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ABSTRACT
The dissolution behavior of a candidate reference glass has been measured under a range of

test conditions. The data base from these tests can be used to evaluate the credibility and validity of test
results reported by Private Contractors as part of the acceptance process for immobilized low-activity
waste (ILAW) products for DOE wastes. The LRM-1 glass that was used in the tests was formulated to be
compositionally representative of anticipated ILAW products for Hanford and other Department of
Energy sites. Replicate tests with this glass were used to measure the variability in the response (i.e.,
the solution concentrations of B, Na, and Si) under different test conditions. The glass was further
evaluated for possible use as a standard material by analysis of its composition, microstructure, density,
and compressive strength. In addition, the Na leachability index was measured with the ANS 16.1 test,
and the Toxicity Characteristic Leach Procedure was run. The results of those tests and analyses are
summarized.

INTRODUCTION
The immobilization of tank wastes at several Department of Energy sites maybe performed by

Private Contractors. The waste forms that are produced and returned to DOE will be required to meet
contractual product specifications to ensure that they are suitable for handling and disposal. Standard
methods and materials are being developed to evaluate the credibility and validity of analytical results
that will be reported by Private Contractors as a part of the acceptance procedure. One of the
requirements specified in the Hanford Tank Waste Remedlation System (lWRS) Phase 1a privatization
contracts [1] is that the waste products be subjected to a product consistency test (PCT) [2] to calculate
the radionuclide release rates. Because some latitude exists in the selection of test parameters in the
PCT, we have conducted tests to measure the mean and variability in the concentrations of key glass
components under several test conditions. This data base will assist in the evaluation of test results
reported ‘by the contractors. Tests were conducted with LRM-1 glass, which we formulated to be
compositionally representative of waste products anticipated for Hanford low-activity waste (LAW)
streams in terms of the major glass-forming components and to have a similar durability in PCTS. The
tests and analyses were conducted to measure the precision of test execution and analysis for a range
of test parameter values, to determine if the test procedure is adequate, and to evaluate the suitability of
LRM-1 as an analytical standard test material to monitor test execution and as a composition and physical
property standard. One set of test conditions was selected for use in a round-robin test program to
measure the interlaboratory precision of the test when conducted with LRM-1. In this paper, we discuss
the formulation of the glass and the analyses conducted to evaluate its possible use as a standard
material.

Formulation of the reference glass was based on anticipated compositions of ILAW products for
Hanford and other DOE low-activity waste streams, available test results for relevant glass compositions,
and discussions with personnel familiar with LAW glass formulations for Hanford and elsewhere.
Because Contractors for Phase I of Hanford privatization have not disclosed target product
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compositions, we based our formulation on published simulations of a representative waste stream for
Hanford tanks after pretreatment, namely, the double-shell slurry feed (DSSF), and glasses that have
been formulated previously to immobilize this stream [3]. Although each contractor may have a different
pretreatment flowsheet, the chemistry of the LAW streams expected to be generated during the
remediation of Hanford tank wastes will be dominated by sodium (approximately 10 ~. Other key
components besides sodium in the waste stream may include Al(OH)d-, K+,F-, and Cl-, which are present
in the DSSF at concentrations of 1.0, 0.5, 0.25, and 0.16 ~ respectively. The target waste loading will
require the IIAW forms to contain about 20 mass ?4. N~O.

The glass composition formulated for use in this testing program is listed in Table I on an oxide
basis. We refer to the formulated composition as low-activity waste reference material (LRM). Each batch
of glass made based on this composition is labeled to distinguish it from other glasses made based on
the formulated composition at a later time that may have slightly different compositions. Thus, the glass
made for use in this test program is referred to as LRM-I. Some components that are present in trace
quantities in Hanford wastes were included in the formulation at higher concentrations than what is
anticipated for ILAW products to facilitate their analysis for evaluation of LRM as a composition standard.
These include Ba, Cd, Fe, Mn, Mo, Ni, and Pb. Small amounts of Ca, Fe, Mg, Ti, and Zr were included
because they may be present as added chemicals in pretreatment steps or waste product formulations.
The concentrations of these components are high enough that they can be analyzed reliably if LRM
glass is used as a composition standard, but low enough that the glass composition and response of the
glass in the acceptance test should remain similar to ILAW products for Hanford tank wastes.

The concentrations of Cl, F, K, and Na were selected to match waste loading requirements for
Hanford wastes. All of the B and Si and about one-half of the Al in the formulation represent chemica!s
added to the waste to make a glass; the amounts added to LRM glass are typical of those used
previously in glasses developed to study immobilization of Hanford waste. Also inciuded in the glass are
Ba, Cd, Cr, Hg, and Pb, which are toxicity characteristic constituents regulated under the Resource
Conservation and Recovery Act (RCRA). These are included in LRM glass to facilitate use of the glass as
a composition standard for demonstrating that ILAW glasses are not hazardous per the Toxicity
Characteristic Leach Procedure (TCLP) [4]. Neither radionuclides nor surrogates for radionuclides were
included in the LRM glass. A glass with nonradioactive surrogates would not be a useful composition
standard for radioactive glasses because different analytical techniques will likely be used to quantify the
radionuclides than would be used for the surrogates. A standard with the actual radionuclides is needed
to verify compositional analyses of ILAW products that are required to show that radionuclide limits for
Class C waste are met.

EXPERIMENTAL
The batch of glass made for the tests discussed here is designated as LRM-1. About 2.5 kg of

LRM-1 glass was made from a mixture of dried reagent grade oxides, carbonates, chlorides, fluorides,
iodates, and sulfates to produce glass for testing and analysis. The glass was made by melting several
batches of mechanically-mixed reagents in a Pt/Rh crucible for one hour each at 800, 900, and 1000”C
to facilitate decomposition of the carbonates and sulfates, and then for two hours at 1250”C, during
which time the crucible was occasionally swirled to facilitate mixing. Batches of glass used to make
crushed glass samples were quenched in water, crushed, and mechanically mixed. One batch was
melted in an alumina crucible and annealed to make a boule of glass from which the monolithic test
samples were made. The composition and microstructure of both the quenched and annealed glasses
were analyzed and found to be indistinguishable. The LRM-1 glass was analyzed for chemical
composition, microstructure, density, compressive strength, Na leachability, and TCLP performance
following standardized procedures. Replicate dissolution tests were conducted following the PCT
procedure under various conditions [2]. Details of the procedures are discussed with the results
presented below.
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RESULTS
ComDosition: The analyzed composition of LRM-1 is presented in Table 1as the mean and standard
deviation based on the pooled results of separate dissolutions in mineral acids and with sodium fusion,
followed by analyses of those solutions with inductively coupled plasma-mass spectrometry (ICP-MS),
inductively coupled plasma-atomic emission spectroscopy (ICP-AES), and ion chromatography.
Comparison of the formulated LRM composition and the analyzed composition of LRM-1 indicates that
about 90’%0of the Hg and 10% of the Na were lost during vitrification. All other components are present
in LRM-1 very near their formulated concentrations. Note that the total oxide mass% for the analysis of
LRM-1 is less than 100?40.Since similar results were obtained with ICP-MS and ICP-AES and for aliquots
dissolved by different methods, the difference is not likelydue to analytical error. Instead, it maybe that
the carbonates did not completely dissolve when the glass was made; the glass is being analyzed for
carbon. Additional work is needed to determine the analytical precision that can be expected for
compositional analysis of the ILAW products.

While the chemical composition of the waste form must be reported, including the inventory of
radionuclides, accurate determination of the concentrations of ‘Sr, WC, ‘37CS,and Na is probably the
most important. That is because limits have been placed on the concentrations of these three
radionuclides, and because Na is used as a measure of the amount of LAW that has been immobilized
[1]. Uncertainties in the Na content will have a very large impact on the immobilization costs. The
concentrations of B, Na, and Si must also be known to calculate the glass dissolution rate. Since neither
‘Sr, WC, nor ‘37CSwere included in LRM-1, we “could not evaluate the precision of their determination.
The relative standard deviations for the analysis of B, Na, and St were small: 4Y0,37., and 2’Yo,
respectively.

Microstruc tur~ The microstructure of samples of both the annealed and quenched glass was examined
with the use of a scanning electron microscope (SEM) and an analytical electron microscope (AEM);
both have associated energy dispersive x-ray spectrometers (EDS). No evidence of phase separation
was seen during examination of several samples of the bulk glass, and no inclusions were found.
Composition analyses with EDS indicated that the glass was homogeneous on the microscopic scale.

Table L Compositions of formulated LRM and actual LRM-1 glass (mean *1 a), in oxide mass ‘%.

Fon-nulatad ed Formulated AnaJy2sd

Oxide Composition Composition Oxide Composition Composition

LRM LRM-1 LRM LRM-1

A1203 10 9.6+().6
B,O, 8 /3.l*o.3
BaO 0.005 0.0084*0.0002
CaO 0.5 0.51~0.06
CdO , 0.2 0.17A0.01
c1 0.8 1.1
CrzO~ 0.2 0.18*0.06
F ? 0.85
Fe203 1 1.()*(-J.I
HgO 0.002 0.0002*0.0001
I 0.002 0.0025*0.0003
K20 1.5 1.2*0.3
LazO~ 0.009 0.0084*0.0001
Li,O 0.1 0.081*0.03

MgO
MnO
MoOa
N*O
NiO
P205
PbOz
so,
Si02
Sn02
Tio2
zro~

0.1
0.1
0.1
20
0.1
0.5
0.1
0.2
54.37
0.10
0.1
1

0.086A0.03
0.091 ~0.02
O.1O*O.O2
17.2*0.6
0.082&0.02
0.47*0.03
0.11*0.02
0.20
53.5*1 .0
O.1O*O.O1
0.10+0.01
0.91*0.3

Total 100.00 95.9



Q=QQc The densities of nine samples of the glass were measured by buoyancy tO be 2516 * 9 k@m3.
All measurements were performed at 22.3°C following the standardized procedure identified in the
privatization contracts [5]. The accuracy of our measurements was determined by measuring the
densities of two material standards from the National Institute of Standards and Technology (NIST). The
calculated errors of our measurements relative to the standard densities of these reference materials are
+0.003°/0 for SRM-1 826a and -0.03Y0 for SRM-I 827a. The uncertainty in our density measurements,
therefore, is dominated by the precision of our measurements with LRM-1 glass, and not biased by the
methodology. Although there is not a specific requirement for density of the glass in the TWRS
Privatization Contracts, mass and volume limits for the waste package require the glass density to be less
than about 3800 kg/m3.

Com~ressive Strength: The compressive strengths of four samples of LRM-1 were measured following
the standard procedure identified in the TWRS Privatization Contracts [6], Each sample was prepared as
a right cylinder by core-drilling the boule of annealed glass. All four samples had a length-to-diameter
ratio of 2.05. The compressive strength was measured by increasing the axial load until the sample
fractured. Because all samples were completely shattered upon fracturing, the fracture mode could not
be assessed. The compressive strength was measured to be 226*57 MPa, which well exceeds the
3.45 MPa lower limit that is specified in the TWRS Privatization Contracts [1].

Sodium Leachability : The Na leachability index was measured for three replicate samples with the
ANSVANS 16.1 test method [7]. Samples were prepared as cylinders measuring 3.45 mm in length and
9.80 mm in diameter. The length/diameter ratio of the samples was 0.35, which is within the range of 0.2
to 5 required by the test. The ratio of the leachant volume to geometric surface area is required to be
10M12 cm. For our sample surface area of 2.57 cti, 25.7M.5 mL of demineralized water was used to
attain the required volume/surtace area ratio. Following the ANS1/ANS 16.1 test procedure, the samples
were removed and placed in another vessel containing demineralized water after cumulative leach times
of 2 h, 7 h, 24 h, 2 d, 3 d, 4 d, 5 d, 19 d, 47 d, and 90 d. All tests were conducted at the ambient
temperature, which remained at 2=1 ‘C throughout the test duration. Although all the Ieachate
solutions were analyzed for all major glass components, only the Na concentrations were quantifiable.
Based on the calculations described in the ANSVANS 16.1 procedure, the mean diffusivity of Na was
1.67 x 10’5 cm2/s, and the average Na leachability index for all test intervals in the triplicate tests was
15.451. The TWRS Privatization Contracts require that the Na leachability index be greater than 6.0.

ToxiciW Characte ristic Leach Procedur~ Triplicate TCLP tests were conducted with coarsely crushed
LRM-1 glass with leaching fluid no. 1, which is a mixture of glacial acetic acid and sodium hydroxide. One
test blank was conducted with the leaching fluid. Tests were conducted at the ambient laboratory
temperature of 2=1 ‘C. The results are presented in Table Il. The results of the tests with glass were
not background corrected to remain consistent with the TCLP. Of the RCRA-regulated elements that
are present in LRM-1 (Ba, Cd, Cr, Hg, and Pb), only the concentrations of Cd and Pb were measurable in
the TCLP Ieachate solutions. These concentrations were well below the regulatory levels.

Table Il. Solution concentrations in three TCLP tests and one test blank, in mg/L

Element Blank TCLP-1 TCLP-2 TCLP-3 Regulatory Pass/Fail ?
Level

Ba <0.003 <0.003 <0.003 f <0.003 100.0 pass
Cd <0,009 0.1 0.1 0.1 10.0 pass
Cr <0.02 <0,02 <0.02 <0.02 5.0 pass
Pb <0.005 0.037 0.033 0.035 5.0 pass
Hg <0.03 <0.03 <0.03 <0,03 0.2 pass
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Dissolution Tests : Replicate PCTS were conducted at glass/water mass ratios of 1:10 and 1:1, for
durations of 3 and 7 days, and at temperatures of 20, 40, and 70”C. Samples of LRM-1 were prepared
for testing by crushing and sieving to isolate the -100 +200 mesh size fraction (i.e., the fraction passing
through a 150 ym sieve but retained by a 75pm sieve). The crushed glass was cleaned with water and
methanol following the cleaning steps detailed in the PCT procedure [2]. The washed glass was
examined with SEM to verify that fines had been removed and to document the size and shape of the

glass particles. All tests were conducted in Type 304L stainless steel vessels and with demineralized
water obtained from a purifier. Blank tests were conducted with demineralized water under the same
conditions and at the same time as tests with glass. Tests at 20”C were conducted in a water bath, and
tests at 40 and 70”C were conducted in convection ovens. Nine tests were conducted under each set
of conditions. Three sets of triplicate tests were run on different days to measure the within-day and
between-day variability. At the end of the scheduled test duration, vessels were opened and aliquots
taken for pH measurement. The remaining solution was passed through a 0.45-pm pore size filter to
ensure that no glass particles were present in the solution. That solution was acidified with ultra pure
concentrated nitric acid and analyzed with ICP-MS. The measured concentrations of B, Na, and Si were
used to evaluate the effects of each test parameter on the mean and variabilii of the material response.

The mean responses and standard deviations for nine replicate tests under the different sets of
test conditions are summarized in Table Ill. Data were analyzed with one-way analysis of variance
(ANOVA) to establish the significance of each factor and help identify other factors that affect the
reproducibility of the tests. Data were also subjected to the F-test to determine the effects of the test
conditions on the standard deviations measured for each set of test conditions. The results of these
statistical analyses will be discussed in more detail elsewhere. These analyses confirmed that the
solution concentrations increase with increased temperature, duration, and mass ratio, as expected.
They also indicated that the within-day variance was statistically insignificant, but the between-day
variance was not. The difference between the means of triplicate tests conducted under identical
conditions but on different days was attributed to day-to-day variability of solution analysis and not
variability in test performance. Evaluation with F-statistics indicated that the values of the test variables

Table Ill. Mean responses and standard deviations for nine replicate tests.

Temp., Mass Time, pH B, mg/L Na, m@L Si, mg/L
c Ratio days

20 1:10 3 9.06t0.l 1 0.09*0,03 5.22k0.22 0.5030.06
20 1:10 7 9.13k0.25 0.1 1*0.03 5.87k0.35 1.03&o.19
20 1:1 3 10.19*O.O5 0.64*0.21 35.7&2.4 6.35&0.49
20 1:1 7 10.21 k0.16 0.69*0.34 40.3~1.18 11.6k2.11

40 1:10 3 9.36t0.04 0.42&0.09 10.06*0.67 4.14*0.51
40 1:10 7 9,41*0.08 0.86*0.21 13.3*0.93 8.90&0.95
40 1:1 3 10.36k0.05 2.96*0,22 62.9A1 .48 25.2*1.15
40 1:1 7 10.52*O.O8 4!14*0.41 76.5*4.32 35.9*3.16

*

70 1:10 3 9.69*0.06 3.50*0.17 33.7* I .57 24.7* I .75
70 1:10 7 9.86*0.07 4.67k0.45 43.4*1 .82 34.9*1 .60
70 1:1 3 10.93+0,01 20.6*1 .40 194*14.4 75.0&6.56
70 1:1 7 11.11*0.08 27.623.45 227*14.48 92.3&8.15

A



that were compared did not significantly affect the standard deviation of the response. Therefore, test
conditions selected for use in the round-robin program were those under which the concentrations of B,
Na, and Si are high enough to be accurately analyzed with several analytical techniques that maybe
used by Private Contractors and provided sufficient solution volume for analysis. The selected
conditions were 7 days, 40”C, and glass/water mass ratio of 1:10.

CONCLUSIONS
Replicate measurements of the composition, density, microstructure, compressive strength,

and leachability in the ANSVANS 16.1 test and TCLP of a candidate reference glass have been made to
evaluate the possible use of LRM glass as an analytical standard in ILAW product acceptance testing.
The response of the glass in dissolution tests following the PCT method was measured in tests
conducted at different temperatures, durations, and glass/water mass ratios to evaluate the effect of
those parameters on the mean and standard deviation of the B, Na, and Si concentrations. Test results
indicate that, while the mean concentrations increase with increased temperature, duration, and mass
ratio, the precision with which the tests can be conducted is independent of the values of these
parameters over the range that was studied. The data base generated by these test results can be used
to evaluate the credibility and validity of test results to be reported by Private Contractor as part of the
acceptance procedure.
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