicate precipitates that inhibit saturation effects is generally hypothesized to enhance glass dissolution in the
presence of iron products (3). The results from this study, however, do not support this hypothesis. As reported in
this study, even though leachate pH has a profound effect on glass dissolution, the leaching rate measured in 0.25
M FeCl3 solution was almost twice that in 0.25 M HC1 solution. These results suggest that both solution pH and the
presence of corrosion species such as iron chloride are significant contributing factors to the net glass durability.
Additional investigation is needed to determine the underlying mechanism.

CONCLUSIONS

Aqueous solutions of FeCl2 and FeCl3 at 90°C significantly enhance glass dissolution, especially at high
concentrations. The highest leaching rates for boron and alkalis were measured from the first solution replacement
in 0.25 M FeCl3 solution for both WVDP and DWPF glasses, and are about 50 to 70 times greater than those in
deionized water. The leaching results suggest that both low solution pH and the presence of corrosion species such
as iron chloride are responsible for enhanced glass dissolution. The pH dependence data clearly demonstrate that
the ions are incongruently released from the glass at rates determined by the pH of the leaching solution.
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Based on the preliminary normalized boron release results, the presence of the iron-containing corrosion products
enhance the contribution of the vitrified HLW to the source term. However, the magnitude of this effect on the dose
for the Yucca Mountain repository needs further evaluation.
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