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CORROSION BEHAVIOR OF ENVIRONMENTAL ASSESSMENT GLASS IN
PRODUCT CONSISTENCY TESTS OF EXTENDED DURATION

W. L. Ebert, E. C. Buck, J. S. Luo, S.-W. Tam and J. K. Bates

ABSTRACT

We have conducted static dissolution tests to study the corrosion
behavior of the Environmental Assessment (EA) glass, which is the
benchmark glass for high-level waste glasses being produced at U.S.
Department of Energy facilities. These tests were conducted to evaluate
the behavior of the EA glass under the same long-term and accelerated test
conditions that are being used to evaluate the corrosion of waste glasses.
Tests were conducted at 90°C in a tuff groundwater solution at glass
surface area/solution volume (S/V) ratios of about 2000 and 20,000 m™
The glass dissolved at three distinct dissolution rates in tests conducted at
2000 m". Based on the release of boron, dlssolutlon within the first seven
days occurred at a rate of about 0. 65 g/(m -d). The rate between seven and
70 days decreased to 0.009 g/(m*d). An increase in the dissolution rate
occurred at longer times after the precipitation of zeolite phases analcime,
gmelinite, and an aluminum silicate ghase The dissolution rate after
phase formation was about 0.18 g/(m®.d). The formation of the same
zeohtc alteration phases occurred after about 20 days in tests at 20,000 m”

!. The average dissolution rate over the first 20 days was 0.5 g/(m%d) and
the rate after phase formation was about 0.20 g/(m?*d). An 1ntermed1ate
stage with a lower rate was not observed in tests at 20,000 m™. The
corrosion behavior of EA glass is similar to that observed for other high-
level waste glasses reacted under the same test conditions. The dissolution
rate of EA glass is higher than that of other high-level waste glasses both
in 7-day tests and after alteration phases form.
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I. INTRODUCTION AND BACKGROUND

High-level radioactive wastes stored at U.S. Department of Energy (DOE)
facilities at Savannah River, SC; West Valley, NY; and Hanford, WA, will be
immobilized in glass waste forms that will eventually be sent to a federal repository for
disposal. The DOE has established waste acceptance product specifications (WAPS) for
waste glasses produced at these facilities to facilitate the transfer between organizations
responsible for immobilizing the waste and disposing the waste products [DOE-1993].
The WAPS require that the resistance of high-level radioactive waste glasses to
dissolution exceed that of a benchmark glass, which is the Environmental Assessment
(EA) glass, when assessed by using the Product Consistency Test-Method A (PCT-A)
[ASTM-1994]. Although the PCT-A by itself is not currently presumed to provide
insight into the long-term durability of a waste glass in a disposal environment, DOE is
studying that relationship. It remains to be demonstrated that requiring a waste glass to
be more durable than EA glass in PCT-A ensures that the glass will have acceptable long-
term durability. The work described in this report and other work being conducted at
ANL has been designed to gain a mechanistic understanding of glass corrosion behavior
that can be used to predict performance in a disposal system.

We have used several different test methods to characterize the behavior of
reference glasses representative of waste forms produced at the Defense Waste
Processing Facility (DWPF) at the Savannah River Site and at the West Valley
Demonstration Project (WVDP) at the West Valley Site at advanced stages of corrosion
relevant to long disposal times. By “advanced stages of corrosion,” we mean that very
long exposure times would be required under disposal conditions to attain the same
solution compositions and extents of surface alteration that are attained in these
laboratory tests after only a few days. Those tests have shown that, while the dissolution
rates of all glasses decrease initially as the concentrations of glass components in the
contacting solution increase, the dissolution rates of many glasses increase upon the
formation of certain alteration phases [EBERT-1993A, -1993B, FENG-1993, EBERT-
1990]. Although work remains to determine the mechanism by which phase formation
affects the glass dissolution rate, it appears that some alteration phases act as
thermodynamically stable sinks for dissolved silica and decrease the relative stability of
the glass in the system.

An understanding of the long-term corrosion behavior of the EA glass is
important because the response of that glass in PCT-A is used as the benchmark for waste
glasses. The tests discussed in this report provide insight into the relationship between
the relative behaviors of EA glass and waste glasses in short-term consistency tests and
their long-term behaviors relevant to disposal. Specifically, demonstration that the
corrosion behavior of the EA glass is sufficiently similar to that of anticipated waste
glasses will provide added confidence that the product consistency requirement for high-
level waste glasses is relevant to their performance in a disposal system.

In this report, we discuss the results of static dissolution tests that were conducted
for long time periods and at high glass surface area/solution volume (S/V) ratios to study
the corrosion behavior of EA glass at advanced stages of corrosion. The test method used
has been standardized as PCT-B [ASTM-1994]. Tests were conducted at two different
S/V ratios (approximately 2000 and 20,000 m™) to characterize the glass corrosion
behavior under conditions in which dissolved glass components accumulate in solution at
different rates. The formation of alteration phases is expected to occur after different test
durations, since different amounts of glass must dissolve to saturate the solutions. The
same test conditions have been used to characterize other DWPF reference glasses, so test
results can be directly compared. In addition, tests were conducted at 20,000 m™ using



two different size fractions of crushed glass to study the effects of particle size on the
long-term corrosion behavior. These were conducted to determine if the increase in the
dissolution rate that occurs coincidentally with the formation of certain alteration phases
is affected by the size of the glass grains.
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II. EXPERIMENTAL

Crushed EA glass was supplied by the Savannah River Technology Center
(SRTC) from a large batch fabricated by Corning Glass Works. Glass from that batch
will be used for analyzing the product consistency of glass produced in all DWPF
campaigns [PLODINEC-1991]. We measured the glass composition by first dissolving a
small aliquot of glass in a mixture of nitric and hydrochloric acids at 90°C for several
days then analyzing the resulting solution with inductively coupled plasma-mass
spectrometry (ICP-MS). The composition measured at ANL is given in Table 1. The
compositions measured at SRTC and by Corning Engineering Laboratory Services
(CELS) when the EA glass was produced is included for comparison [JANTZEN-1993].
The measured compositions are in good agreement. The mass fractions of key cations in
the EA glass that were used to normalize solution results are given in the table as f(i),
where i represents the cation of the listed oxide.

The glass received from SRTC was further crushed and sieved to isolate the -100
+200 (74-140 pm) and -200 +325 (43-74 pm) mesh size fractions for testing. The
crushed and sieved glass was washed to remove fines following the methodology
specified in the PCT procedure and allowed to dry. The glass was translucent and amber
in color. Glass particles of each size fraction were surveyed with a scanning electron
microscope (SEM) to characterize their size and shape and to verify that the fines had
been removed. Figures 1a and 1b display photomicrographs of representative particles in
the -100 +200 mesh and -200 +325 mesh size range. There are two typical particle
shapes in both size fractions: rods and chunks. The compositions of particles of each
shape were the same, as measured with energy dispersive X-ray spectroscopy (EDS) in
an SEM. On the basis of SEM analysis, the crushed glass in each size fraction is
estimated to consist of about 97% chunks and 3% rods by mass for each size fraction.

While the PCT procedure does not require knowledge of the surface area of the
glass, the surface area must be known to calculate the dissolution rate and to compare the
rates in tests conducted with different size fractions of crushed glass and at different S/V
ratios. The PCT procedure does recommend a method for calculating the specific surface
area for crushed glass; we followed that procedure. We measured the density of the
crushed glass by water displacement to be 2.65 g/cm®. The specific surface areas of the
two size fractions were estimated geometrically. In both size fractions, the rods were
about 20 pm in diameter and their average length was about 400 pm; therefore, the
average specific surface area was calculated to be about 0.072 m?%g for the rods in both
size fractions. The average specific surface areas of the chunks in each size fraction were
estimated by assuming they were spheres with a diameter equal to the arithmetic average
of the two sieve sizes. The specific surface areas of the glass chunks were calculated to
be 0.019 and 0.038 m?g for the -100 +200 and -200 +325 mesh fractions, respectively.
From the estimated amounts of rods and chunks, the overall specific surface areas of the
crushed glass were estimated to be 0.020 and 0.039 m?/g for the -100 +200 and -200
+325 mesh size fractions, respectively.

Tests were conducted with the -100 +200 mesh fraction at glass/water mass ratios
of 1:10 and 1:1 to achieve S/V ratios of about 2000 and 20,000 m™, and with the -200
+325 mesh fraction at glass:water mass ratios of 1:2 to achieve an S/V ratio of about
20,000 mi'. Tests were conducted in a tuff groundwater solution at 90°C for reaction
times between 7 and 600 days. The groundwater solution was prepared by reacting
groundwater from well J-13 on the Nevada Test Site with pulverized tuff (<100 mesh) for
28 days at 90°C. The resulting solution was allowed to cool to room temperature and
then filtered with a 100-nm pore size filter. The filtrate is referred to as EJ-13 water and



its composition is given in Table 2. Water prepared by the same procedure has been used
in tests with DWPF and WVDP reference glasses conducted previously [BATES-1992;
EBERT-1996A]. Tests at 2000 m™ were also conducted for 7 days using demineralized
water for comparison with PCT-A results obtained by other workers. Two sets of
triplicate PCT-A were conducted at different times. The first set was conducted with
about 1 g glass and 10 g demineralized water. The second set of tests was conducted
about three months later using glass from the same batch of crushed glass that was used
in the first set of PCT-A. The second set of PCT-A was conducted with about 1.5 g glass
and 15 g demineralized water in each test.

All tests were conducted in Type 304L stainless steel reaction vessels that had a
volume of about 22 mL. Appropriate amounts of glass and water were weighed into the
vessels at the glass/water mass ratios needed to achieve the desired S/V ratio. After the
glass and EJ-13 water or demineralized water were weighed into the reaction vessels, the
vessel was held at an angle of about 45° and rotated slowly to ensure that all the glass
was wetted and no air bubbles remained attached to the glass. The crushed glass was
completely submerged in all tests; the amount of solution covering the glass varied
between about 1 and 3 cm, depending on the S/V ratio of the test. The amount of air in
the vessel varied with the test conditions. We estimate that tests conducted at 2000 m’!
contained about 12 mL of air, and that tests conducted at 20,000 m™ with the —100 +200
and —200 +325 mesh glass contained about 15 and 16 mL of air, respectively. (The
amount of air in the vessel may become important if carbon dioxide is consumed during
the formation of carbonate alteration phases.) Vessels were sealed with Teflon gaskets
and compression fittings, weighed, and then placed in an oven that had previously been
set at 90°C. The oven temperature was measured with a thermometer that was traceable
to the National Institute of Standards and Technology (NIST) prior to testing and was
continuously monitored using a Type K thermocouple throughout the testing program.
The oven temperature and thermocouple read-out were verified with the thermometer
semiannually, and remained within the +2°C tolerance specified in the PCT procedure
throughout the testing period, except for brief periods (typically less than five minutes)
after the oven was opened to remove test vessels for termination.

The test duration was measured from the time the vessel was placed in the oven
until it was removed. The time required for the vessel, water, and glass to reach the test
temperature is assumed to be negligible relative to the test duration. The durations of
most of the tests were selected to match durations of tests with other glasses to permit
direct comparison. The durations of some tests were not specified beforehand. These are
referred to as “to be determined (TBD)” tests in the test matrix. They were run to allow
data to be collected at test durations that were intermediate to or longer than tests with
scheduled durations. Six tests were run in addition to the original test matrix: EA-91,
EA-92, EA-93, EA-94, EA-95, and EA-96. These were conducted with the —100 +200
mesh fraction to determine when alteration phases first formed at 20,000 m™ since phases
had already formed within the shorted duration originally scheduled (56 days).

At the end of the test duration, the vessel was removed from the oven, weighed,
and opened immediately. Aliquots of the leachate solution were taken for pH and carbon
analyses. The remaining leachate was then filtered through a 450-nm pore size cartridge
filter to remove any suspended glass particles; the filter and syringe were preheated to
90°C to avoid cooling the solution during filtration. All aliquots were taken while the
leachate was near the test temperature to avoid thermally induced precipitation, but were
allowed to cool to room temperature before analysis. An aliquot of the filtrate solution
was taken for anion analysis. The solutions from two tests were further filtered through
an Amicon CF50A filter (estimated pore size is 6 nm) with the use of a centrifuge. These
solutions were analyzed to distinguish the amounts of cations that were dissolved from




material present in suspended colloids. All aliquots taken for cation analysis were
acidified with a few drops of ultrapure concentrated nitric acid. Most of the aliquots were
diluted with demineralized water prior to acidification.

The solution pH values were measured after the solutions cooled to room
temperature but within two hours of test termination. The pH was measured with a
combination electrode; the pH values were not adjusted for either sodium or temperature
effects. The pH values measured at room temperature are assumed to be about one unit
higher than the pH value at the test temperature of 90°C; the sodium effect is discussed
later. The total carbon and organic (nonpurgeable) carbon contents of most leachates
were measured with a Dohrman® carbon analyzer. The total amount of carbon was
measured by analyzing the solution without treatment. The nonpurgeable carbon content
was measured by acidifying the sample with phosphoric acid then sparging with nitrogen
gas. The purgeable carbon content, which includes inorganic carbon and organics
removed by sparging, was calculated by difference. Aliquots of the filtrate solutions
from some tests were analyzed for anions with ion chromatography (IC) and aliquots of
all leachates were analyzed for cations with either inductively coupled plasma-mass
spectroscopy (ICP-MS) or inductively coupled plasma-atomic emission spectroscopy
(ICP-AES). Samples of the reacted solids were removed from the vessels and allowed to
dry in air. The solids from some tests were analyzed with optical microscopy, SEM with
associated EDS, and analytical transmission electron microscopy (AEM) with EDS and
selected area electron diffraction (SAED). Alteration phases formed in some tests were
located by viewing the reacted solids with an optical microscope and isolating altered
glass and alteration phases using small particle handling techniques. The isolated
material was analyzed with SEM/EDS, AEM, and X-ray diffraction (XRD). The XRD
was done by fixing several crystallites onto a lightly greased glass filament and then
analyzing in a powder camera using the Debye-Scherre method. Alteration phases were
identified by chemical composition and comparison of the crystal planar distances (d-
spacings) measured in the XRD spectra and with SAED with the X-ray patterns of
standard minerals.



ITI. RESULTS

A.  TestResults

The data for test execution are given in Appendix I. These include the measured
glass, water, and vessel masses, the S/V ratio, mass changes, dilutions that were made
prior to submittal of solutions for analysis, etc. These data were used in the calculation of
the solution concentrations, normalized mass losses, and dissolution rates. Only two
significant figures are reported for the S/V ratios used in the calculations to match the
uncertainty in the specific surface area of the crushed glass. For PCT-A results to be
considered as valid, the mass loss during the test cannot exceed 5% of the mass of water
added to the test. The mass losses in the tests are well below this limit, and all tests were
valid. For some tests, not enough leachate solution could be recovered to measure both
the pH and cation concentrations. Aliquots were not analyzed for pH for tests EA-49,
EA-52, EA-53, or EA-54. An appreciable amount of the water had been incorporated
into alteration phases in those tests.

B. Solution Results

The solution cation results are presented in Appendix II for tests following PCT-A
and in Appendix 3 for tests following PCT-B. In Appendix II, the analytical results for
solutions from tests EA-21, EA-22, and EA-23 analyzed with both ICP-AES and ICP-MS
are presented for some components. Other solutions are analyzed with one or the other
technique. The cation results were used as the primary measure of the extent of glass
corrosion in each test and were used to calculate the glass dissolution rate. The measured
concentration was first corrected for the dilution made prior to sample submittal. That
dilution was made to provide enough solution for analysis. The dilution factor for each
solution was calculated by dividing the mass of leachate in the aliquot by the sum of the
masses of the aliquot, demineralized water, and concentrated nitric acid that was added.
The filtrate solutions from filtration through the 6-nm pore size filters are referred to as
F50 solutions in the spreadsheets in Appendices I, IT, and III.

The extent of glass corrosion was calculated from the measured concentrations in
solutions filtered through the 450-nm pore size filters in terms of the normalized mass
loss, NL(i):

NL(D) = (G; - G °) / [(S/V)e £(1)] (D

where C, and C, © are the concentrations of species i measured in the leachate solution and
in the initial leachant solution, respectively; S and V are the initial glass surface area and
solution volume; and f(i) is the mass fraction of species i in the glass. The normalized
mass loss gives the mass of glass required to dissolve stoichiometrically to generate the
measured solution concentration of the species i. If the glass dissolves stoichiometrically,
the calculated value of NL(i) will be the same when calculated based on each glass
components. Differences in the values of NL(i) may indicate that the glass is not
dissolving stoichiometrically or that some components are not released entirely into
solution as the glass corrodes, but are instead retained on the glass surface as insoluble
residue, sorbed onto the test vessel, or incorporated into alteration phases. The
normalized mass losses are calculated with the solution concentrations of some of the
other glass components in Appendix II. However, only those calculated with the solution
concentrations of B, Li, Na, and Si were used to evaluate the dissolution rate. This is
because other components are present in only very low concentrations, such that the




analytical errors are expected to be higher, and because some components are sparingly
soluble.

We consider first the results of the 7-day tests at 2000 m™ in demineralized water,
which are the test conditions specified for PCT-A. The results of two sets of triplicate
tests conducted as part of this Task at different times are given in Table 3. The results
within each set of triplicate tests are in good agreement, but the agreement between the
two set is poor. The results of PCT-A are presented both as the measured concentrations
and as normalized concentrations. The normalized concentrations are calculated by
dividing the measured solution concentration of a components by the mass fraction of
that component in the glass. The mass fractions of B, Li, Na, and Si used for these
calculations are given in Table 1. The normalized mass losses calculated from the
average results are: NL(B) = 7.6 g/m® NL(Li) = 3.9 g/m?, NL(Na) = 6.2 g/m?, and
NL(Si) = 1.9 g/m®. The normalized mass loss value based on silicon is significantly
lower than those based on the alkalis or boron. This is because most of the silicon
released from the glass is incorporated into the layer of clay that forms on the glass (see
below). A small amount of sodium (and probably lithium) is also contained in the clay.
Boron is not to be incorporated into the clay, so that NL(B) provides the best measure of
the extent of glass dissolution. The average dissolution rate over the 7 days test duration
is 1.1 g/(m®+d) based on the release of boron.

The complete results of PCT-B conducted with EJ-13 water are presented in
Appendix II. The results are summarized in Table 4 where, in most cases, the average
values of duplicate tests are given. Also included in the table is whether or not alteration
phases other than clay were observed to have formed; clay had formed in all tests. The
results of solid analyses are discussed below. The normalized mass loss values based on
the release of B, Na, Li, and Si in tests conducted at 2000 m™ in EJ-13 water are plotted
against the reaction time in Figure 2. The pH values are also plotted. After an initial
increase from the leachant pH of about 8.2 to a pH of about 11.6 after 7 days, the solution
pH remains nearly constant. The NL(i) values based on B and Na are greater than those
based on Li and Si. For a given element i, the NL(i) values are similar at 7, 30, and 70
days. A significant increase in the value of NL(Na) occurs between 70 and 313 days,
while a significant increase in the value of NL(B) occurs between 313 and 470 days.

The normalized mass loss values based on the release of B, Li, Na, and Si in tests
at 20,000 m™ with the -100 +200 mesh fraction are plotted against the reaction time in
Fig. 3. The solution pH values increase through 181 days, but decrease at longer reaction
times. The normalized mass losses based on B and Na are greater than those based on Li
and Si. The increase in the NL(B) values slows with time in tests with each size fraction.
This is due, in part, to the fact that the values of NL(B) plotted in Figure 3 were
calculated with the initial surface area whereas the surface area of the glass decreases as
the glass dissolves. The effect of the decrease in the surface area as the glass dissolves is
discussed later.

The measured pH values and calculated NL(i) values for tests at 20,000 m™ with
the -200 +325 mesh size fraction are shown in Figure 4. They follow the same trends
seen in the results of tests with the -100 +200 mesh fraction, although the values for each
test duration are slightly less than those for corresponding tests with the -100 +200 mesh
size fractions. While part of the difference may be due to a systematic error in estimating
the initial surface areas of each size fraction, most of the difference is probably due to
fact that the surface area of the -200 +325 mesh glass decreases faster than that of the
-100 +200 mesh glass.



The results of carbon analysis and IC analysis for anions are given in Appendix
IV; not all of the solutions were analyzed for anions and carbon. Both the total dissolved
carbon and the nonpurgeable carbon contents were measured. The purgable carbon
content was calculated by difference. The amounts of carbon and anions in the EJ-13
water used in tests with test numbers of 24 and higher is given at the bottom of each
table. (Tests EA-21, EA-22, EA-23, EA-21X, EA-22X, and EA-23X were conducted
with demineralized water.) Although the glass was not analyzed for carbon, these results
show that a small amount of carbon was released as the glass dissolved. Likewise, the
concentrations of anions in the glass were not reported, but tests results show several
anions to be released as the glass dissolves, although there is significant scatter in the
measured concentrations. The carbon and anion concentrations are only significantly
higher then the background concentrations in EJ-13 only in tests affected by the
formation of alteration phases. Dissolution of large amounts of glass in those tests
resulted in the release of small amounts of CI', HPO,*, and SO,* into solution. For
example, after 182 days, the concentrations of Cl', HPO,”, and SO,* were about 60, 110,
and 180 mg/L, respectively, in tests conducted with the -100 +200 mesh glass at 20,000
m™”. In tests conducted at 2000 m™, the concentrations of CI" and SO,* remained near the
background levels of the EJ-13 leachant (11 and 30 mg/L, respectively) in all tests,
although the concentration of HPO,” increased to about 7 mg/L after 313 days. While
the presence of these anions in the leachate solutions is not expected to directly affect the
glass dissolution rate, their presence may have a secondary effect by affecting the
solution pH. In actual waste glasses, some anions will act as complexants and affect the
solution chemistries of released actinides.

The concentrations of anions in the EA glass can be estimated by assuming they
are released stoichiometrically with boron as the glass dissolves and are not incorporated
into alteration phases. By comparing the anion concentrations listed above for the 182-
day tests at 20,000 m™ (after background subtraction for the amounts in the EJ-13 water)
with the concentration of boron in the same test, the amounts of Cl, P,O,, and SO, in the
glass are calculated to be 0.01, 0.02 and 0.04 mass %, respectively. These concentrations
are well below the solubility limits of Cl, P, and S in borosilicate waste glasses. The
average amount of total carbon in the 182-day tests is about 75 mg/L, which gives an
estimated concentration in the glass of about 0.01 mass % elemental carbon.

C. Solids Results

Examination of the reacted glass with an optical microscope revealed the
formation of a chalky white layer on the glass grains and the formation of discrete
alteration phases separate from the glass. Altered glass grains were examined with an
SEM to characterize the composition and morphology of the altered material. Figure 5a
shows a photomicrograph of the outer surface of a grain of EA glass from a test in which
it had reacted at 20,000 m™ for 98 days. The altered surface is comprised of two distinct
layers: a thin outer surface that has a beady appearance and a thick inner layer, which is
partially separated from the underlying glass. The layer surrounding the core of glass has
a uniform thickness. Figure 5b displays a high-magnification image of the outer layer.

Altered glass from some tests was fixed in an epoxy resin and polished cross
sections were be prepared for SEM/EDS analysis. The photomicrograph in Figure Sc
shows cross section views of several grains. The unreacted glass is seen to be surrounded
by a crust of altered glass about 6 um thick. The outer layer that was shown in Figure 5b
is too thin to be distinguished from the inner layer in the cross sections. The
compositions of the unreacted glass and layer (the average of three analyses of each)
measured with EDS are summarized in Table 5. The glass composition measured with
EDS has been modified by including the concentrations of trace components to facilitate
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direct comparison with the composition determined by wet analysis (given in Table 1).

The measured concentrations of major components as measured with EDS are in good
agreement with the values from Table 1. The concentrations of B and Li in the layer can
not be measured with EDS. Instead, those concentrations were estimated based on their
known concentrations in the glass and the amounts measured to be in solution. The
NL(Li) values in all tests were only slightly higher than the NL(Si) values, which
indicates that lithium was almost completely retained in the layers. The boron
concentrations measured in the long-term tests indicate that boron was almost completely
depleted from the layers. Therefore, the layer compositions measured with EDS were
adjusted by adding the Li,O content of the glass and excluding the B,O, content of the
glass from the normalized total oxide content of the layer. Relative to the unreacted
glass, the layer is depleted in Al, B, and Na and enriched in Fe, K, Mg, Mn, and Si. The
enrichment of some sparingly soluble elements (e.g., Mn and Fe) in the layer is due to
their accumulation as the glass dissolves.

Three morphologically distinct alteration phases formed within 56 days in tests at
20,000 m™ with both size fractions: a translucent, spherical phase (referred to as phase
1); a transparent phase comprised of layered, hexagonal plates (referred to as phase 2);
and a translucent, bulbous phase (referred to as phase 3). Most of the crystallites had
precipitated separate from the reacted glass and had formed a layer of sediment on top of
the reacted glass in the test vessels. Both the size and abundance of these alteration
phases increased with the reaction time. Figures 6a-6¢ display SEM photomicrographs of
these phases. Representative phases were isolated and analyzed with SEM/EDS, AEM,
and XRD. The compositions determined with EDS and the d-spacings measured with
XRD and AEM/SAED are summarized in Table 6. The phases formed in these tests are
compared to naturally occurring minerals to provide insight into properties such as their
solubilities and tendencies to incorporate other elements, including radionuclides. While
the composition and structure of these phases are expected to differ slightly from those of
natural minerals because they incorporate trace amounts of elements from the leachate
solutions that are not present in nature, correlation of phases formed in these tests with
naturally occurring minerals provides a convenient means of labeling the phases.

The morphologies, compositions, and d-spacings of phases 1, 2, and 3 are
consistent with those of a naturally occurring sodium aluminum silicate hydrate
[Na,,AlL,Si,;0,,,12H,0], analcime [NaAlSi,O,H,0], and gmelinite
[Na2A12814O12 -H,0], respectlvely In Table 6, the compositions of the phases measured
with EDS have been normalized such that the silicon content of each phase is the same as
the silicon content of the mineral phases with which it is compared. The compositions
have not been adjusted to attain charge balance in these formulae, and phases 1, 2, and 3
are slightly deficient in positive charge because trace amounts of other cations have been
neglected in the composition analysis. The d-spacings measured with AEM/SAED are
also included in Table 6. Because the SAED analyses are performed on thin sections, not
all planes are sampled and SAED diffraction patterns often lack peaks that are very
strong in the corresponding XRD spectra.

It cannot be ascertained precisely when each phase first nucleated because of the
very small size of the newly nucleated phases, their immature morphologies, and their
sparse distribution in the crushed glass. Figure 6d shows SEM photomicrographs of
solids from a 22-day test conducted at 20,000 m™”. These features clearly have 3-fold
symmetry that is distinct from the crushed glass visualization of the symmetry is
enhanced by the shrinkage cracks. The phases are also much smaller than the crushed
glass. Their composition is consistent with that of the zeolites identified to be present
after longer test durations. Although alteration phases may form after a short time period,
when they affect the glass dissolution rate will be determined by the relative surface areas
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of the alteration phases and the glass, as well as the precipitation rate of the alteration
phases.

Table 6 presents the results of XRD analysis of a representative sample of a clay
layer that formed on the corroded glass in all tests at both S/V ratios. The d-spacings and
intensities of nontronite, the iron-rich end-member smectite clay, match well with the
XRD results. Intensities are not reported for the layer analysis because of the high
background from the glass underlying the clay, although three strong peaks were
observed that are consistent with the strongest peaks of nontronite. While the
composition of the clay measured with SEM/EDS has less iron than the reference
nontronite, compositions intermediate between nontronite and montmorillonite are
common in nature [BRINDLY-1980]. The d-spacings and composition of
montmorillonite are included for comparison.

An opaque white phase having a square bipyramid morphology formed in tests
conducted at 2000 m™ after about 1 year. This phase is referred to as phase 4. An SEM
photomicrograph of this phase is displayed in Figure 7, and its composition as measured
with SEM/EDS and d-spacings measured with XRD is included in Table 8. The
composition and d-spacings are consistent with those of a sodium aluminum silicate
hydrate phase that is different from the sodium aluminum silicate hydrate phase formed
in tests conducted at 20,000 m™”. Analcime formed in tests conducted at 2000 m™ for 313
days and longer, but gmelinite was not detected in any test at 2000 m™.

Examination of the alteration layers formed in tests at both S/V ratios with AEM
revealed the presence of small crystallites of calcium-bearing phases within the layer.
These phases were not observed during examination of the reacted solids with optical
microscopy and were not isolated for SEM/EDS or XRD analysis. The d-spacings of two
phases as measured with AEM/SAED are summarized in Table 9. The compositions of
the alteration phases were not quantified, but are consistent with those of boggsite
[Na,,Ca, Al ;Si;, s0,0,°74H,0] and tobermorite [Ca,(OH),Si,O,,4H,0]. The phases
were too small to be detected during examination with SEM.

3
b
X
N
b4
315
4
£y
b



12

IV. DISCUSSION

In this section we consider how the results of the dissolution tests and solids
analysis provide insight into the long-term corrosion behavior of the EA glass. The
aspects of the test results are evaluated to determine whether the general corrosion
behavior indicate that the EA glass corrodes by the same mechanism as other DWPF
glasses and how the dissolution rates of the EA glass compare with the dissolution rates
of other glasses measured with the same test methods. We consider first the results of the
7-day tests that were conducted following the PCT-A method. The difference in the
mean concentrations from the two sets of triplicate tests conducted as a part of this Task
are statistically significant. While the difference may be due, in part, to the fact that the
first set of tests was conducted with about 1 g glass and 10 g demineralized water and the
second set was conducted with about 1.5 g glass and 15 g demineralized water, this is not
considered to be the primary cause of the difference, since both sets had the same S/V
ratio. More likely, the differences simply reflect the combined testing and analytical
uncertainties. In Table 10, the results of three PCT-A conducted as part of another Task
at ANL and the mean results of replicate tests conducted at Pacific Northwest National
Laboratory (PNNL) and at SRTC are presented for comparison with the results of this
Task. The overall average of the three sets of triplicate tests conducted at ANL are in
good agreement with the results obtained at PNNL and SRTC, although the standard
deviations of the ANL tests are higher. The agreement in the results for different
laboratories varies with each element, although the concentrations measured in tests at
SRTC are higher for each element. The normalized concentrations are presented for the
mean values for each element. These are calculated by dividing the measured
concentration of an element by the mass fraction of that element in the glass (those values
are given in Table 1) then converting to units of g/L. The normalized concentrations of
different elements can be compared directly to determine if the glass dissolves
stoichiometrically. The results show that the proportions of these elements in solution is
different than the proportion in the glass. The order of preferential release is
B>Na>Li>Si. The alkali metals are leached from the glass by hydration followed by ion
exchange. Boron is released from the dealkalized layer. The release of boron from the
dealkalized layer is more complete than the release of Li and Na.

The amount of glass that has dissolved in the PCT-A can be compared with the
amount that dissolved in 7 days in tests in the EJ-13 water to gauge the effect of
dissolved silica on the dissolution rate. The average concentrations of B, Li, Na, and Na
in replicate tests are summarized in Table 11. The concentrations in the EJ-13 water are
also included. Higher final concentrations of B, Li, Na, and Si are attained in tests in
demineralized water than in tests in EJ-13 water, which indicates that the glass dissolves
faster in demineralized water than in EJ-13 water. However, the aluminum concentration
is lower in tests in demineralized water. The aluminum concentrations are considered in
this comparison because aluminum is an important component of the alteration phases
detected to have formed in other tests, including clay. The ratios of the amounts of each
element released to solution in tests in demineralized water and in EJ-13 water (after
background subtraction) were calculated from the measured concentrations. The ratio of
the concentrations indicates that the amount of glass that dissolved in tests in
demineralized water was about 1.5 times the amount that dissolved in tests in EJ-13
water, and that B, Li, Na, and Si were released to solution in the same proportions in both
leachants. The average dissolution rates over the 7-day test period were 1.0 and 0.61
g/(m?ed) for tests in demineralized water and EJ-13 water, respectively. The observation
that the glass reacted faster in tests in demineralized water than in tests in EJ-13 water
and that higher concentrations of dissolved silica were attained in tests in demineralized
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water indicates that the concentration of dissolved silica (or the activity of orthosilicic
acid) does not control the dissolution rate.

We next evaluate the results of tests in EJ-13 water to determine if the SRL EA
glass corrodes by the same mechanism as other DWPF reference glasses and can be
explained with the same phenomenological model that has been developed for waste
glasses [EBERT-1996B]. The corrosion of DWPF glasses is characterized by the
preferential release of alkali metals at short reaction times, the development of a smectite
clay layer, and the slowing of dissolution as the solution approaches apparent saturation
conditions. The formation of alteration phases in concentrated solutions has been
observed to result in an increase in the dissolution rates of several waste glasses [EBERT-
1990; FENG-1993].

A rate expression has been developed to calculate the dissolution rates of silicate
waste glasses by adaptation of a kinetic expression developed to describe the dissolution
of silicate minerals [AAGAARD-1982]. In the dissolution model, the hydrolysis of Si-O-
Si bonds at the surface of the glass are assumed to be the rate-controlling reaction for
dissolution of minerals and waste glasses. This is reasonable since they are the most
abundant bonds and the primary structural unit. Four Si-O bonds must be broken before
material can dissolve,.and the rate-limiting step for dissolution is hydrolysis of the fourth
bond to release orthosilicic acid into solution. (Fewer bonds must be broken to release
silicon at a surface.) The rate of this reaction depends on the temperature and pH.
Because dissolved orthosilicic acid can react at the glass surface to reform Si-O-Si bonds,
the net dissolution rate slows as silica builds up in solution and the back reaction
becomes more important. In applying the model for silicate minerals to glass dissolution,
a pseudo-equilibrium is assumed to exist between the forward rate of glass dissolution
and the reverse reaction to form the Si-O-Si network. Since glass cannot be formed in
the back reaction, a pure silica surrogate phase is assumed to be formed instead.
Therefore, the solubility of the surrogate phase is used to approximate the apparent
solubility limit for dissolved silica established by a glass [STRACHAN-1994]. Because
the solubility product of chalcedony matches experimental data for many glasses,
chalcedony is often used as the surrogate phase for glass in model calculations. As that
solubility limit is approached, the dissolution rate of the glass will decrease to near zero,
although the dissolution rate can never become zero. This is an artifact of applying a
thermodynamic mode] to a thermodynamically unstable material, and the fact that the
apparent approach to equilibrium observed during dissolution tests is actually due to
continuously decreasing dissolution rate.

The rate expression currently used to model glass dissolution behavior can be
written as [McGRAIL-1997]

rate =k, 10" ¢ =% /RT[I - (%)G] )

where ko is an intrinsic dissolution rate that depends only on the glass composition, 1} is
the coefficient of the pH-dependence, E, is the activation energy, Q is the ion activity
product of the solution, K is the equilibrium constant for the hydrolysis reaction, for
which the equilibrium constant of chalcedony is used, and 6 is the reaction order. The
values of n, E,, and K have been measured to be about 0.4, 80 kJ/mol, and 103,
respectively, for DWPF glasses [BOURCIER-1994, KNAUSS-1990]. The value of the
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reaction order is usually assumed to be one. In the case that the hydrolysis of an
Si-OSi(OH), bond at the glass surface to release orthosilicic acid into solution is the rate-
determining step, Q and K will depend only on the activity of orthosilicic acid. The value
of the term in brackets, which is referred to as the affinity term, can vary between 1
when the activity of orthosilicic acid is near zero and nearly O when the activity of
orthosilicic acid is similar to the value of K. Application of the rate expression to
experimental data is straightforward. The glass dissolution rate is expressed in units of
mass dissolved glass per unit surface area and time. It is usually measured
experimentally based on the accumulation of B or another highly soluble glass
component in the leachate solution, and can be expressed in terms of the normalized mass
loss as rate = NL(B)/t. The value of Q (the activity of orthosilicic acid) can be calculated
from the measured total concentration of silicon and pH using known dissociation
constants. This expression has been found to adequately describe the corrosion behavior
of many nuclear waste glasses prior to the formation of alteration phases. However,
recent tests have indicated that the activity of dissolved aluminum (perhaps Al(OH),)
affects the dissolution rate when the solution is nearly saturated with silica [GIN-1996].
In addition, it has not yet been demonstrated conclusively that the rate expression in Eq. 2
also describes the corrosion behavior after phases form that increase the dissolution rate,
or if additional terms are required.

Some of the material freed as the glass dissolves becomes incorporated into stable
alteration phases at the glass surface, which may include metal hydroxides and clays,
while other material enters solution. The formation of some phases may affect the
relative stability of the glass in the system and the dissolution rate [VAN ISEGHEM-
1988]. If those phases consume silicon, their formation provides a competing reaction
pathway that decreases the formation of chalcedony on the glass surface. Depending on
the relative amounts of glass and alteration phases and the precipitation rates of the
alteration phases, their formation may result in a significant increase in the net glass
dissolution rate.

Corrosion can be described in terms of three stages to facilitate relating test
results to the rate expression for glass dissolution. Stage I occurs when the glass
dissolution is not affected by dissolved glass components. This corresponds to the limit
where Q=0 in Eq. 2. Dissolved components do affect dissolution in Stage II, and a very
low dissolution rate is attained as the solution concentration of silica approaches the
saturation limit for amorphous silica. This corresponds to the limit where Q approaches
K in Eq. 2. As the solution concentrations of dissolved glass components increase, the
solution may become saturated with respect to other phases. Precipitation of some phases
can affect the glass dissolution rate by establishing a solubility limit for dissolved silica
that is less than the solubility limit for amorphous silica. Glass dissolution behavior that
is affected by the precipitation of alteration phases is referred to as Stage III. Stage III
corresponds to the case where alteration phases establish a solubility limit for dissolved
silica and fixes the value of Q such that 0<Q<K. Test conditions under which the
corrosion behavior of a glass is described by Stages I, II, or III will depend on the
composition of the glass and the leachant composition.

A schematic representation of the three stages is shown in Figure 8. In this plot,
the x-axis represents the transformation of the system from glass and water on the far left
to thermodynamically stable alteration phases and saturated solution on the far right.
This is referred to as the reaction progress. The y-axis indicates the amount of glass
reacted. In laboratory tests, the amount of glass is usually monitored with the solution
concentration of highly soluble glass components, such as boron. Two limiting rates are
shown for Stage III. The highest possible Stage III rate is the same as the rate in Stage I,
while the lowest possible rate is when Q remains very near K. The actual Stage III rate
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will depend on the assemblage of alteration phases that forms. The rates in all stages will
change as the pH and temperature change.

Stage I behavior is not observed in these tests with EA glass because the solution
concentrations of dissolved glass components affect the dissolution rate even in the
shortest durations, namely, the 7-day tests. Stage II behavior is seen in tests conducted at
2000 m™ for less than about a year. Although the corrosion behavior in tests at 2000 m™
is clearly in Stage II through 98 days and in Stage III after about 470 days, when the
transition between Stage IT and Stage III occurs is difficult to discern. The increases in
the solution concentrations of Li, Na, and Si suggest the transition occurs sometime
between 70 and 313 days, whereas the increase in the boron concentration occurs
between 313 and 470 days. The increase in the boron concentration has provided the best
indication of Stage III in tests with other glasses, since alkali metals are incorporated into
most alteration phases. However, the normalized boron mass loss in the 313-day test is
significantly lower than the normalized mass loss of sodium. The measured boron
concentration is probably in error, and we presume the increase in the dissolution rate
occurs sometime between 70 and 313 days in tests at 2000 m™ based on the increase in
NL(Na).

The reaction time at which the transition to Stage Il occurs in tests conducted at
20,000 m™ is also difficult to identify because the transition occurs so quickly. As can be
seen in Table 4, the concentrations of boron and alkali metals are very high even after 7
days and increase with test duration. Alteration phases are detected to form in tests
within 20 days, but when precipitation begins to affect the dissolution rate is not obvious
between any test durations. This may be because the solution does not approach
saturation with respect to amorphous silica before the alteration phases form to drive
corrosion into Stage III. Based on the extremely high silica concentrations measured in
tests conducted for 7 and 14 days (and also after 35 days), it may be the case that the
glass is dissolving faster than the alteration phases can form. The formation of the zeolite
alteration phases may be limited by the aluminum concentration, which, based on the
PCT-A results, is very low at early reaction times. The boron concentrations indicate that
about 10% of the glass dissolves with the first 7 days but that the dissolution slows at
longer times.

Alteration phase formation can affect both the pH and the reaction affinity (i.e.,
the value of Q in Eq. 2). The other parameters depend only on the glass composition. In
the limit that the solution chemistry becomes fixed by an equilibrium between the
solution and the assemblage of alteration phases that has formed, the value of the affinity
term will become constant. If the pH and temperature remain constant, then the glass
dissolution rate will also be constant as long as the same suite of alteration phases
controls the corrosion behavior. If the formation of alteration phases only affects the
value of Q, then Eq. 2 predicts that the long-term dissolution rate will vary with the
precipitation rate of the alteration phases. If the alteration phases that affect the value of
Q precipitate much faster than the glass can dissolve, then glass dissolution is predicted
to proceed at a constant rate. If the precipitation rates of those alteration phases decrease,
then Q can once again increase up to the value of K and the glass dissolution rate will
decrease. It is important to remember that Eq. 2 describes glass dissolution, not the
precipitation of alteration phases.

The results of the present tests with EA glass are consistent with this qualitative
description of the corrosion mechanism. Tests at 2000 m™ indicate that the dissolution
rate is high initially but decreases as Si accumulates in the leachate solution: the average
dissolution rate over the first 7 days is about 0.6 g/(m?sd), based on NL(B), while the
average rate between 7 and 70 days is 0.01 g/(m*d). The effect of the buildup of
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dissolved silica on the dissolution rate can also be seen by comparing tests conducted
under the same conditions with demineralized water or with EJ-13 water: about one and a
half times as much glass dissolves in tests conducted in demineralized water than in tests
with EJ-13 water. The difference can be attributed to the presence of about 45 mg/L
dissolved silica in the EJ-13 water. It is interesting to note that the amounts of silicon in
the tests conducted in demineralized water are all higher than the amounts in the tests
conducted in EJ-13 water. This may be due to the higher pH values attained in tests with
demineralized water. The bicarbonate ion present in the EJ-13 water buffers against the
pH rise as the glass reacts. Dissolution of silicate glasses is known to increase with the
pH.

The formation of clay layers at the glass surface does not significantly affect the
dissolution rate either due to the effects of clay precipitation on the solution chemistry or
mass transfer. The absence of a measurable effect of clay precipitation is probably due to
the solubility limit for silica being similar when clay and amorphous silica are the
controlling phases. That the clay does not act as a diffusion barrier is due to its fine-grain
nature and the high degree of porosity of the layers that form. However, the glass
dissolution rate does increase significantly after zeolite phases form. The same behavior
has been observed in tests with other high-level waste glasses. The mechanism by which
particular alteration phases affect the glass dissolution rate is not yet fully understood, but
is likely due to the decrease in the solubility limit of orthosilicic acid as the controlling
phase changes from amorphous silica to a zeolite. The reason why the initial formation
of small particles of zeolites does not have a measurable effect on the dissolution rate
may be that the surface area of the zeolites is not yet large enough to control the solution
chemistry.

A. Measured Dissolution Rates

The measured solution pH was affected by the high concentrations of sodium
generated in some tests due to the “sodium effect” on the electrode. To gauge the
significance of the effect, a series of solutions was made by adding NaCl to pH 10 and
pH 12.45 buffer solutions and the pH values were measured (at room temperature). The
results are plotted in Figure 9. In both buffer solutions, sodium concentrations greater
than 1000 mg/L have a significant effect on the pH measurement. Concentrations near
50,000 mg/L result in a decrease of about 1 pH unit. While these results cannot be
applied directly to the results of tests with EA glass because the solution chemistries of
the buffer solutions and test leachate solutions are different, the results provide a
qualitative indication that the sodium concentrations generated in the present tests
probably do significantly affect the measured pH. This probably explains the observed
constancy of or decrease in the measured pH in long-term tests at 20,000 m™. However,
no attempt was made to adjust the measured pH values for the sodium effect. The error
in the pH due to the sodium effect does not affect the measured dissolution rates.
However, extraction of values for the parameters in the rate expression in Eq. 2 will be
affected, including k, , E,, and the affinity term.

Two different dissolution rates can be calculated from the test results: the
integrated rate based on the accumulated amount of glass dissolved over the entire test
duration and the differential rate based on the change in the amount dissolved between
consecutive tests. The integrated rate is calculated by simply dividing the value of NL(i)
for a test by the test duration. The differential dissolution rate can be calculated by
dividing the difference in NL(i) values for consecutive tests by the difference in reaction
times. Graphically, the differential dissolution rate during a particular reaction stage can
be estimated from a line fitted to data from tests at several durations.
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B. Tests at 2000 m™*

The dlssolutlon rates over two reaction stages can be extracted from the results of
tests at 2000 m™, namely Stage II and Stage IIl. The Stage II rate is calculated with the
NL(B) values for tests through 70 days. That rate is about 0.009 g/(m?ed). The rate for
Stage III extracted from the test results in Figure 2 is uncertain because of the absence of
test data for durations between 70 and 313 days. Also, as mentioned earlier, the
measured boron concentration in the 313-day test is suspect. Two boundm§ rates can be
calculated from the test results for NL(B): an upper bound of 0.18 g/(m*sd) from the
results at 313 and 470 days, and a lower bound of 0. 0’73 g/(m?sd) from the results at 70
and 470 days. Lines are drawn through the 2000 m™ test results in Figure 10 to show
these boundmg rates. The average of these bounds is 0.13 g/(m?sd). A rate of is 0.047
g/(m od) is calculated between 70 and 313 days based on the change in NL(Na). This
rate is lower than the bounding rates calculated based on NL(B) because a significant
fraction of the sodium released from the glass is incorporated into alteration phases.
These rates were calculated assuming the surface area remains constant. Adjustment to
take into account the decrease in surface area as the glass dissolves will result in higher
calculated rates.

The highest NL(i) achieved in tests at 2000 m™ was NL(B) = 36 g/m? after 527
days. The value of NL(B) was slightly lower in the 600-day test. The maximum possible
value of NL(i) can be calculated by assuming all of component i that was initially in the
glass entered the solutjon as the glass dissolved. The maximum value is equivalent to.the
inverse of the specific surface area of the crushed glass. For -100 +200 mesh glass, the
maximum value of NL(i) is about 50 g/m?% based on a specific surface area of 0.02 m%/g.
Hence, about 72% of the glass (by mass) has reacted within 527 days. Most of the
reaction has occurred between about 70 and 470 days.

C. Tests at 20,000 m’

As discussed earlier, Stage II behavior cannot be discerned from the available test
results. This is because the corrosion proceeds almost directly from Stage I to Stage IIL.
Two lines are drawn through the measured values of NL(B) in Figure 10b. One line is
drawn to fit the results of tests conducted for 20 days or less and represents the rate prior
to phase formation, which is 0.50 g/(m®ed). This is interpreted to be a lower bound to the
Stage I rate. The other line is drawn through the results at 56 and 98 days. This gives the
Stage III rate after alteration phases have formed. That rate is 0.20 g/(m’ed). Note that
the values of NL(B), NL(Na) and NL(Si) for the 56-day test are less than the trends
shown in tests at other durations. The difference may be due to the fact that the short-
term tests (less than 42 days) were conducted about two years after the long-term tests
(tests of 56 days and longer). It has been suggested that oxidation of the EA glass in air
can affect its reactivity [JANTZEN 1993]. The maximum poss1ble value of NL(i) for
tests conducted at 20,000 m™ with the -100 +200 mesh glass is 50 g/m®. The highest
value attained was NL(B) = 45 g/m? in the 527-day test. About 90% of the glass had
reacted in that test.

The diagonal 11ne drawn in Figure 10c shows the dissolution rate for tests
conducted at 20,000 m™ with the 200 +325 mesh glass based on the value of NL(B)
measured at 56 days which was the shortest test duration under these conditions. That
rate is 0.16 g/(m®*ed). This is interpreted to be a lower bound for the Stage III rate. The
maximum possible values of NL(i) for tests with the -200 +325 mesh glass is 25 g/m?,
based on a specific surface area of 0.04 m?/g. The values of NL(B) from long-term tests
are very near the maximum value for tests at 20,000 m™” conducted with both size
fractions. This indicates that the glass becomes almost completely reacted in these tests.
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Calculation of the dissolution rate based on measured solution concentrations is
complicated by the decrease in the surface area of the glass particles as they dissolve
[EBERT- 1997] The values of NL(B) used to estimate the Stage III rates for tests at
20,000 m™ are low enough that the effect of the loss of surface area on the rate will be
1n31gn1ﬁcant In general, the decrease in surface are is not expected to be significant until
about 25% of the glass has reacted. The effect must be taken into account to evaluate
long-term test results.

An expression for the surface area that remains after an amount of glass has
dissolved can be readily derived by modeling the crushed glass as spherical particles,
using the mass of boron in solution to calculate the volume of glass that has dissolved,
and then calculating the surface area of the remaining glass [McGRAIL-1997]. The
surface area that remains as the glass dissolves (i.e., as the radius of the spheres
decreases) can be expressed in terms of the initial mass of glass and the measured mass of
boron in solution as:

m 2/3
3 m(l)/3 (mo——BJ

fs
S, =
t (Pro)

(3)

where S, is the surface area remaining at time t, m is the initial mass of glass, my is the
mass of boron in solution at time t, f;; is the mass fraction of boron in the glass, p is the
density of the glass, and d, is the initial diameter of the glass spheres. In Figure 11, the
surface area that remains as 5 g of glass dissolves into 5 mL of solution calculated usmg
Eq. 3 is plotted vs. the mass of boron in solution (m, =5 g, f; =0.03, p = 2.7 g/cm and
d, =112 pm). The initial total surface area of all partlcles in thlS example is 0.10 m*. The
surface area decreases nearly linearly until about 75% of the glass has dissolved, so that
the average amount of surface area that is available for reaction over the reaction time
can be calculated from the arithmetic average of the initial surface area and the surface
area that remains at time t. The average value of the surface area between two test
durations can be used along with the difference in the accumulated amount of boron (or
other glass component) to calculate the dissolution rate over that time period.

Usmg Eq. 3, the surface area remaining in the 470-day test at 2000 m™ is about
0.007 m?. The initial surface area was about 0.02 m?. The average surface area between
test durations of 70 and 470 days (and also between 313 and 470 days) was about 0.014
m?. Adjusting the average of the boundlng rates to take the loss of surface area into
account gives an average rate of 0.18 g/(m”ed) for the Stage III rate. This is in excellent
agreement with the results of tests at 20,000 m™ in which the effect of the loss of surface
area was negligible.

D. Comparison of Stage III Behavior of EA and Other DWPF Glasses

_ The results of long-term tests can be utilized to address the use of Eq. 2 for
describing glass corrosion behavior after rate-controlling alteration phases have formed
and to determine if the glass dissolution rate becomes constant at advanced stages of
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corrosion (i.e., in Stage III). An important complication of extracting dissolution rates
from the results of tests with crushed glass is that the available surface area decreases
appreciably as the glass dissolves. In the following, we approximate the impact of the
loss of surface area as the glass dissolves on the test results by modeling the dissolving
glass particles to be spheres, then extracting the value of a dissolution rate corresponding
to a linear decrease in the radius with time. The change in the amount of dissolved glass
that corresponds to this constant shrinkage rate over time can be compared with test
results that were adjusted to take into account the decrease in the surface area with the
same geometric model.

The data base with which the long-term results of tests with EA glass can be
compared is small. Although Stage III behavior has been observed in tests with many
glasses, enough data are available to characterize the dissolution rates of only a few
glasses. For some glasses, rate-affecting alteration phases have only been observed in the
test with the longest duration. Other glasses had completely altered within the test
interval in which the rate-affecting phases had formed, so no rate could be extracted.
While the qualitative behavior observed in those tests is consistent with the effects of
alteration phase formation seen in other tests, only lower bounces to the Stage III
dissolution rate can be compared.

We, therefore, limit our comparison to the results of static dissolution tests
conducted with the EA glass and two other DWPF reference glasses tested previously at
ANL, namely, SRL 131A and SRL 202A. These are glasses made with SRL 131 and
SRL 202 frits and doped with technetium and actinide elements. All results discussed
here are from tests conducted with the —100 +200 mesh fraction in EJ-13 water at S/V
ratios of 20,000 m™. The pertinent test results are summarized in Table 12. The test
durations before and after rate-affecting alteration phases formed are listed in Table 12.
For example, rate-affecting alteration phases were detected in the 364-day test with SRL
202A at 20,000 m™, but not in the 182-day test. The alteration phases that formed
coincident with the increase in the dissolution rate are also listed in Table 12.

To simplify the calculations, we have calculated S, with the final surface area
instead of the average surface area of the interval. The calculations will yield an upper
limit for the dissolution rate. The lower limit of the dissolution rate is calculated with the
initial surface area. The values of NL(B) for tests with SRL EA, SRL 131A, and SRL
202A glasses conducted with -100 +200 mesh glass at 20,000 m-! and at 90°C that were
calculated with the initial surface area and the final surface area are plotted in Figure 12.
For each test, the values of NL(B) calculated with the final surface area, referred to as
NL(B);,. are greater than those calculated with the initial surface area, referred to as

Jiniia» DECaUSeE the final surface area is less than the initial surface area. The upward
curvature of the data is primarily due to the decreasing value of the surface area used to
calculate NL(B). Work described below was done to deconvolute this effect from the
tests results.

Analcime and other mineral alteration phases had formed within 22 days in tests
conducted with SRL EA glass, within 182 days in tests with SRL 131A glass, and within
364 days in tests with SRL 202A glass. Lines in Figure 12 show the dissolution rates for
the three glasses immediately after these phases formed. These lines were drawn through
the average of NL(B);,;;, and NL(B); . in the two tests sampled after the phases had
formed for SRL 131A and SRL 202A glasses. The line for tests with the SRL EA glass
was drawn through the origin and the average value of NL(B) from the 56-day test
because of uncertainty in when phase formation affected the rate. The average of
NL(B),4, and NL(B),, was used because that value better represents the surface area of
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the glass during the test than either the initial or final surface area. (This is equivalent to
using the average surface area to calculate NL(B).) The slope of the line for each glass
gives what is referred to as the limiting rate. This rate is assumed to be the least affected
by phenomena that may affect the rate at longer times, such as the buildup of a diffusion
barrier, kinetic limitation of processes other than glass dissolution, etc. The limiting rates
are about 0.22, 0.068, and 0.035 g/(m?d) for the SRL EA, SRL 131A, and SRL 202A

glasses, respectively. The limiting rates were used to calculate the rate at which the
radius of the spherical particles decreases, which is defined as k=dr/dt. That value was
calculated for each glass by dividing the limiting rate by the density of the glass, which is
near 2.7 g/cm? for the three glasses evaluated here. The rates extracted from the test

results are summarized in Table 13. We emphasize that the glass dissolves at this rate
only after rate-affecting alteration phases have formed.

An analytical expression relating the mass of glass that has dissolved with the
remaining surface area can be written based on the geometry of shrinking spherical
particles. In this approximation, the mass of glass that dissolves is simply the density of
the glass times the loss of volume of the sphere as the radius decreases over time. The
decrease in the volume can then be related to the decrease in surface area through the
radius of the sphere. The geometric relationship between the mass of glass dissolved, the
remaining surface area, and the dissolution rate can be written as

[ ]
)
NLEBIO) = = (B0 s Bt x @
%)
L Rp J

where M(t) is the total mass of glass dissolved through the entire test duration of time t,
S(t) is the surface area that remains at time t, p is the glass density, k is the rate at which
the radius of the sphere decreases, and R_ is the radius of the sphere when rate-affecting
alteration phases first form. The term X represents the value of NL(B) immediately
before rate-affecting alteration phases formed. The form of the X term is identical to that
of the first term, except the dissolution constant has a different (smaller) value. The
contribution of the X term to long-term dissolution is negligible after rate-affecting
alteration phases form, and is not further considered here. We emphasize that the first
term on the right hand side of Eq. 4 applies to corrosion aftfer rate-affecting alteration
phases have formed by using t’ as the time variable; t’ is the time after rate-affecting
phases have formed. Since M(t) increases as S(t) decreases, the curve described by Eq. 4
will curve upward as time increases. This does not necessarily mean the dissolution rate
increases with time. It is simply a mathematical result of the form of the expression with
S(t) in the denominator.

To better show the common corrosion behavior of these glasses, the data were
normalized so they could be presented on a single plot. The time < that is required for the
glass to completely dissolve after alteration phases form can be defined as T = Rp/k. The
test durations were then scaled by 1 to generate a dimensionless time variable, t;, as t; =
t’/t. The value of t; is 1 when the glass is completely dissolved. Similarly, the amount of

glass dissolved per unit area is normalized to a dimensionless quantity Mg, as
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u,=(40) o+ ) ®

The values of k, t, and R, are included in Table 12 for the three glasses. By substituting
these dimensionless quantities, Eq. 4 is transformed to

MR=(%R)(1+((1—Z_’;L5%) G

This expression gives a universal relationship between the mass measured in solution and
the extent to which a glass has dissolved if the radius of each glass particle decreases at a
constant rate. The plot of M, vs. t; is shown as the curve in Figure 13. Test results have
been transformed into the same reduced coordinates as in Eq. 6 by dividing NL(B);_, by
the quantity peR, and scaling the test time as t; = (t- t,)*k/ R,. Average values of
duplicate tests are plotted in Figure 13 for clarity. After the differences in the values of k
and t, for the different glasses are taken into account, all three glasses show essentially
the same behavior. The experimental values for all glasses are well described by the
theoretical curve for reduced times less than about 0.3, but test data clearly fall below the
curve for values of t;>0.3. Tests with SRL EA glass have the progressed the furthest and
show the deviation most clearly, while tests with SRL 202 show only a small deviation at
the longest reaction time. Note that the deviation from the curve does not correspond
with the formation of the alteration phases. The data have been normalized so that the

effect of phase formation occurs at tr = 0 for all glasses. Neither is the deviation a result
of using the final surface area of the glass in the calculations, since both M, and the
experimental rate are calculated with the final surface area.

The observation that the data follow the curve soon after rate-affecting phases
form, while data from more advanced tests do not, indicates that the glass dissolution rate
becomes moderated by another process after extended time periods (i.e., for t;>0.3) that
is not taken into account in Eq. 6. This other process may be associated with the glass,
the solution, or the alteration phases. Alteration layers are known to form on the surface
of the glass particles as the glass corrodes, and the thickness of the layer increases with
the extent of corrosion. However, these layers are very porous and probably ineffective
diffusion barriers [FENG-1993; EBERT-1993Al.

In these PCTs, the crushed glass settles at the bottom of the vessel and is covered
by a 2-3 cm layer of water in tests at 20,000 m”. Precipitated phases are generally
observed to form as a layer of sediment on top of the glass, which suggests that most
precipitates form in the bulk solution and not within the solution between the glass
grains. Diffusion of material from the glass to the bulk solution may affect the rate at
long times. Because of differences in the compositions of the glass and of the suite of
alteration phases, the solution will become depleted of some components needed to form
alteration phases over time. This may slow the formation of some phases and limit their
abundance, and may result in a slowing of glass dissolution. For example, based on the
Na:AlLSi ratios of these glasses, the formation of zeolite alteration phases will be limited
by the amount of aluminum that is available. Hence, the solution concentration of
aluminum may eventually become low enough to limit the formation of these phases.

The impact of other assumptions made in the present analysis on these results
must be further evaluated, such as assumption of spherical particles and the assumption
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that B released from the glass is completely dissolved. Incorporation of small amounts of
B into alteration phases would result in an apparent decrease in the dissolution rate. The
significant change in the relative amounts of glass and alteration phases that occurs as the
test proceeds may also affect the dissolution rate of the glass. Clearly, more work is
needed to elucidate phenomena that affect the long-term corrosion behavior of waste
glasses.

Regardless of the cause for the difference between the measured and predicted
extents of dissolution that are plotted in Figure 13, the linear dissolution rate (the solid
curve) provides an upper limit for the measured extents of dissolution over long test
durations for the three glasses that were evaluated. The long-term dissolution rates of
these glasses at 90°C in solutions with pH values near 12 are: 0.05 g/(m?ed) for SRL 131
frit-based glasses, 0.04 g/(m?sd) for SRL 202 frit-based glasses, and 0.2 g/(m’d) for the
EA glass. Finally, based on Eq. 2, the glass dissolution rates will depend on the pH. The
rates that were extracted in this paper are only relevant at pH values near 12. Tests
conducted at lower S/V usually result in leachate solutions with lower pH values than
tests at 20,000 m™. A few very long term tests are in progress at 2000 m™ that may
provide dissolution rates at lower pH values that can be compared to those discussed in
this paper.
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V. CONCLUSIONS

We have conducted static dissolution tests at S/V ratios of 2000 and 20,000 m™ at
90°C for as long as 600 days to characterize the long-term corrosion behavior of the
Environmental Assessment glass. Dissolution of the glass led to the formation of
smectite clay within the shortest times tested (7 days). Several zeolite phases, including
analcime, gmehmte and sodium aluminum silicate hydrates formed within 1 year in
tests at 2000 m” and within 22 days in tests at 20,000 m™. The same corrosion behavior
was observed in tests conducted with the 100 +200 and -200 +325 mesh size fractions.
The initial dissolution rate in tests at 2000 m™ was about 0.6 g/(m?ed) in 7-day tests in
tuff groundwater EJ-13 and about 1 g/(m?ed) in 7-day tests in demineralized water. The
dissolution rate decreased by a factor of about 100 as the solution became saturated with
dissolved silica. However, the dissolution rate increased to near the initial rate after
zeolite phases formed. The dissolution rate of the EA glass was measured to be about
0.009 g/(m?*ed) before zeolites formed, and about 0.2 g/(mZd) after they formed. The
dissolution rate during the first twenty days in tests at 20,000 m™ was about 0.5 g/(m>sd).
Alteration phases formed within a few weeks in tests at 20,000 m™, so the solutions did
not become saturated with respect to the glass and the rate did not become as low as it did
in the 2000 m tests.

The rate after alteration phases formed was shown not to be an effect of the size
of the crushed glass used in the test: the same phases formed in tests with -100 +200
mesh glass as in tests with -200 +325 mesh glass, and the glass dissolution rates were
about the same for both size fractions after the phases formed. The fact that similar
dissolution rates were measured for tests at different S/V ratios and with different size
fractions of glass indicates that the effect of phase formation on the solution chemistry is
the predominant effect. The dissolution rate in the presence of these alteration phases is
about five times less than the average dissolution rate measured in 7-day PCTs in
demineralized water and about half the rate measured in a 7-day PCT in EJ-13 water.
The long-term dissolution rate of the EA glass is bounded by the rate measured in a 7-day
PCT in demineralized water.

The long-term behavior of the EA glass after the formation of rate-affecting
phases was the same as has been observed previously in similar tests with glasses made
with SRL 131 and SRL 202 frits. Differences between the corrosion rates of these
glasses were when the rate-affecting phases formed and the dissolution rate of the glass
after those phases formed. By deconvoluting the effects of the decrease in surface area as
the glasses dissolve, the long-term corrosion rate was shown not to remain constant.
Rather, the long-term rate decreases. While additional work is needed to determine the
mechanistic description of the long-term behavior, a possible mechanistic explanation for
the decrease is a decrease in the precipitation rate of the alteration phases due to depletion
of components, such as aluminum.
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Table 1. Composition of SRL EA Glass as Analyzed at ANL, SRTC, and CELS, and
Mass Fraction used to Normalize Solution Results

ANL SRTC CELS f(i)
ALO, 3.73 3.60 3.70 0.019
B,O, 11.7 11.2 11.3 0.0347
Ca0 1.05 1.23 1.12 0.0088
Fe,O, 8.36" 7.58 7.38 >

FeO - 1.59 1.45 >

K,O <0.1 0.04 0.04 &
La,0, 0.54 0.28 0.42 >
Li,0 439 421 426 0.0196
MgO 1.56 1.79 1.72 >
MnO, 1.52 1.36 1.34 b
Na,O 16.7 16.9 16.8 0.125
NiO 0.50 0.53 0.57 b
Sio, 48.9 48.8 48.7 0.228
TiO, 0.66 0.65 0.70 &
ZnO 0.02 0.26 >
7r0, 0.42 0.48 0.46 >
Total 100.05 100.50 99.96

* All Fe represented as Fe(III).
® Component was not used to calculate NL(1).
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Table 2. Composition of EJ-13 Water (pH = 8.2)

Species  Conc., mg/L Species Conc., mg/L Species Conc., mg/L

Al 1.3 Mg 0.04 F 38
B 0.2 Na 55 Cr 11
Ca 4.2 Si 46 NO, 16
Fe 0.04 total C 12 oke 30
K 6.8 organicC 2 HPO,*> <0.5
Li 0.03




Table 3. Measured pH and Solution Concentrations for PCT-A with EA Glass

Test No. pH Li, NC(Li), B, NC(B), Na, NC(Na), Si, NC(Si),
mg/L g/L mg/L g/L mg/L g/L mg/L g/L
EA-21 11.81 156 6.52 456 13.1 1360 10.9 807 3.54
EA-22 11.72 126 5.27 354 10.2 1060 8.48 670 2.94
EA-23 11.73 134 5.61 379 10.9 1140 9.12 721 3.16
mean 139416 396453 1190£155 733469
EA-21X 11.91 207 8.66 565 16.3 1690 13.5 954 4.18
EA-22X 11.91 232 9.71 660 19.0 1920 154 1060 4.65
EA-23X 11.91 265 11.1 669 19.3 1870 15.0 1090 4.78
mean 235429 631458 1830+121 1030£71

0¢
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Table 4. Measured pH and Solution Concentrations for PCT-B with EA Glass

Solution Concentration, mg/L

Time, . ) Zeolites
days pH Li B Na Al Si Formed?®
-100 + 200 mesh glass; 2000 m™; EJ-13
7° 11.61 110 310 950 1.5 640 No
30 11.94 150 310 1000 1.1 680 No
70° 11.73 120 360 1200 2.8 680 No
313 12.07 220 400 4100 0.85 1800 No
470 12.04 350 2400 6300 0.89 1800 Yes
592 11.97 380 2500 6400 0.61 2600 Yes
600 12.05 360 2400 5400 1.1 2400 Yes

-100 + 200 mesh glass; 20,000 m™; EJ-13

7 11.86 1000 3550 16000 <20 3470 Probably
14 11.71 1010 3870 16600 <20 3610 Probably
20 11.87 1360 5670 24600 <20 1190 Yes

22 11.96 1110 7550 21000 <20 527 Yes

35 11.91 1340 9910 26000 <20 3921 Yes

42 11.92 1340 9920 26400 <20 973 Yes

56* 12.26 950 7600 25000 4.1 880 Yes

98* 12.37 1200 11000 30000 <1 1000 Yes
182° 12.22 1900 17000 53000 12 3700 Yes
367" 11.31 2030 24000 75000 36 3700 Yes
407 11.58 1890 25000 57000 7.9 3700 Yes
470 - 1730 29000 59000 30 3700 Yes
592 11.41 2260 31000 72000 20 12000 Yes

-200 + 325 mesh glass; 20,000 m™; EJ-13

56° 12.24 750 6300 20000 1.9 1300 Yes

98* 12.28 1040 9900 26000 <0.5 2800 Yes

182° 12.23 1320 11000 43000 6.6 7700 Yes

367° 11.77 1370 17000 43000 17 7700 Yes

592° 11.60 1330 17000 41000 7.8 5300 Yes

a

average of duplicate tests

® No = alteration phases (other than clay) not detected

Yes = alteration phases (other than clay) detected
Probably = small features appear to be newly nucleated alteration phases




Table 5. Glass, Layer, and Alteration Phase Compositions as Measured with EDS, in elemental mass %

EDS Results

Element Glass® Glass Layer Phase 1 Phase 2 Phase 3 Phase 4
Al 1.90 1.97 £0.09 0.98 +0.32 11.45 £0.04 11.40 £0.29 11.1140.12  10.34 £0.13
B 3.42 3.42° 3.42°
Ca 0.86 0.84 £0.10 2.49 +0.67 0.11 £0.05 0.12 £0.08 0.3240.16 0.16 £0.10
Fe® 5.31 5.48 +0.32 8.50 £0.48 0.08 £0.01 0.94 +0.50 0.69 +0.53 0.54 £0.42
K 0.03 0.03 £0.05 0.27 +£0.16 0.22 £0.13 0.01 +0.03 2.48 +0.68 2.31 £0.71
La 0.24 0.24° 0.24°
Li 1.95 1.95° 1.95°
Mg 1.09 0.59 £0.09 1.75 £0.14 0 0 0 0
Mn 0.89 0.91 £0.12 1.70 £0.43 0.05 £0.01 0 0.30+0.41 0
Na 12.6 13.59 +0.52 741 +1.24 12.42 £10.27 8.43 +0.31 7.46 £0.33 6.39 +0.66
Ni 0.42 0.42° 0.42°
Si 22.9 22.94 +0.43 28.22 +0.77 28.44 +0.12 30.76 £0.08 29.92 +40.29  31.72 £0.15
Ti 0.39 0.37 £0.07 0.81 £0.17 0.06 £0.04 0.08 £0.08 0.03 £0.04 0
Zn 0.21 0.21° 0.21°
Zr 0.36 0.36" 0.36°
o 4743 46.68 41.27 47.17 48.26 47.69 48.54
Total 100 100 100 100 100 100 100

* Composition from Table 1.

® Not analyzed, concentration assumed from solution results.

¢ All iron expressed as Fe,O,.
¢ Oxygen by stoichiometry.

(43
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Table 6. Analyses of Isolated Alteration Phases with XRD and SAED

Phase 1 Sodium AluminumSilicate Hydrate
Nag,Al, ,Sijy;0y Nag,Al, ,Siy304,°12H,0 Phase 1
XRD Results JCPDS No. 34-0524 SAED
d-spacing, nm I/I° d-spacing, nm I/1° d-spacing, nm
0.712 80 0.7132 85 0.723
0.7047 85 0.683
0.503 40 0.5048 50 0.503
0.4914 25 0.490
0411 80 0.4108 95
0.4049 20 0.392
0.3527 4 0.358
0.3328 18
0.319 100 0.3194 100
0.314 70 0.3117 65
0.3036 10 0.303
0.269 50 0.2694 45
0.2679 30
0.2653 20 0.264
Phase 2 Analcime
Na,,Al,Si,0, NaAlSj,0,°H,0 Phase 2
XRD JCPDS No. 19-1180 SAED
d-spacing, nm I/1° d-spacing, nm I/I° d-spacing, nm
0.563 90 0.560 60 0.564
0.551, 0.547
0.489 50 0.485 20 0.480
428
0.380 2 0.382, 0.380
0.369 10 0.367 8 0.364
0.345 100 0.343 100
0.324 2 0.328, 0.331
0.310
0.293 100 0.2927 50 0.291, 0.286
0.270 40 0.2693 16 0.271
0.251 40 0.2506 14
0.2427 8 0.245, 0.246
0.233
0.223 20 0.2226 40
0.2118 8
0.190 20 0.1904 14
0.187 20 0.1868 8
0.18353 2 0.181
0.174 50 0.1743 20
0.17166 6
0.16902 6 0.169
0.136 10 0.13586 8
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Phase 3 Gmelinite
Na, ,Al, (51,0, Na,AlSi,0,,°H,0 Phase 3
XRD JCPDS No. 38-0435 SAED
d-spacing.nm I/T° d-spacing, nm _I/I° d-spacing, nm
1.184 100 1.19 63
0.772 20 0.768 29
0.691 50 0.6875 10 0.689
0.596 10 0.595 9 0.595
0.5121 23
0.504 80 0.5026 28 0.503
0.450 40 0.4498 25
0414 90 0.4106 100 0411
0.345 40 0.344 21 0.346
0.325 30 0.3227 41
0.298 80 0.2978 55
0.287 50 0.2922 18
0.270 20 0.2855 42 0.286
0.261 20 0.269 44 0.262
0.2597 14
0.2400 1
0.2355 1 0.234
0.209 20 0.2086 12
0.19418 4
0.19212 2
0.181 20 0.1808 8
0.172 20 0.1719 9 0.172
0.16903 2
0.16291 4
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Table 7. Analyses of Clay from Tests at 2000 and 20,000 m™ with XRD and SAED

Clay Layer Nontronite Montmorillonite Clay Layer
XRD JCPDS No. 34-842 JCPDS No. 29-1449 SAED
d-spacing, nm I/I° _ d-spacing, nm _I/I° d-spacing, nm _ I/I° d-spacing, nm
2.15 100
1.42 2 1.46 100
1.06 18
0.756 10
0.498 10
0.453 : 0.453 100 0.453
0.445 55
0.367 20
0.315 40
0.301 30
0.258 2 0.260 50 0.256 35 0.260
0.227 10
0.172 20 0.173
0.169 8
0.151 2 0.1523 80 0.1495 25 0.153
0.1325 8
0.1310 30 0.133
0.1270 30

Measured clay layer composition: Nay 5Mg,35Cay 15204 1, Fe, 55AL, 1551,0,,
Ideal nontronite composition: (Mg,Ca), ;Fe,(Si,Al),0,,(OH),*nH20

Ideal montmorillonite composition: (Mg,Ca),s(Al,Mg),(Si) 4014(OH),*nH, 0

* Intensity not determined due to high background.
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Table 8. Analyses of Alteration Phase from Test at 2000 m™ with XRD

Phase 4 Sodium Aluminum Silicate Hydrate
Na, oKy Al Sipp 4 O Na, (Al, (Siy, 4 O55014H,0
XRD Results JCPDS No. 40-1464

d-spacing. nm e d-spacing, nm I1°
0.714 96 0.70924 91
0.504 26 0.49984 61
0.411 84 0.41014 53
0.40846 16
0.31818 33

0.318 100 0.31641 100
0.269 54 0.26774 97
0.252 1 0.25170 16
0.224 1 0.22366 21
0.197 3 0.19613 20
0.177 3 0.17737 52
0.172 4 0.17236 36
0.17179 52
0.167 1 0.16665 49
0.148 1 0.14746 46
0.137 2 0.13619 41
0.127 2 0.12704 55
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Table 9. Analysis of Alteration Phases from Tests Conducted at 2000

and 20,000 m™! with SAED

Boggsite
Phase 5 Na,;Ca; Al g iy, 0,6,*74H,0
SAED JCPDS No. 42-1379
d-spacing, nm d-spacing,nm I1°
1.128 92
1.082 18
1.012 17
0.676 0.6743 14
0.572 0.5637 6
0.496 0.4923 8
0.4462 33
0.4356 31
0.3858 100
0.3606 38
0.3386 54
0.3371 70
0.320 0.3199 6
0.397 0.2975 14
Tobermorite
Phase 6 Cay(OH),Si 0 ,+4H,0
SAED JCPDS 19-1364
d-spacing, nm d-spacing, nm e
1.12 1.13 80
0.530 0.548 25
0.349 0.353 20
0.324 0.331 18
0.308 100
0.302 0.298 65
0.293 0.282 40
0.264 0.274 10
0.258 0.253 12
0.215 16
0.194 0.200 20




Table 10. Measured pH and Solution Concentrations for PCT-A with EA Glass

Test No. pH Li, NC(Li), B, NC(@®B), Na, NC(Na), Si, NC(Si),
mg/L g/L mg/L g/L mg/L g/L mg/L g/l
ANL? 11.83 187449 9.54  528£135 15.2 15304350 12.2 886+160 3.89
PNL® 11.92  145+12 7.39 545432 15.7 1540£65 12.3 634158 2.78
SRTC* 11.85 190+14 9.69 587443 16.9 1660+112 13.3 893186 3.92

? Mean and standard deviation for 9 tests.
® Mean and standard deviation for 14 tests [OLSON-1995].
¢ Mean and standard deviation for 42 tests [JANTZEN-1993].

8¢
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Table 11. Comparison of Average 7-day Test Results with EA Glass and SRL 202 Glass
in Demineralized Water and EJ-13 Water

Al B Li Na Si
Concentrations from Testsin  0.04 515 188 1510 883
Demineralized Water, mg/L
Concentrations from Testsin 1.5 310 110 950 640
EJ-13 Water, mg/L
Concentrations in EJ-13 1.3 0.2 0.03 55 46
Water, mg/L
Ratio for Tests with EA Glass® 0.2 1.66 1.71 1.59 1.49

* Ratio of the concentration in tests in demineralized water divided by the concentration
in tests in EJ-13 water minus the EJ-13 background concentration.
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Table 12. Summary of Test Results with DWPF Reference Glasses

Glass S/V,m! Time,days pH Alteration Phases? Ref.
SRL131A 2000  140-280  10.7-11.5 SMEC; ANAL; [EBERT-
GYR; WEEK 1993]
SRL 131A 20,000 98-182  12.1-124 SMEC; ANAL; [EBERT-
GYR; WEEK 1993]
SRL 131S° 2000  980-1800  11.7-12.0 SMEC; ANAL [FENG-
SRL 131R® 2000  >1800° 11.9  SMEC [F%IZ\IZG?
SRL200S¢ 20,000  182-330  11.8-12.3 SMEC; ANAL; [FENG!
CLIN; GYR; WEEK ~ 1993]
SRL200R® 20,000  >1800° 11.7  SMEC [FI%19\19G3-
SRL202U 20,000  182-364  11.5-11.7 SMEC; ANAL; [EBER"]I‘-
GYR; WEEK 1993]
SRL202A° 2000 1822 113 SMEC; ANAL; [EBERT-
GYR; WEEK 1993]
SRL202A 20,000  182-364  11.3-11.9 SMEC; ANAL; [EBERT-
GYR; WEEK 1993]
SRL EA® 2000  313-369  11.8-12.1 SMEC; ANAL; This work
GMEL; GYR; ZEO
SRLEA 20,000 <22¢ 12.0-124 SMEC; ANAL; This work
GMEL; ZEO

aSMEC = smectite clay; ANAL = analcime; GYR = gyrolite or other Ca-silicate phase;
WEEK = weeksite; ZEO = Na-Al-silicate phase; GMEL = gmelinite;

CLIN = clinoptilolite.

®Rate-affecting alteration phases did not form within the longest time tested.

cRate-affecting alteration phases only formed at the longest time tested.
4Too few data to extract rate.
eRate-affecting phases formed within the shortest time tested.
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Table 13. Dissolution Rates and pH Values Attained After Alteration Phases
Form in Tests with Various DWPF Glasses

Glass S/V, m™* to, d® R,, um® k, nm/d
SRL 131A 20,000 98 50 25
SRL 202A 20,000 182 56 13
SRL EA 20,000 0 56 82

“Test duration prior to formation of rate-affecting phases.
*Estimated grain size at t,.
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Figure 1. SEM Photomicrographs of Unreacted SRL EA Glass: (a) -100 +200 Mesh and
(b) -200 +325 Mesh.
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Figure 2. Normalized Mass Loss vs. Reaction Time for Tests at 2000 m™ with -100 +200 Mesh
Glass: NL(B)-(@), NL(Li)-(H), NL(Na)-(A), NL(Si)-(0), and pH-(+).
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Figure 3. (a) Normalized Mass Loss vs. Reaction Time for Tests at 20,000 m™! with -100 +200
Mesh Glass (b) Short-term Tests on Expanded Scale : NL(B)-(®), NL(Li)-(m), NL(Na)-(A),

NL(Si)-(0), and pH-(+).
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Figure 4. Normalized Mass Loss vs. Reaction Time for Tests at 20,000 m™ with
-200 +325 Mesh Glass: NL(B)-(®), NL(Li)-(W), NL(Na)-(A), NL(Si)-(0), and pH-(+).
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Figure 5. SEM Photomicrogralphs of SRL
EAGlass Reacted at 20,000 m™ for 98 days:
(a) Reacted Rod, (b) High-Magnification
Image of Outer Surface, and (c) Cross
Sectioned Grains.
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c. d.

Figure 6. SEM Photomicrographs of Alteration Phases Formed in Tests at 20,000 m™: (a)
Analcime, (b) Gmelinite, and (c) Sodium Aluminum Silicate Hydrate formed at Reaction
Times of 56 days and Longer, and (d) Solid from 22-day Test.
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Figure 7. SEM Photomicrograph of Sodium Aluminum Silicate Hydrate Phase Formed in Tests
at 2000 m™ Conducted 313 days and Longer.
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Figure 11. Calculated Surface Area, in m? vs. Amount of Boron in Solution, in g.
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Figure 12. NL(B) for Tests at 20,000 m™ with SRL EA glass (@), SRL 131A glass
(M), and SRL 202A glass (#). Open symbols were calculated using the initial surface
area, filled symbols were calculated using the surface area remaining at the end of the
test. Lines are drawn through the average of open and filled symbols to show the
estimated dissolution rate for each glass (see text).
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TEST NO.
TIME, d

DATE IN
DATE OUT
VESSEL
GLASS, g
LEACHANT, g

MASS RATIO
S/V, /m
TOTALIN, g
TOTAL OUT, g
CHANGE, g
pH

LPE(F.45), g

+F.45, ¢
+DIW, g

DIL. FACTOR

LPE(F50), g
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Appendix I. Test Matrix and Test Data

Test number

Test duration, in days

Date on which test was initiated

Date on which test was terminated
Vessel number

mass of glass added to test vessel, in g

mass of leachant (demineralized water or EJ-13 water)
added to test vessel, in g

glass/leachant mass ratio, in g/g

S/V ratio, in m™

mass of assembled vessel at initiation of test, in g

mass of assembled vessel at termination of test, in g

difference in vessel mass, termination — initiation, in g

leachate pH measured at end of test with solution at room temperature

mass of empty solution bottle used to collect aliquot of filtrate solution
from 450m filtration step, in g

mass of aliquot of filtrate solution from 450 nm filtrate step, in g

mass of demineralized water and nitric acid added to aliquot of filtrate
solution, in g

dilution factor for aliquot; calculated as
(mass solution aliquot + mass DIW/HNO,)/(mass solution aliquot)

mass of empty solution bottle used to collect aliquot of filtrate solution
from 50 nm filtration step, in g

Sample Calculations for Test EA-21:
MASS RATIO = GLASS, g/ LEACHANT, g=1.05 g/10.50 g=0.100

S/V = MASS RATIO e specific surface area (0.02 g/m? for ~100 +200 mesh) =
0.100 g glass /g water ¢ 0.02 g/m” o 1 g water / mL water ® 1 mL / 1 x 10® m*® = 2000 m™

CHANGE, g = TOTAL OUT - TOTAL IN = 327.25 g—327.26 g=-0.01 g
DIL. FACTOR = {(+F.45) + (+DIW)} / (+F.45) = {8.76 + 9.99} / (8.76) = 2.1404
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TESTNO. | TIME.d | DATEIN | DATEOUT | VESSEL| GLASS,g | LEACHANT,g | MASSRATIO | SN, /m | TOTALIN,g] TOTALOUT,g | CHANGE.g| pH | LPE(Fds),g] +F.45.g| +DIW.g | OIL FAGTOR
EA-21 7| 02/16/98 | 02723798 205 1.05 10.50 0.1000 2000 327.26 327.25 <0.01] 11.81 11.03 8.76 9.99 2.1404
EA22 7| 02/16/94 | 0223194 406 1.10 11.00 0.1000 2000 328.34 328.33 -0.01 | 11.72 11.02 10.19 10.08 1.9892
EA-23 7| 02716194 | 02723194 407 113 11.29 0.100% 2000 328.22 328.21 001 11.73 11.10 956| 1001 2.0471
EA-21X 7 | 05118194 | 0572594 412 1.50 15.00 0.1000 2000 331,81 331.79 -0.02 | 11.91 10.98 934| 18.87 3,0203
EA-22X 7 | 05/18/94 | 05/25/94 449 1.49 14.90 0.1000 2000 333.78 333.77 -0.01 | 11.91 10.93 9.65|  18.65 2.9326
EA-23X 7| 0518794 | 05725194 450 154 15.11 0.0999 2000 331.82 331.78 -0.03 | 11.9% KT 9.92] 17.84 2.7984
EA-24 7| 02/16/94 | 02/23/94 208 111 11.09 0.1001 2000 328.16 328.17 0.01] 11.61 10.92 952  10.19 2.0704
EA-25 7 | 02/16/94 | 02/23194 409 112 11.21 0.0999 2000 327.32 327.31 -0.01 | 11.62 11.00 960 10.10 2.0521
EA26 30 | 04/06/94 | 05/06/94 a1 147 1.72 0.0998 2000 328,27 328.28 0.01 | 11.66 10.97 4.52 9.96 3.2035
EA-27 30 | 04/06/94 | 05/06/94 412 .11 11.09 0.1001 2000 327.80 327.80 0.00 | 11.94 10.91 655| 1046 2.5897
EA-28 70 | 03/23/94 | 06/01/94 439 1.09 10.89 0.1001 2000 329.29 329.28 001 | 174 8,22 6.79| 1027 25125
EA-29 70 | 03723/94 | 06/01/94 440 1.05 10.49 0.1001 2000 228.99 328.98 -0.01 | 11.71 10.95 7143|1006 2.4109
EA-30 367 | 04720194 | 02/27/95 460 114 11.41 0.0999 2000 327.90 327.90 0.00 | 12,07 11.03 8.00] 1001 2.2513
EA-31 470 | 04/20/94 | 08/03/95 461 1.22 12.20 0.1000 2000 329,21 329.21 0,00 [ 12.04 11.02 8.97| 10.47 21338
EA-32 527 | 04/20/94 | 09/27/35 462 1.25 12,50 0.1000 2000 329,06 329,02 <004 11.97 8.33 8.79 9.95 2.1320
EA-33 600 | 04/20/94 | 12/11/95 463 142 11.20 0.1000 2000 328.40 328.38 -0.02 | 12.05 10.96 9.38 9,93 2.0586
EA-41 56 | 04/06/94 | 06/01/94 413 7.07 7.07 1.0000| 20000 330.48 330.47 -0.01] 1227 11.00 218 10.42 5.7798
EA-42 56 | 04/06/94 | 06/01/94 445 7.03 7.05 0,9972] 20000 330.69 330.68 -0.01 | 1225 8.23 2.11 10.47 5.9621
EA-43 98 | 03723/94 | 06/29/94 441 7.13 7.13 1,0000| 20000 332.48 332.47 -0.01 | 12.39 10.14 262| 1492 6.6947
EA-44 98 | 03/23/94 | 06/29/94 442 7.07 7.09 0.9972] 20000 329.69 329,67 -0.02 | 1235 11.03 1.68] 14.93 9.8869
EA45 102 | 02/25/94 | 08/26/94 424 7.05 7.04 1.0014] 20000 330.45 330.43 <002 | 12.23 11.92 2.56]  15.09 6.8945
EA-46 182 | 02/25/94 | 08/26/94 425 7.08 7.07 10014 20000 330,87 330,86 001 ] 12.22 11.99 298| 1535 6.1510
EA-47 367 | 02/25/94 | 02/27/95 426 7.10 7.09 1.0014 | 20000 330.35 330,35 0.00 | 12,07 1142 040 1001 26,0250
EA-48 367 | 02/25/94 | 02/27/95 427 7.45 7.16 0.9986| 20000 330.16 330.16 0.00 | 11.31 10.90 1.33 10.02 8.5338
EA-49 470 [ 04720/94 | 08/03/95 464 7.8 747 1.0014| 20000 332.53 332,50 -0.03 11,09 040| 1505 38,6250
EA-50 527 | 04120/94 | 09/27/95 465 7.02 7.04 0.9972| 20000 33004 330,05 0.01 | 11.41 8.29 0.57 5.01 9.7895
EA51 407 | 06/22/94 | 08/03/95 an 7.24 7.24 1.0000| 20000 329,53 329.51 -0.02 | 11.58 10.95 184 1508 9,1957
EA-52 1155 | 06/22/94 | 08/19/97 412 7.04 7.04 1.0000] 20000 329,25 329.23 -0.02 11.02 049] 1015 21.7143
EA-53 1155 | 06/22/94 | 08/19/97 413 7.03 7.03 1.0000| 20000 330.64 330.64 0,00 10,96 0.38| 1043 28,4474
EA-54 1155 | 06/22/94 | 08/19/97 431 7.07 7.07 1.0000| 20000 329.61 329.61 0.00 11.03 038 10.10 27,5789
EATY 56 | 04/06/94 | 06/01/94 445 375 7.52 0,4987| 20000 326.18 326,17 001 | 12.24 8.30 3.7 10.36 3.7925
EAT2 56 | 04/06/94 | 06/01/94 447 3,60 7.20 0.5000| 20000 326.49 326.48 -0.01] 12.25 8.22 350 14.99 5.2829
EA-73 98 | 03/23/94 | 06/29/94 443 3,70 7.40 0,5000| 20000 328.24 320,23 -0.01 | 12.20 10.95 517| 14.89 3.8801
EA-74 98 | 03/23/94 | 06/29/94 444 3.68 7.35 0.5007| 20000 326.25 326.24 -0.01| 12.28 10.91 356 14.87 51770
EA75 182 | 02/25/94 | 08/26/94 428 2.68 7.37 0.4993| 20000 326.99 326.97 -0.02 | 12.24 11.97 5.00] 1623 4.2460
EA-76 102 | 02/25/94 | 08/26/94 429 3.63 7.26 0.5000| 20000 326.22 326.22 0.00 [ 12.22 11.52 476 17.22 4.6176
EA-TT 367 | 02/25/94 | 02/27/95 430 3.54 7.08 0.5000| 20000 327.03 327.01 -0.02 | 11.78 11.04 4,18 9.89 2.8555
EA-78 367 | 02/25/94 | 02/27/95 436 3,74 7.48 0.5000| 20000 329.78 329.78 0.00 | 11.75 10.93 4.54 9,87 3.1740
EA-79 527 | 04/20/94 | 09/27/95 266 3,78 7.57 0.4993[ 20000 327.12 327.12 0.00| 11.61 8.26 4,03 5,00 2,2407
EA-80 527 | 04720194 | 09/27/95 467 3,71 7.42 0.5000] 20000 327.62 327.59 -0.03| 11.60 8.21 213 9,94 3.4068
EA-8) 1155 | 06/22/94 | 08/19/97 445 3,71 7.42 0.5000 | 20000 327.48 327.47 -0.01 | 11,71 10.82 3.35] 1047 4.0358
EA-82 1155 | 06/22/94 | 08/19/97 449 3,76 7.52 0.5000| 20000 328.38 328,38 0,00 [ 11.68 10.94 3.43| 1014 3.9563
EA-91 22| 09/18/96 | 10/30/96 453 5,07 5.07 1.0000| 20000 327.38 327.38 0.00| 11.98 10.88 267| 2333 4.6629
EA-92 35| 09/18/96 | 10/23/96 456 5,02 5,02 1.0000| 20000 331,37 331,35 -0.02 | 11.91 9,92 2.82| 23.10 4.6738
EA-03 421 09/18/96 | 10/30/96 463 5,01 5,00 1.0020|] 20000 326.76 326.75 -0.01| 11.92 10.92 2.66| 2773 6.3195
EA-94 20 | 10/10/96 | 10/30/96 453 5.05 5,05 1.0000] 20000 327.21 327.18 -0.03 | 11.87 10.98 203 2548 7.1429
£A-05 7| 1498 | 11711196 453 5,00 5.00 1.0000] 20000 327.03 327.02 -0.01 | 11.86 9,98 269| 2343 5.0000
EA-96 14| 114196 | 11/18/96 463 5,01 5,01 10000 20000 326.90 326.92 0.02| 11.71 8.22 280| 2385 4.5821

LS
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Appendix II. Solution Analytical Results for Cations in PCT-A Tests

TEST NO. Test number
TIME, d Test duration, in days
pH . measured solution pH

(a blank indicates that the pH was not measured because not enough solution could be
recovered from the test)
DIL. FACTOR dilution factor for aliquot analyzed

S/V, /m S/V ratio of test, in m™

METHOD technique used to analyze the solution (ICP-AES or ICP-MS)
FILE solution sample identification number

i, ACL raw concentration of element i from analysis, in mg/L

i, mg/L concentration corrected for dilution, in mg(i)/L

NC(), normalized elemental concentration, in g(glass)/L

NL(), normalized elemental mass loss, in g/m>

BKGND concentration of element 1 measured in EJ-13 solution, in mg/L
(i) mass fraction of element i in EA glass, in g/g

note: negative values give detection limit values

Sample Calculations for Test EA-21:
B, mg/L =B, ACL ¢ DIL. FACTOR = 208 mg/L o 2.1404 = 445 mg/L
NC(B) =B, mg/L / f; =445 mg/L. / 0.0347 = 12800 mg/L = 12.8 g/LL

NL(B) = {B, mg/L — BKGND(B)} / {(S/V)e £,}
= {445 mg/L — 0.00} / {2000 m" ® 0.347} = 6.41 g/m?
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TESTNO. | TIME.d| pH | DLFACTOR | SN,/m | METHOD|  FILE ALACL | Almol | NL(Al), gm2] B,ACL | B.mglL | NC(B), 9L | NL{B),g/m2 | Ba,ACL | Ba.mgiL| Ca, ACL] Ga,moL| . NLiCa), gra]
EA-21 7| 11.81 21404 2000 ICP-M;S PACKET.2 0.71 1.5 0.04 208 445 12.8 6.41 0.0003 0.0006 3.46 741 0.43
EA22 7] 11.72 1.9892 2000 | ICP-MS | PACKET.2 0.74 1.5 0.039 175 349 101 502| 0.0003 | 0.0006 2.89 575 0.33
EA-23 7 173 2.0471 2000 | ICP-MS | PACKET.2 0.84 1.7 0.04 172 352 10.1 5.07| o0.0004 | 0.0008 2,65 5.45 0.31
EA21 7] 1181 2.1404 2000 | ICP-AES | 94-0288-01 0.86 1.8 213 456 131
EA-22 7| 1172 1.9892 2000 | ICP-AES | 94-0288-02 0.89 1.8 178 354 10.2
EA23 7| 13 2.0471 2000 [ ICP-AES | 94-0288-03 0.85 1.8 185 379 10.9
EA21X 7] 191 3.0203 2000 [ ICP-AES | 94-0396-14 0.34 1 0.027 187 565 16.3 8.14 -0.05 0.2 -0.01 -0.03 -0.002
EA22X 7] 1191 2.9326 2000 | ICP-AES | 94-0396-15 0.32 0.94 0.025 225 660 19.0 9.51 -0.05 0.2 -0.01 -0.03 -0.002
EA-23X 7| 1.9t 27984 2000 | ICP-AES | 94.0396-16 0.26 0.73 0.019 239 669 19.3 9,64 -0.05 0.2 <0.01 -0.03 -0.002
1) 0019| 0019 0.0347| 0.0347 [ o] 00087| 00087 |
TESTNO. | CrACL | Cr.mgL | Cu ACL | Cu,mgL| Fe,ACL | Fe.mgL] K ACL | K.mgL | NL(K),gm2] LU, ACL | U, mgl | NC(L), gL | NL{L), gim2| Mg, AGL | Mg.mgiL| Mn, AGL | M. mgiL] Na. ACL Na, mo/L
EA-21 0.026 0.056 0.004 0.0086 0 0 9.74 20.9 34.8 66.6 143 59833 2.98 0 0 0.0005 0.0011 586 1250
EA2 0.06 0.12| 0004[ 0.008 0 0 13.5 26.9 449 57.9 115 48117 2.41| 0.0002| 0.0002] o0.0013| 0.0026 487 968
EA-23 0041 0.084] 0.002] 0.0041 0 0 7.3 14.6 24.3 53.7 110 4.6025 2.30] 0.0005| 0.001] 0.0012| 00025 466 953
EA-21 72.8 156 6.5272 636 1361
EA22 63.2 126 5.272 532 1060
EA-23 655 134 5,6067 555 1140
EAZIX -0.01 0.03 -0,01 -0.03 0.05 0.2 5 -16 26 68.7 207 8.6611 4.34 -0.01 -0.03 -0.01 -0.03 558 1690
EA-22X -0.01 -0.03 -0.01 -0.03 0.03 0.09 5 5 25 79.2 232 9.7071 4.86 -0.01 -0.03 ~0.01 -0.03 653 1920
EA-23X -0.01 -0.03 -0.01 2003 0.03 0.08 -5 14 24 94.7 265 11.088 554 -0.01 -0.03 -0.01 -0.03 667 1870
[T [ 0 0 o 0065 0065 o0.0003] 0.0003 0.0239 | 0.0239 0.001 0.0107] 0.0107| o0.0085| 0.0086| 0.125] 0.125
TESTNO. | NC{Na) oA | NL(No).gim2 | NiACL | Ni.mgl | SI,ACL | Si,mgi | NC(S),mgh | NL(S),g/m2] ™,ACL| Th.mgl | T,ACL | T,mgL | U,ACL | U.moi | ZmACL| Zn.moL| ZrACL | Zr.mon
EA21 10.00 5.01| 0.0006| 0.0013 31 773 3.39 17| 30-05) 6.42126-05] 0.0019| 0.0041| 0.0003] 0.00064| 0.0044| 0.0094| 0.0002] 0.00021
EA22 7.74 3.87| 0.0018| 0.0036 328 653 2.86 1.43]  7e-05] 0.00013924|  0.0017| 0.0034| 0.0002| 0.0002] 00084| 0.017] 0.0004| 0.0008
[ EA-23 7.62 381| 0.002] o0.004% 344 705 3.09 1.55]  1e-05| 2.0471e-05| 0.0017| 0.0035| 0.0002] 0.00041| 0.0052| 0.011| 0.0004| 0.00082
| EA-21 10,89 ar7 807 3.54
EA-22 8.48 337 670 2,94
EA23 9.12 352 721 3.16
EA-21X 13,52 6.74 0.03|  0.099 316 954 2.18 2,09 -0.02 -0.06 -0.01 -0.03 -0.02 -0.06
EA-22X 15.36 7.66 002 0059 361 1060 4,65 2.32 -0.02 -0.06 -0.01 -0.03 -0.02 -0.06
EA-20X 14,96 7.47 003| o0.084 3% 1090 4.78 2,39 -0.02 -0.06 -0.01 -0.03 -0.02 -0.06
([T 0,00 0.00417| 0.00417 | o0.2279| 0.2279 [ 0| 0.00389| 0.00389 0 o| 00021| 00021| 00356 00356

6S
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Appendix III. Solution Analytical Results for Cations in PCT-B Tests

TEST NO. Test number
TIME, d Test duration, in days
pH measured solution pH

(a blank indicates that the pH was not measured because not enough solution could be
recovered from the test)
DIL. FACTOR  dilution factor for aliquot analyzed

S/V, /m S/V ratio of test, in m’

SIZE size fraction of glass used in test

FILE solution sample identification number

i, ACL raw concentration of element i from analysis, in mg/L

i, mg/L concentration corrected for dilution, in mg/L

NL(1), normalized elemental mass loss, in g/m®

BKGND concentration of element i measured in EJ-13 solution, in mg/L
(1) mass fraction of element i in EA glass, in g/g

note: negative values give detection limit values

Sample Calculations for Test EA-24:
B, mg/L =B, ACL e DIL. FACTOR = 150 mg/L ¢ 2.0704 =311 mg/L

NL(B) = {B, mg/L —BKGND(B)} / {(S/V)e £;}

= {150 mg/L - 0.23} / {2000 m™ © 0.347} = 4.48 g/m®
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Appendix III. (Cont.)

TESTNO. | TIME,d | pH | DILFACTOR | SNV./m | SIZE FILE ALACL | AL mglL | NL(AL), gm2 | B,ACL | B, mgl | NL(B), g/m2 | Ba,ACL | Ba, mgl | Ca,ACL | Ca,mgil| NL(Ca), gme
EA-24 7] 1161 2.0704 2000 | -100+200 | PACKET.2 0.727 151 0.0025 150 311 449  0.0002| 0.00043 2.36 2.88 6.0956
EA25 7| 1162 2,0521 2000 | -100+200 | PACKET.2 0.738 1.51 0.0028 154 316 456] 0.0002] 0.00046 2.77 5,69 0.141
gA26 | 30| 11.66 3.2035 2000 | -300+200 | 94-0396-17 0.33 1.06 -0.01 218 698 10.1 -0.05 0.2 -0.01 -0.04 -0.2
EA27 30| 11.94 2.5897 2000 | -100+200 | 94-0396-18 0.47 1.22 -0.006 120 310 a.47 -0.05 0.2 -0.01 -0.03 0.2
EA28 70| 11.74 2.5125 2000 | -100+200 | 94-0476-14 1.65 415 0.072 149 74 5,39 .0.3 -0.8 -0.05 0.2 0.2
EA-29 70| 171 2.4109 2000 | -100+200 | 94-0396-19 0.63 1.52 0.0029 139 335 4.83 -0.05 -0.2 20.01 -0.03 0.2
EA-30 313| 12.07 2.2513 2000 | -100+200 | WE950342b 0.378 0.85 -0.02 179 402 58| 00009 0.0021 .42 19 0.896
€A1 470 | 12.04 2.1338 2000 | -100+200 | WE950823 0.417 0.89 -0.02 1120 2390 344| 00018} 0.0039 5.75 12.3 0.516
EAd2 527| 1197 2.132 2000 | -100+200 | WLES51013b 0.287 0.61 -0.03 1180 2520 36.3| 0.0016| 00034 7.7 16.4 0.752
EA33 600 [ 12.05 2.0586 2000 | -100+200 | WLE960118a 0.547 113 -0.008 1140 2350 338 1.9 245 1.21
EA4T 56| 12.27 5.7798| 20000 | 1004200 | 94-0476-15 0.8 4.62 0.0085 1320 7630 1 -0.3 2 0.14]|  0.800 -0.02
EA-42 56| 12.25 5.0621| 20000 | -100+200 | 94-1476-16 0.6 3.58 0.0057 1280 7630 1 -0.3 2 0.15]  0.894 -0.02
EA-43 98| 12.39 6.6947 | 20000 | -100+200 | 94-0396-20 -0.1 0.8 -0.006 1360 9100 13.1 -0.05 -0.4 0.06] 0.402 20.02
EA-44 98| 12.35 9.8869 | 20000 | -100+200 | 94-0396-21 0.1 K] -0.007 1340 | 13250 19.1 -0.05 0.5 0.08] 0.791 -0.02
EA-A4-F50 12.075 94-0306-22 -0.1 -2 1050 | 12680 -0.05 -0.6 0.15 1.81

EA-45 182 12.23 6.8945 | 20000 | -1004200 | 94-0476-06 1.36 9.38 0.021 2430 | 16750 24.1 -0.3 2 0.16 11 -0.02
EA-46 182 | 12.22 6.151| 20000 | -100+200 | 94-0476-07 2.23 13.7 0.032 2910 | 17900 25.8 0.3 2 0.22 135 20.02
EA-47 367 | 12.07 26.025| 20000 | -100+200 | WE950342b 1.61 41.9 0.11 767 19960 28.8] 0.0066 0.17 8.73 227 1.27
EA-48 367 11.31 8.5338| 20000 | -100+200 | WE950342b 3.46 29.5 0.074 3240 27650 39.8| 0.021 0.18 5.3 45.2 0.239
EA-49 470 38.625 | 20000 | -1004200 | WE950823 0.779 30.1 0.076 738| 28500 411 0.0044 0.17 2.5 96.6 0.531
EA-50 527 [ 11.41 9.7895| 20000 | -100+200 | WLE951013b 2.02 19.8 0.048 3200 31330 451] 0.0181 0.18 1.99 19.5 0.0926
EA-51 407 11.58 9.1957| 20000 | -100+200 | WE950823 0.86 7.91 0.017 2690 | 24740 356 0.0025] 0023 6.95 63.9 0.345
EA-52 1155 21.714| 20000 | -100+200 | WLEO71222b 0.812 17.6 0.043 1180| 25620 369| 00038 0,083 5.47 119 0.657
EA-53 1155 28447 20000 | -100+200 | WLES71222b 0.902 25.7 0.064 907| 25800 372 00034]  0.097 a7 134 0.742
EA-54 1155 27.579| 20000 | -100+200 | WLES71222b 0.91 25.1 0.062 917| 25200 36.4] 0.0036 0.1 473 130 0.724
EATI 56| 12.24 3.7925| 20000 | -2004325 | 94-0476-17 0.85 3.22 0.0048 1660 6290 9.07 0.3 2 0.25| 0.948 -0.02
EAT2 56| 12.25 5.2829 | 20000 | -200+325 | 94-0396-23 0.13| 0.687 -0.002 1220 6440 9.29 20.05 -0.3 0.01 -0.06 -0.02
EA-T3 98| 12.29 3.8801| 20000 | -200+325 | 94-0396-24 -0.1 -0.4 -0.005 2420 9390 13.5 20.05 0.2 0.08 0.31 20.02
EA74 98| 12.28 S.177| 20000 | -200+325 | 94-0396-25 -0.1 0.6 -0.005 1910 9890 14.3 -0.05 0.3 0.07|  0.362 20,02
EA-74-F50 2.6899 94-0396-26 0.3 0.81 737 1980 -0.05 -0.2 023| 0619

EA75 182 12.24 4.246| 20000 | -200+325 | 94-0476-08 1.35 5.73 0.011 2580 11000 15.9 0.3 2 0.43| 0.552 -0.02
EA-T6 182] 12.22 46176 | 20000 | -200+325 | 94-0476-09 1.62 7.48 0,016 2530| 11680 16.8 0.3 2 0.15| 0.693 -0.02
EA-TT 367| 11.78 3.366| 20000 | -200+325 | WE950342b 5.9 19.9 0.049 4950| 16660 24| 0.0086] 0.029 314 106 0.583
EAT8 367| 11.75 3.174| 20000 | -200+325 | WE950342b 4.67 148 0.035 5320 | 16890 243| 00119 0038 10.9 346 0.179
EA-79 527 | 11.61 2.2407| 20000 | -200+325 | WLES51013b 4.13 9.25 0.021 7680 | 17210 248 00228  0.051 18.2 20.8 0.214
£A-80 527 11.60 3.4068| 20000 | -200+325 | WLEG51013b 1.86 6.34 0.013 4920 16760 242| 00093 0032 16.5 56.2 0.302
EA-81 1155 | 11.71 4.0358| 20000 | -200+325 | WLES71222b 1.51 6.09 0.012 3460 13960 20.1| 0.0037 0.01 1.8 476 0.253
EA-82 1155 11.68 3.9563| 20000 | -2004325 | WLE971222b 1.93 7.64 0.016 3380 13370 193] 0.0037] 0.015 12.4 491 0.261
EAO1 22| 11.96 4.6629| 20000 | -100+200 | we.970110 4 19 -0.06 1620 7550 10.9

EAG2 35| 11.01 46738 20000 | -1004200 | wie.970110 4 19 .06 2120 9910 143

EA-93 az| 11.92 6.3195 | 20000 | 1004200 | 7e.970110 4 26 0.07 1570 9920 143

EA-54 20| 11.87 7.1429| 20000 | 1004200 | wie.670110 4 29 0.08 793 5660 8.16

EA-95 7| 11.86 5| 20000 | -100+200 | we.970110 4 .20 0.06 710 3550 5.11

EA-98 4| 171 45621 20000 | -100+200 | wle.970110 4 19 20.06 844 3870 5.57

BKGND 1 1.41 0.231 ] 3.2

10 1 0.019 0.0347 0 0.0088
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Appendix III (Cont.)

Zn, ACL

TEST NO. NL(Na),g¢/m2 | Ni,ACL | Ni,mg/L | SI,ACL | SI, mg/L | NL(SI),g/m2] TLACL | Ti,mgL Zn,mgl.| Zr, ACL | Zr,mgl
EA-24 3.56 0.002 0.0042 308 637 1.3 0.0029 0.006 0.0048 0.0099 | 0.00046 | 0.00095
EA-25 3.64 0.0053 0.011 307 629 1.29 0.0073 0.015 0.0042 0.0086 | 0.00065 0.0013
EA-26 8.33 0.02 0.064 323 1040 2.18 -0.02 -0.07 -0.01 -0.04 -0.02 -0.07
EA-27 3.95 0.03 0.078 242 627 1.28 -0.02 -0.06 0.01 0.026 -0.02 -0.06
EA-28 4.91 0.37 0.93 269 676 1.39 -0.1 -0.3 -0.05 -0.2 0.11 0.28
EA-29 4.36 0.04 0.096 275 663 1.36 -0.02 -0.05 -0.01 -0.03 -0.02 -0.05
EA-30 16,11 0.0024 0.0054 809 1820 3.9 0.0025 0.0056 0.012 0.024 0.0012 0.0026
EA-31 25.07 0.0051 0.011 861 1840 3.94 0.0015 0.0033 0.0044 0.0093
EA-32 256.31 0.0032 0.0067 1210 2580 5.57 0.0017 | 0.0036 0.0097 0.021 0.0034 0.0073
EA-33 21.46 -0.5 -1 1170 2410 5.19 0.87 1.8 -0.1 -0.2
EA-41 9.83 0.24 1.4 153 884 0.185 -0.1 -0.6 -0.05 -0.3 -0.05 -0.3
EA-42 9.66 0.13 0.78 172 1030 0.216 -0.1 -0.6 -0.05 -0.3 -0.05 -0.3
EA-43 9.7 -0.02 -0.2 154 1030 0.217 -0.02 -0.2 -0.01 -0.07 -0.02 -0.2
EA-44 14.14 -0.02 -0.2 136 1340 0.286 -0.02 -0.2 -0.01 -0.1 -0.02 -0.2
EA-44-F50 0.02 0.24 136 1640 -0.02 -0.3 -0.01 -0.2 -0.02 -0.3
EA-45 20.44 0.17 12 1050 7240 1.58 -0.1 -0.7 -0.05 -0.4 -0.1 -0.7
EA-46 22,17 0.19 1.2 1280 7870 1.72 -0.1 -0.7 -0.05 -0.3 -0.1 -0.7
EA-47 29,75 0.002 0.051 780 20300 4.44 0.0093 0.24 0.018 0.46 1.3 33
EA-48 29,88 0.039 0.33 436 3720 0.807 0.05 0.43 0.04 0.34 8.5 72
EA-49 23.46 0.0026 0.1 452 17460 3.82 0.0044 0.17 0.029 1.1 0.76 30
EA-50 28.88 0.011 0.11 1240 12140 2.65 C.0077 0.076 0.024 0.24
EA-51 22,79 0.0064 0.059 1040 9560 2.09 0.0026 0.024 0.054 0.5
EA-52 23 -0.005 -0.1 546 11860 2.59 0.0083 0.18 -0.007 -0.2 1.2 26
EA-53 2217 -0.005 -0.2 545 15500 3.39 0.0046 0.13 -0.007 -0.2 1.1 30
EA-54 21.49 -0.005 -0.2 604 16660 3.64 0.0051 0.14 -0.007 -0.2 1.1 30
EA-71 8.1 0.21 0.8 331 1260 0.266 -0.1 -0.4 -0.05 -0.2 -0.05 -0.2
EA-72 7.08 0.07 0.37 95.9 506 0.102 -0.02 -0.1 -0.01 -0.06 -0.02 -0.1
EA-73 9.99 -0.02 -0.08 731 2840 0.613 -0.02 -0.08 0.01 0.039 -0.02 -0.08
EA-74 10.5 -0.02 -0.1 220 1140 0.241 0,02 -0.1 0.01 0.052 -0,02 -0.1
EA-74-F50 -0.02 -0.06 396 1070 -0.02 -0.06 0.02 0.054 -0.02 -0.06
EA-75 14.08 0.12 0.51 1550 6580 1.43 -0.1 -0.5 -0.05 -0.3 0.23 0.98
EA-76 14.74 0.18 0.83 1450 6700 1.46 -0.1 -0.5 -0.05 -0.3 0.27 1.3
EA-77 17.21 0.025 0.085 1700 5720 1.25 0.01 0.034 0.06 0.2 0.49 1.7
EA-78 17.12 0.024 0.076 2420 7680 1.68 0.0084 0.027 0.03 0.096 0.55 1.7
EA-79 16.2 0.01 0.023 2350 5270 1.15 0.0063 0.014 0.015 0.033 0.0064 0.014
£A-80 15.52 0.011 0.036 2120 7220 1.58 0.0034 0.011 0.0062 0.021 0.12 0.41
EA-81 15.7 0.013 0.051 1610 6500 1.42 0.0068 0.027 -0.007 -0.03 0.31 1.2
EA-82 12.04 -0.005 -0.02 1480 5850 1.28 0.0023 0.009 -0.007 -0.03 0.45 1.8
EA-91 8.39 113 527 0.107
EA-92 10.39 839 3920 0.851
EA-93 10.556 154 973 0.204
EA-94 9.81 167 1190 0.253
EA-95 6.36 694 3470 0.752
EA-96 6.63 787 3610 0.782
BKGND 0.024 411 0.015 0.01 0
£(i) 0.004 0.228 0.0039 0.0021 0.0036
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Appendix IV. Solution Analytical Results for Carbon and Anions

TEST NO.
TIME, d
pH

S/V, /m

CARBON DF

TC, ACL
TOC, ACL

TC, mg/L

TOC, mg/L
TIC, mg/L

ACL NO.
ANION DF
i, ACL

i, mg/L
EJ-13-1/4/94

Test number
Test duration, in days

measured solution pH
(a blank indicates that the pH was not measured because not enough
solution could be recovered from the test)

S/V ratio of test, in m™

dilution factor for aliquot analyzed for organic and total carbon

concentration of total carbon from analysis, mg/L elemental carbon
!

concentration of total organic carbon from analysis, mg/L
elemental carbon

concentration of total carbon corrected for dilution, mg/L elemental
carbon

concentration of total carbon organic carbon corrected for dilution,
mg/L elemental carbon

concentration of total inorganic carbon calculated as TC-TOC, mg/L
elemental carbon

sample number assigned by analytical chemistry laboratory

dilution factor for aliquot analyzed for anions

raw concentration measured for species i, in mg/L

concentration of i corrected for dilution, in mg/L

concentration of element i measured in EJ-13 solution used, in mg/L




Appendix IV. (Cont.)

TEST NO. ACLNO, ANIONDF | F- ACL | F-,mglL | CL,ACL| Cl-,mg.| NOS3-, ACL { NO3-, mgl | HPO4=, ACL HPO4=, mgh. | SO4=, ACL | SO4=, mg/l.
EA-21
EA-22
EA-23
EA-21X 94-0365-12 1.5652 -0.1 -0.157 0.75 117 0.35 0.548 1.7 2,66 2.1 3.29
EA-22X 94-0365-13 1.6837 0.76 1.28 0.27 0.455 1.6 2.69 2.8 4.71
EA-23X 94-0365-14 1.7685 1 1.77 0.29 0.513 1.6 2,83 2.4 4.24
EA-24
EA-25
EA-26 94-0365-15 1.8632 0.72 1.34 4.5 8.38 5.3 9.87 1.7 3.17 12.7 23.7
EA-27 94-0365-16 2.3657 0.64 1.51 3.6 8.48 4.4 10.4 0.96 2.26 9.4 2241
EA-28 94-0365-21 2.0704 4 8.28 5 10.4 1.5 3.1 11.8 24.4
EA-29 94-0365-22 2.1789 3.9 8.5 4.7 10.2 1.1 2.4 12 26.1
EA-30 95-0168-03 2.92 3.3 9.6 3.8 i1 2.6 7.6 11.2 327
EA-31
EA-32
EA-41 94-0365-17 3.2519 6.1 19.8 4.4 14.3 1.7 38 20.2 65.7
EA-42 94-0365-18 3.1069 4.8 14.9 3.5 10.9 9.3 28.9 173 53.7
EA-43
EA-44 94-0438-05 1 -10 -10 46 46 51 51 58 58 125 125
EA-45 94-2121-05 1 -10 -10 85 85 16 16 128 128 215 215
EA-46 94-2121-06 1 -10 -10 50 50 12 12 99 99 151 151
EA-47
EA-48
EA-71 94-0365-19 3.1406 4.8 15.1 3.5 11 9.3 29.2 17.3 54.3
EA-72 94-0365-20 2.9854 5.3 15.8 3.6 10.7 9.3 27.8 19.3 57.6
EA-73
EA-74 94-0438-06 1 -10 -10 35 35 24 24 61 61 112 112
EA-75 94-2121-07 1 -10 -10 31 31 15 15 60 60 110 110
EA-76 94-2121-08 1 -10 -10 67 67 22 22 59 59 116 116
EA-77 95-2039-05 1 -1 -1 46 46 22 22 17 17 36 36
EA-78 95-2039-06 1 -1 -1 31 31 8.8 8.8 14 14 28 28
EJ13-1/4/94 | 94-2037-01 1 3.8 3.8 11 11 16 16 -0.5 -0.5 30 30

99
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