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bstract

The Department of Energy Office of Environmental Management (DOE/EM) plans to conduct the Plutonium Disposition Project at the Savannah
iver Site (SRS) in Aiken, SC, to disposition excess weapons-usable plutonium. A plutonium glass waste form is a leading candidate for immobi-

ization of the plutonium for subsequent disposition in a geologic repository. The objectives of this present task were to fabricate plutonium-loaded
anthanide borosilicate (LaBS) Frit B glass and perform testing to provide near-term data that will increase confidence that LaBS glass product is
uitable for disposal in the proposed Federal Repository. Specifically, testing was conducted in an effort to provide data to Yucca Mountain Project
YMP) personnel for use in performance assessment calculations. Plutonium-containing LaBS glass with the Frit B composition with a 9.5 wt%
uO2 loading was prepared for testing. Glass was prepared to support glass durability testing via the ASTM product consistency testing (PCT) at
avannah River National Laboratory (SRNL). The glass was characterized with X-ray diffraction (XRD) and scanning electron microscopy coupled
ith energy dispersive spectroscopy (SEM/EDS) prior to performance testing. This characterization revealed some crystalline PuO2 inclusions with
isk-like morphology present in the as-fabricated, quench-cooled glass. A series of PCTs was conducted at SRNL with varying exposed surface
rea and test durations. Filtered leachates from these tests were analyzed to determine the dissolved concentrations of key elements. The leachate
olutions were also ultrafiltered to quantify colloid formation. Leached solids from select PCTs were examined in an attempt to evaluate the Pu
nd neutron absorber release behavior from the glass and to investigate formation of alteration phases on the glass surface. A series of PCTs was
onducted at 90 ◦C in ASTM Type 1 water to compare the Pu LaBS Frit B glass durability to current requirements for high level waste (HLW) glass
n a geologic repository. The PCT (7-day static test with powdered glass) results on the Pu-containing LaBS Frit B glass at SA/V of ≈2000 m−1

howed that the glass was very durable with an average normalized elemental release value for boron of 0.013 g/m2. This boron release value is
640× lower than normalized boron release from current environmental assessment (EA) glass used for repository acceptance. The PCT-B (7-,

4-, 28- and 56-day, static test with powdered glass) normalized elemental releases were similar to the normalized elemental release values from

CT-A testing, indicating that the LaBS Frit B glass is very durable as measured by the PCT. Normalized plutonium releases were essentially

he same within the analytical uncertainty of the ICP-MS methods used to quantify plutonium in the 0.45 �m-filtered leachates and ultra-filtered
eachates, indicating that colloidal plutonium species do not form under the PCT conditions used in this study.
ublished by Elsevier B.V.
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. Introduction

The Department of Energy Office of Environmental Man-
gement (DOE/EM) plans to conduct the Plutonium Disposition

roject at the Savannah River Site (SRS) to disposition excess
eapons-usable plutonium. Vitrification appears to be a viable
ption for the disposition of the plutonium. An important
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art of the vitrification approach is to reduce the attractive-
ess of the plutonium by fabricating a plutonium glass form
nd immobilizing the Pu form within the high level waste
HLW) glass prepared in the defense waste processing facil-
ty (DWPF). This process is referred to as the ‘can-in-canister’
pproach [1]. This requires that the current Pu Disposition
roject schedule is consistent with DOE/EM plans for immobi-
izing HLW in the DWPF. Therefore, several inputs are needed
o provide confidence that the Pu Disposition Project will

eet the project schedule. Key inputs are near-term data that
ill increase confidence that lanthanide borosilicate (LaBS)

mailto:charles.crawford@srs.gov
dx.doi.org/10.1016/j.jallcom.2007.02.164
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0.2 wt% of the PuO2 material. The only inactive elemental species above 1 wt%
determined from dissolution of the PuO2 were Al, B, Ce and Na at respective
levels of 1.3, 2, 1.1 and 3.2 wt%. The Al, B and Na likely result from acid
corrosion of the glass beaker used to dissolve the PuO2. Based on the full Pu
recovery from the radioanalytical data and lack of any other significant levels

Table 1
LaBS glass compositions used in previous and current testing

Oxide Frit A (mass %) Frit B (mass %)

Al2O3 21.5 21.3
B2O3 11.7 11.6
Gd2O3 8.6 12.8
HfO2 – 6.6
La2O3 12.4 8.1
70 C.L. Crawford et al. / Journal of Alloys

lass product is suitable for disposal in the Federal Reposi-
ory.

The Product Consistency Test (PCT) and short-term immer-
ion tests at various temperatures and pHs were identified as
eans to provide some of the near term LaBS glass performance

ata [2]. This report describes results of the PCT. Immersion tests
n monolithic Pu Frit B LaBS glass specimens are described
lsewhere [3]. The PCT is a static test method in which known
asses of crushed glass and ASTM Type 1 purified water are

eacted for a desired duration [4]. The PCT Method-A test is con-
ucted under specific test conditions: 90 ± 2 ◦C; 7 days ± 2%;
100 to +200 mesh-size glass; ASTM Type 1 water/glass mass

atio of 10.0 ± 0.5 cm3/g. The PCT Method-B allows for varying
he test conditions (temperature, duration, and glass/water mass
atio are commonly varied). Under PCT conditions, components
hat are released from the glass as it dissolves accumulate in
he solution throughout the test and affect the corrosion rate
hrough solution feedback effects. The primary feedback effects
re through the effects of dissolved silica and increased pH.
rthosilicic acid concentration and pH have been found to show

he most profound effects on corrosion rates of alkali borosil-
cate waste glasses, as discussed by Ebert [3]. The extent of
egradation under these tests conditions can be compared with
hat of other waste forms.

The 7-day PCT results are used as a measure of product con-
istency acceptance in the DOE/EM waste acceptance product
pecifications (EM-WAPS) [5]. These specifications were devel-
ped by DOE/EM for the high level waste form Producers as the
asis for their Waste Acceptance programs. The EM-WAPS are
he technical specifications that the waste form Producers are
equired to meet in order to ensure acceptance of their vitrified
LW into the Civilian Radioactive Waste Management System.
he current acceptance criterion is that the PCT-A response must
e less than the response of the environmental assessment (EA)
enchmark glass [6], after normalizing the glass compositions.
ne acceptable method of demonstrating that the acceptance

riteria is met, is to ensure that the mean PCT results for a waste
ype are at least two standard deviations below the mean PCT
esults of the EA glass [5]. The average rate in the PCT-A test,
ased on the amount of boron released over 7 days, is used
o determine the maximum rate calculated by the HLW glass
egradation model in alkaline solutions. The standard 7-day PCT
n demineralized water (PCT-A) was conducted in this task to
emonstrate compliance with the waste acceptance criterion and
etermine the value of the kE rate parameter for comparison with
he defense HLW glass degradation model [2]. Longer-term PCT
esults were needed for static test results that can be used to ver-
fy the applicability of the degradation model. A primary focus
f this effort was in the use of the PCT-B to study the formation
nd stability of colloids and to study alteration phases formed
n the glass surface.

Glass formulation development was previously conducted
t SRNL (formerly the Savannah River Technology Center,

RTC) in support of the Plutonium Immobilization Program
PIP) [7–9]. Two frit compositions were developed for LaBS
lass. Frit A employed only gadolinium as a neutron absorber,
hereas Frit B used both gadolinium and hafnium as neutron

N
S
S
Z
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bsorbers with hafnium replacing zirconium in the frit compo-
ition. Boron is not relied upon as a neutron absorber because it
s released from the waste form faster than plutonium and can
ecome separated from plutonium as the waste form degrades.
oth frits were used to make LaBS glasses for testing; however,

he majority of previous performance testing was conducted with
he Frit A composition. Due to the additional neutron absorbers
resent in the Frit B formulation, this frit became the refer-
nce composition at the culmination of PIP glass testing in
997 [9]. PCT results for the LaBS Frit A compositions have
een previously published [7,10], while only limited, unpub-
ished PCT durability testing was performed on the LaBS Frit B
omposition.

. Experimental

Glass-forming frit was fabricated for testing at SRNL by mixing reagent
rade chemicals in the proportion given in Table 1 for the Frit B formulation
caled to produce a 300 g batch of frit. The previous Frit A formulation is also
hown for comparison. Oxide chemicals were used for all components except
or boron. Boric acid was used to provide the necessary B2O3 content in the
rit. The frit batch was melted at 1500 ◦C in Pt/Rh crucibles. After nominally
h at temperature, the crucible was removed from the furnace at temperature
nd the molten glass poured on a steel plate. The “cullet” pieces were collected
or subsequent grinding. The cullet was ground in an automated agate mill and
ieved to collect the fraction that was −325 mesh (<45 �m). Two batches of
rit B were prepared using this method. After the frit was melted and ground,
amples from both batches were analyzed using Inductively Coupled Plasma-
tomic Emission Spectroscopy (ICP-AES) to verify the composition. The frit

amples were prepared in duplicate using a sodium peroxide/sodium hydroxide
Na2O2/NaOH) fusion with HCl uptake. The peroxide fusion dissolution allows
or the analysis of all elemental concentrations of interest (Al, B, Gd, Hf, La,
d, Si, and Sr). The resulting solutions were analyzed in duplicate using the

CP-AES. Plutonium oxide material was produced at the Savannah River Site
SRS) and was obtained from a standard that was previously used for calorimetry
esting. Before using the PuO2 to fabricate glass, a 0.0256 g sample of the PuO2

as dissolved in a 24.7 mL mixture of 8 M HNO3/0.05 M KF for analyses. The
issolution was performed in a radiochemical glovebox by heating and stirring
he PuO2 in a glass beaker until it became fully dissolved. The resulting PuO2

olution was analyzed by gamma spectroscopy and liquid scintillation counting
o determine the actinide isotopic distribution, and ICP-AES to assess presence
f any inactive, gross elemental impurities. Radioanalytical analyses indicated
ull recovery of the Pu and that the material was primarily Pu-239 with levels
f other Pu isotopes, i.e., Pu-240, consistent with weapons-grade plutonium.
u-241 and its daughter decay product Am-241 were both analyzed to be only
d2O3 12.8 8.2
iO2 29.2 28.9
rO 2.5 2.5
rO2 1.3 –
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f inactive elements found, it was decided to proceed with Pu glass fabrication
sing this well-characterized, pure PuO2 material.

Once the composition of the frit was verified via chemical analysis, the
rit was weighed into the appropriate amount to produce a nominal 100 g of
lass with a 9.5 wt% PuO2 loading. The frit was placed in a plastic bottle for
ntroduction into the SRNL shielded cells facility (SCF), where the appropriate
uantity of PuO2, which had been previously transferred from a glovebox to
he SCF, was weighed and added to the bottle containing the frit via remote
andling. Remote handling of the weapons-grade Pu material for this study
as not required by personnel radiation exposure considerations, which are
iscussed in detail by Meyers et al. [9]. However, glass fabrication and durability
esting were performed in the SRNL SCF in order to utilize the existing high
emperature furnace and PCT oven. The bottle containing frit and PuO2 was
apped and the mixture manually mixed for a few minutes using the rotation
fforded by the manipulator arm. The mixture of frit and PuO2 was placed in
n open Pt/Rh crucible for melting. The Pt/Rh crucible was placed in a high
emperature, resistively heated elevator furnace (CM Furnaces, Inc.) and the
urnace was ramped to the melting temperature of 1500 ◦C using a ramp rate
f 10 ◦C/min. The crucible melt was held at temperature for 4 h and promptly
emoved from the furnace and quenched by placing the crucible in a pan of
ater. Upon cooling, the glass monolith in the bottom of the crucible, which

ppeared homogeneous when visually examined, was manually removed from
he crucible by “hammering” the crucible, resulting in nominally 99% of the
lass recovered from the crucible as various size pieces. A total of four separate
00 g batches of plutonium-loaded glass were fabricated in this manner. In an
ffort to enhance homogenization of the glass, all of the various size pieces
esulting from the four original melt/quenches were remelted a second time in a
arger open Pt/Rh crucible with the same heating schedule and again quenched
n water. This final remelted and quenched batch of Pu Frit B glass, which
lso appeared homogeneous when visually examined in the crucible, was again
ammered out of the larger crucible and the glass pieces were used for all follow-
n analyses and performance testing in this study. This also made it impractical to
istinguish where the piece of glass originated with respect to the crucible melt.
his precluded the ability to quantify the degree of stratification of PuO2 within

he glass melt. Previous analyses by Vienna et al. [11] identified stratification
f PuO2 in plutonium-loaded LaBS glasses fabricated in relatively small static
rucible melts. In that testing, it was noted that co-grinding of the frit and PuO2

nd/or manual stirring of the melt during processing improved the incorporation
f PuO2 into the glass. Neither of those measures were attempted in this work. It
hould be noted that the PCT utilizes ground glass obtained from a bulk sample
o the Pu distribution in the glass pieces used for the PCT would be expected to
e representative of the bulk glass.

Samples of the powdered Pu glass were characterized to provide confidence
hat the glass was of acceptable quality to proceed with leach testing. X-ray
iffraction (XRD) and scanning electron microscopy coupled with energy dis-
ersive spectroscopy (SEM/EDS) were used for this assessment. Specifically,
he analyses were used to examine for the presence of crystalline species and
ther heterogeneities in the glass. The density of the glass was measured in dupli-
ate by a water displacement method using a 50-mL pycnometer with a built
n thermometer. The glass fraction that corresponded to the >100 mesh fraction
rom the PCT glass preparation, was used for the density measurements. The
ycnometer was calibrated with ASTM Type 1 water prior to use. The density
f the glass was necessary to calculate the mass of glass to be used in the PCT to
nsure that the specified surface area was used in the testing. Since the density
f the Pu LaBS glass is nominally 30–40% higher than a typical borosilicate
LW glass, it is necessary to utilize a greater mass of Pu LaBS glass to achieve
comparative glass surface area to HLW glass.

The PCT is an ASTM Standard Test (ASTM 1285-02) for leaching nuclear
aste forms. With regard to glass it is a crushed glass static leach test performed

n sealed vessels at 90 ◦C using ASTM Type 1 water. The ASTM Type 1 water
as prepared using a Barnstead Nanopure InfinityTM ultrapure water system

apable of filtering the water to at least 18 M� cm. Two types of PCTs were
sed to evaluate the durability of the Pu LaBS glass prepared with Frit B. One

as the PCT-A test and the other, PCT-B.

The PCT-A test has a strict protocol and was designed to specifically be used
o evaluate whether the chemical durability and elemental release characteristics
f a nuclear waste glass have been consistently controlled during production.
he test, which is performed in stainless steel vessels (Parr Instruments Corp.)

v
a
I
F
B
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ith 10.0 ± 0.5 mL of ASTM water per gram of glass, includes appropriate
lanks and standards (EA glass and the Approved Reference Material-1 (ARM-
) glass [12]) as prescribed by the ASTM procedure. The PCT-A test was applied
o triplicate samples of the Pu LaBS Frit B glass.

The PCT-B allows the researcher more flexibility. Different PCT-B tests were
pplied to the Pu LaBS glass with all tests conducted at 90 ◦C using ASTM Type
water. PCT-A tests in Teflon® vessels (Savillex Corp.) were used instead of

tainless steel. They were performed to test the effect of vessel material on the
esults. Tests in steel vessels at slightly differently glass to water ratios than the
CT-A test were performed to test the effect of two different ratios of surface
rea to leachant volume (SA/V). PCT-B tests in Teflon® vessels at 90 ◦C at
ignificantly higher SA/V for 7, 14, 28 and 56 days were conducted to investi-
ate effects of higher SA/V. All PCT filtrates in this study were initially filtered
hrough a 0.45 �m syringe filter. For all but one of the PCT tests, the 0.45 �m
ltered leachates were also filtered through microfilters to assess whether col-

oids formed during the leaching a 90 ◦C. This ultrafiltration used high-flow
iomax-PB polyether sulfone membrane filters that are 30,000 nominal molec-
lar weight limit (NMWL). These filters are listed as ‘Ultrafree-CL Centrifugal
ilter Units’ from Millipore Corp. This ultrafiltration requires a centrifuge to
orce the leachate through the filter. The protocol for the PCT-A allows the use
f only a 45 �m filter. Nalgene® 0.45 �m syringe filters (25-mm surfactant-free
ellulose acetate membrane) were used with 20-mL latex-free Luer-LOKTM

yringes in the PCT-A.
Ultrafiltration of the Pu glass leachates for this study used the Millipore

ltrafilters described above in a Thermo IEC Centra CL2 centrifuge unit that
as fit with a #221 rotor. This rotor is a six-place fixed trunniun swinging bucket
esign with nominal 3500 rpm maximum speed capability. The ultrafilters were
re-wetted with ASTM Type 1 water. Pre-wetting involved adding ≈2 g of water
o the filter and centrifuging for 5 min on the maximum RPM setting. This
ypically pre-wetted the filter with <0.03 g of water. The pre-wetted ultrafilters
ere then wetted with some of the Pu glass syringe-filtered leachates from the

nitial 1500 and 2000 m−1 PCTs, followed by another 5 min of centrifuging.
hese ultrafiltered PCT leachates were analyzed by ICP-MS. The objective
f these “filter preconditioning steps” was to minimize potential sorbing of
lutonium on the filter when the actual samples were filtered. The ultrafilters
ere then finally used to ultrafilter the higher ≈20,000 m−1 SA/V PCT leachates

hat had been initially syringe-filtered, and these ultrafiltered leachates were also
nalyzed by ICP-MS.

Table 2 shows a summary of the various PCTs performed on the Pu Frit
LaBS glass. The first three tests are PCT-A conditions. The blank tests per-

ormed with ASTM Type 1 water are also included for comparison. All other
ests are PCT-B including two blank tests performed for the longest duration
f 56 days. All tests were performed remotely in the shielded cells facility of
RNL. A wrench and holder system was used to manually tighten the steel
CT vessels. A mechanical ‘capping station’ supplied by CEM Corp. was used

o tighten the Teflon® vessels. This model #920030 capping station provided
nominal 5–10 ft/lb torque to tighten the Teflon® vessels. The average mass

oss at 90 ◦C from the steel vessels and from the Teflon® vessels was the same
t ≈0.010 g/day. Note that all the tests except for the PCT-B tests at the high
A/V for 28 days and 56 days met the ASTM PCT requirement that leachate
ass loss is <5%. The last column of Table 2 also shows that only about 50% of

he original starting leachant was recovered from the high ≈20,000 m−1 tests.
his was mainly due to the fact that there was very little amount of free liq-
id volume in these high SA/V PCT-B tests. In the PCT-A tests the leachate
as collected at the end of the test by decanting the free liquid from the PCT
essel into a clean specimen bottle by remote handling in the shielded cells
acility. That bottle was then transferred to a radiochemical hood for syringe
ltration. However, in the PCT-B tests at high SA/V, the leachate was decanted
irectly into a syringe that was pre-fit with a filter. The PCT-B tests at high
A/V were thus directly syringe-filtered in the SCF by remote handling. The
CT procedure recommends that Teflon® vessels not be used for PCT-B tests for
adioactive glass waste forms with radiation doses exceeding 1E+05 rad of beta
r gamma radiation [13], due to potential radiolytic degradation of the Teflon®
essel and subsequent release of F and HF into the test solution [14]. Limited
nalysis for F− in these PCT-B tests in Teflon® vessels was attempted using
on-Chromatography Analysis (IC-Anions) to investigate potential release of
− from leaching these mainly alpha-emitting, Pu (predominately Pu-239) Frit
glasses.
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All of the leachates resulting from leaching of the radioactive Pu-glass were
easured for the following elements. Using ICP-AES the leachates were ana-

yzed for B, Si, Sr and Al. Using Inductively Coupled Plasma-Mass Spectroscopy
ICP-MS) the leachates were analyzed for Pu isotopes, La, Nd, Gd, and Hf. The
CP-AES instrument has a nominal instrument detection limit of about 0.01 mg/L
nd a 10% uncertainty in analyses of most elements. The ICP-MS instrument has
nominal instrument detection limit of about 0.01 �g/L and a 20% uncertainty

n analyses. The pH of the leachates was also measured. An Accumet pH meter
as used for the low SA/V PCT leachates along with certified buffer solutions.
mall drops of the higher SA/V PCT leachates were put onto pH indicator paper

o estimate the pH of these leachates due to the limited amount of these leachates.
fter the leach tests were completed and the leachates were removed for analy-

is, the vessels containing the damp powder glass residues were dried overnight
n an oven at 90 ◦C. The dry glass powders were emptied from the vessels and
ome ASTM-1 rinse water was added to the vessels to rid any remaining glass
owders. The rinsed vessels were dried, acid-stripped with 1 vol.% nitric acid
nd the acid rinse solutions analyzed for all glass components.

. Results

The two batches of Frit-B were analyzed for use prior to
lutonium glass fabrication. Samples of the frit were digested
n duplicate and measurements were made using ICP-AES on
he duplicates. All frit elements for both batches of the LaBS
rit batch were found to be within ±10% of the targeted values.
he sum of oxides for the duplicate measurements on the two frit
atches ranged from 97.5 to 99.2 wt% indicating good elemental
ecovery from the analyses.

To conduct the PCT a glass is ground, sieved and washed.
his provides a material with a consistent surface area that is

ree of fines for subsequent leach testing. It also provides a
ignificant amount of material surface area for physical examina-
ion. A portion of the sieved, washed (unleached) Pu LaBS glass
as submitted for XRD and SEM/EDS analyses to evaluate for

he presence of crystallinity or heterogeneities in the glass. The
esults shown in Figs. 1 and 2 indicate that there was some small
raction of crystalline PuO2 in the glass. Fig. 1 XRD analysis
howed the presence of crystalline PuO2 in the ground glass sam-
le. The SEM/EDS analysis of the ground glass confirmed that
pecific grains contain PuO2 crystal inclusions with disk-like
orphologies (Fig. 2(a) and (b) SEM) that are primarily com-

rised of Pu (Fig. 2(c) EDS). Recent pressurized unsaturated
ow (PUF) testing on plutonium-bearing LaBS glass indicated

he potential separation of Pu from Gd during glass dissolution
15]. Post-test analysis of the LaBS glass from a 6-year PUF
est showed a region where Pu had apparently accumulated in a
u-bearing disk-like phase that had become separated from the
d neutron absorber. The disk-like Pu phases identified in that
ork had identical morphology to the phase found in the cur-

ent as-fabricated Pu LaBS Frit B glass observed in this study.
his suggests that the apparent PuO2 separation observed in the
UF test was not due to glass leaching but was a result of glass
abrication.

Visual examination of the PuO2 source material indicated that
t was finely divided and similar to the sized frit used to make the

lass (i.e., −325 mesh (<45 �m)). However, to ensure that the
rystalline PuO2 inclusions observed in the quenched glass were
ot a result of large particle size starting material, SEM analysis
as conducted on a sample of the PuO2. The analysis indicated
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Fig. 1. XRD pattern of Pu LaBS Frit B glass ground, sieved, washed non-leached sample indicating presence of PuO2 crystalline phase.

F non-
( rily P

t
t
o
e

ig. 2. SEM micrographs showing PuO2 crystals in the ground, sieved, washed
c) indicates crystalline PuO2 phases (spot 2 inclusions shown in (b)) are prima
hat the PuO2 was comprised of very fine crystallites (nm-scale)
hat formed larger agglomerates. Fig. 3 shows the SEM images
f the PuO2 source material. Based on this observation, it is
vident that large particle size PuO2 starting material was not

t
t
P
d

Fig. 3. SEM micrographs of PuO2 source material showing the fi
leached Pu LaBS Frit B glass on 100 �m scale (a) and on 1 �m scale (b). EDS
u-containing.
he cause of the crystalline PuO2 in the glass. It was more likely
hat after dissolution of PuO2 in the melt, enriched areas of
uO2 were formed in the melt (via stratification due to density
ifferences), and that the PuO2 precipitated from the enriched

ne crystallite size on (a) 1 �m scale and (b) 0.1 �m scale.
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Table 3
Average concentrations (ppm) of B, Si, Li and Na, and the final pH from the
90 ◦C PCT based on triplicate PCT-A tests and blanks

Sample ID B Si Li Na pHb

Blanks <0.11 <0.54 <0.05 <0.39 6.9
ARM-1a 18.8 65.8 14.6 39.5 10.4
EA glass 628 928 184 1683 12.0
Pu LaBS glass Frit B 0.18 <0.54 NPc NP 7.2

a Control chart ranges for ARM-1 glass [16]: B, 13–23 ppm; Si, 49–73 ppm;
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i, 11–16 ppm; and Na, 29–44 ppm.
b Initial pH of the leach water was also 6.9.
c NP, not present in the glass.

hase, such as the Pu-rich crucible bottom, to form the disk-
ike morphology in the glass. Re-melting of the glass was not
ufficient to homogenize the PuO2 in these enriched areas.

Duplicate samples of >100 mesh ground glass were used to
etermine the density of the Pu glass. The density determined
as 3.57 ± 0.01 g/cm3. The temperature range at which the mea-

urements were made was 28.3–28.8 ◦C, but since the density
ariation with temperature for glass is relatively low, this value
an be considered relatively constant at ambient temperatures.
his density value was used to calculate the mass of glass needed

o ensure that the specified surface area was used in the PCT.
The PCT-A test was performed on Pu Frit B glass and the

verage concentrations in ppm of B, Si, Li and Na, in the final
ltered leachates after the tests are shown in Table 3. Averages of

he final pH values of the leachates are also presented. The con-
entrations were corrected for the acidification dilutions of the
eachates as required by the ASTM procedure. The results for the
lanks indicated that contamination of the leachates from pos-
ible impurities in the water or impurities on the stainless steel
essels was negligible. Per the ASTM procedure, the results for
he standard ARM-1 glass were compared to a control chart
ased on results for previous PCTs on this standard glass. As
hown in Table 3, the results for the ARM-1 glass were between
he lower and upper control limits [16], indicating that the test
onditions were properly controlled. A multi-element solution
tandard containing B, Si, Li, and Na in the concentration range
f 10–80 mg/L was submitted for analysis in parallel with the
eachates. The measured results agreed within 10% or less of
he known values indicating that the ICP-AES analyses were
ufficiently accurate. Since no impurities were determined in
he blanks, and the standard ARM-1 results were within the
ower and upper bounds of historical PCTs, and analysis of

ulti-element standard solutions were within the nominal 10%
ncertainty of the analytical instrumentation, the results of the
CT-A test performed in steel vessels on the radioactive Pu
aBS Frit B glass were considered acceptable. Note that the
nal leachate pH for the Pu Frit B LaBS glass was near neutral
nd lower than the EA and ARM-1 glass leachate pHs. This is
xpected since the LaBS glass contains no alkali, i.e., Na or K,
o cause significant increase in the solution pH.
Normalized mass losses are the best indication of the dura-
ility of a glass in a PCT. Normalization accounts for the
oncentration of an element in the glass. The normalized release
s a measure of the total mass of glass dissolved in a PCT based

o
g
s
t
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n a specific element in the glass. Per the ASTM PCT procedure
4], the normalized concentration is the grams of glass dissolved
er liter of leachate (g/L) based on a specific element calculated
rom the following equation as

Ci = ci(sample)

fi

, (1)

here NCi is normalized concentration for leached glass based
n element i, in grams of glass dissolved per liter of leachate,
i(sample) the concentration of element i in g/L in the leachate,
nd fi the fraction of element i in the unleached glass (unitless).

Using the as-batched target elemental fractions in the LaBS
u Frit B glass, the normalized concentration results were deter-
ined from Eq. (1) above and presented in Table 4. Based

n normalized concentration for B, the leachability of the
u LaBS glass (NC(B) = 0.018 ± 0.001 g/L) is orders of mag-
itude less than that for the reference value for EA glass
NC(B) = 16.7 ± 1.2 g/L), and clearly less than the reference EA
NC(B) − 2(S.D.)), or 14.3 g/L. On this basis it meets the crite-
ion for durability in the EM-WAPS [5]. Table 4 also shows the
urrent data is also comparable with data obtained from previ-
us LaBS Frit B PCT-A testing performed at SRNL on Pu Frit B
lasses that contained either impurities or uranium. Normalized
eleases for B and Sr were nearly equal indicating congruent
issolution based on these two elements. Note that all the other
ormalized concentrations for Pu, La, Nd, Gd and Hf were much
ower than those based on B and Sr. The average NC(Pu) was
.2E−03 g/L, which was only slightly higher than NCi values
or La, Nd, Gd and Hf on the order of 10−4 g/L. Comparison
f the EA normalized concentrations from the PCT-A test per-
ormed in this study with normalized EA concentrations from
he published study [6] indicate that the normalized EA con-
entration data in this study are within the average ± 1 standard
eviation of the published values for B, Na, Li and Si.

Following the PCT-A testing, a sample of leached glass was
btained from the 7-day exposure tests for analysis. The sam-
le was dried overnight in the PCT oven to facilitate handling.

sample of the dried glass was placed on an aluminum stub
or SEM analysis. The SEM results presented in Fig. 4 show
o evidence of alteration phase formation on the glass surface;
owever, the crystalline PuO2 disk-like inclusions were again
vident on some glass grains.

The density of the Pu LaBS glass is greater than a Sodium
orosilicate (NaBS) glass such as a typical DWPF glass. A typ-

cal DWPF glass has a density of nominally 2.58 g/cm3 while
he Pu LaBS glass fabricated from Frit B has a measured density
f 3.57 g/cm3. Consequently in a PCT-A with a ratio of 10 mL
f leachant per gram of glass, there would be less surface area
f glass exposed to the leachant with the higher density glass.
o correct for this, triplicate PCT-B tests, labeled as Pu-4–Pu-6

n Table 2, were performed with Pu LaBS glass where the SA/V
f about 2000 m−1 is comparable to a PCT-A test with a DWPF
lass. Consequently for the PCT with Pu LaBS glass, 7.23 mL

f leachant (10 × (2.58/3.57)) was used per gram of Pu LaBS
lass. These were not PCT-A tests because the ASTM procedure
pecially states that for a PCT-A test the ratio of leachant volume
o mass of glass has to be 10.0 ± 0.5 cm3/g of sample.
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Table 4
Average normalized concentration (g glass/L) PCT-A results for Pu FRIT B and EA glass based on triplicate tests

Element Measured Pu LaBS
(g/L) (S.D., %R.S.D.)

Previous Pu LaBS (g/L)a

(7.4 wt% impurities)
Previous Pu LaBS (g/L)a

(6 wt% UO3)
Measured EA (g/L)
(S.D., %R.S.D.)

Published EA (g/L)
(S.D., %R.S.D.)

B 0.018 (0.001, 7.1) 0.014 0.020 18.0 (0.2, 1) 16.7 (1.2, 7.3)
Na NPb NP NP 12.5 (0.3, 2.3) 13.3 (0.9, 6.8)
Li NP NP NP 9.4 (0.1, 2.0) 9.6 (0.7, 7.7)
Si <0.015 0.013 0.016 4.1 (0.3, 2.3) 3.9 (0.4, 9.6)
Sr 0.016 (0.001, 7.0) 0.017 0.021 NP NP
Pu-239 0.0042 (0.0004, 10) 0.0035 0.0044 NP NP
La 0.00069 (0.00015, 22) 0.0018 0.0012 NP NP
Nd 0.00018 (0.00009, 27) 0.0007 0.0002 NP NP
Gd 0.00080 (0.000030, 38) c c NP NP
Hf 0.00012 (0.000007, 57) c c NP NP
pH 7.20 ± 0.07 Not reported Not reported 12.0 11.9

a Previous unpublished SRNL (formerly SRTC) PCT-A results from 1997 Pu Frit B testing – leachate analysis only, no acid strip.
b NP, not present in the glass.
c Analytes determined to be less than ICP-MS detection limits.
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ig. 4. SEM micrographs of 7-day leached Pu LaBS glass showing crystalline
cale.

In the PCT, the glass is carefully sieved through standard
esh size sieves so that the surface area of the glass is repro-

ucible from test to test. The exposed surface area of the glass
n a PCT has been estimated by assuming that the particles are
pherical and that the distribution of particle sizes is Gaussian
4]. The size of the holes in the 100 and 200 mesh sieves are
.149 mm and 0.074 mm, respectively. Thus the diameter of the
pheres range between these two values with an average value of
.12E−04 m. Based on these assumptions the exposed surface
rea in a PCT with the Pu LaBS glass was calculated using equa-
ions from Ref. [4] to be 0.015 m2/g of sieved glass. Since the
ensity of the Pu LaBS glass was 3.57 g/cm3 this gave a SA/V
or the PCT-A tests of 1500 m−1. Per the ASTM PCT procedure
4], the normalized release in terms of grams of glass leached
er square meter for PCT-A is calculated using the following
quation:

Li = ci(sample)

((fi)(SA/V ))
, (2)

here NLi is normalized release based on element i, in grams
f glass leached per square meter of glass exposed in the PCT,
i(sample) is the concentration of element i in g/L in the leachate,
nd fi is the fraction of element i in the unleached glass (unit-

ess), and SA/V is the surface area of the glass divided by
he leachate volume in units of m2/L. Note that the SA/V for
he Pu LaBS glass of 1500 m−1 expressed in terms of m2/L is
500 m−1 × [(1 m2/L)/1000 m−1] = 1.5 m2/L.

T
r
o
6

but no observable alteration phase formation on (a) 30 �m scale and (b) 2 �m

Normalized release results from Eq. (2) for the PCTs per-
ormed at different SA/V of either 1500 m−1 or 2100 m−1 in
teel vessels are shown in Table 5 along with NLi values for the
A glass. The NLi values for EA glass were calculated from
ublished PCT-A NCi values [6] and the measured EA glass
ensity of 2.7 g/cm3 [17]. Results indicate that for the most part
he normalized releases in both series of SA/V tests on the Pu
rit B glass were the same based on identical elements, and the
nal leachate pHs were nearly the same. The NL(B) values from
ither Pu Frit B SA/V test (0.012–0.013 g/m2) are much less than
L(B) for EA glass of 8.3 ± 0.6 g/m2. Per the EM-WAPS [5],
oth NL(B) values for Pu Frit B glass are clearly less than the
eference EA average (NL(B) − 2(S.D.)), or 7.1 g/m2.

The NLi PCT results for PCT-B tests in Teflon® vessels
or 7 and 14 days at the two different SA/V of 1500 m−1 and
1,000 m−1 are shown in Table 6 along with analyzed F− con-
entrations. The 7-day PCT data are shown in the first two data
ows (Pu-7 and Pu-B-7) and the 14-day PCT data are shown
n the latter two rows (Pu-8 and Pu-14). The 7-day PCT data
t SA/V of 20,700 m−1 was the average of duplicate tests that
ere performed at different times. As was shown in the previ-
us section for comparison of 7-day PCT normalized release
n steel at 1500 m−1 and 2100 m−1, these data presented in

able 6 also indicate that for the most part the normalized
eleases in all four series of tests were very similar. This is
bvious from comparing the NL(B) releases (in the range of
.5E−3 to 1.6E−2 g/m2) and also from comparing the NL(Pu)
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Table 5
Average normalized releases (g glass/m2) in PCT tests at SA/V of 1500 and 2100 m−1 in steel vesselsa

Element Pu Frit B (g/m2) (S.D.,
%R.S.D.) SA/V ≈ 1500 m−1

Pu Frit B (g/m2) (S.D.,
%R.S.D.) SA/V ≈ 2100 m−1

Published EA (g/m2) (S.D.,
%R.S.D.) SA/V = 2000 m−1

B 1.2E−02 (8.5E−04, 7.1) 1.3E−02 (9.1E−04, 7.0) 8.3 (0.6, 7.3)
Na NPb NP 6.7 (0.5, 6.8)
Li NP NP 4.8 (0.4, 7.7)
Si <9.8E−03 <7.0E−03 2.0 (0.2, 9.6)
Sr 1.1E−02 (7.7E−04, 7.0) 1.0E−02 (2.2E−04, 2.2) NP
Pu-239 2.8E−03 (2.8E−04, 10) 2.4E−03 (1.8E−04, 7.5) NP
La 4.6E−04 (9.9E−05, 22) 1.9E−04 (1.1E−04, 60) NP
Nd 1.2E−04 (3.2E−05, 27) 1.0E−04 (4.8E−05, 48) NP
Gd 5.3E−05 (2.0E−05, 38) 5E−05 (8E−06, 16) NP
Hf 8E−06 (2E−06, 57)c 4E−06c NP
pH 7.20 ± 0.07 7.38 ± 0.13 11.9
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a Results are averages of triplicate tests. The tests at SA/V at ≈1500 m−1 wer
b NP, not present in the glass.
c Concentrations in the leachates were so low that only one significant figure

eleases (in the range of 1.2E−3 to 3.7E−3 g/m2). Fluoride anal-
sis of these leachates indicates that less than 0.7 mg/L F− was
resent in the 7- to 14-day PCTs at 1500 m−1. This F− con-
entration is similar to the PCT procedure suggested upper F−
oncentration limit of 0.5 mg/L for cleaning of new or used
eflon® vessels [4]. The measured upper limit F− concentra-

ion is higher than the IC-Anion instrument detection limit of
.2 mg/L due to the ≈3.4× dilution factor used in preparing
he filtered leachates for analysis. Similar fluoride analysis on
he higher SA/V, 21,000 m−1 PCT leachates indicated less than
etectable F− levels of <5 mg/L. The higher values for the F−
pper limits in these higher SA/V tests are due to the limited
olume of leachate available for analysis as discussed below for
he long-term, higher SA/V PCTs in Teflon®. These leachates
equired dilution factors of 20× or higher.

Comparisons can also be made between the normalized
elease of the PCT-A results performed in triplicate steel vessels
Pu-1–Pu-3) at a water to glass ratio of 10× and the single sim-
lar PCT that was performed in a Teflon® vessel (Pu-7). Table 7
hows these normalized filtered leachate data to be very simi-
ar indicating that the vessel material has insignificant influence
n the filtered leachate concentrations over the 7-day test. The
ormalized B and Sr values were essentially the same in the
riplicate steel versus the single Teflon® vessel.

Table 8shows normalized releases for all of the PCTs at SA/V

atios near 21,000 m−1. No PCT blanks were performed for
he 7–28-day tests, and two blanks were included for the 56-
ay duration. Fluoride anion analysis was performed on highly
iluted filtered leachates from these tests and these results are

o
fi
s
w

able 6
verage normalized releases (g glass/m2) in PCT-B tests at SA/V of 1500 and 21,000

ample ID SA/V (m−1) B (g/m2) Si (g/m2) Sr (g/m2) La (g/m2

u-7 1,502 1.6E−02 <9.8E−03 1.0E−02 2.2E−03
u-B-7b 20,700 6.7E−03 4.4E−03 8.8E−03 2.1E−04
u-8 1,508 6.5E−03 1.0E−02 8.7E−03 5.4E−06
u-B-14 20,818 7.2E−03 <4.4E−03 8.5E−03 7.9E−05

a Fluoride anion analysis from filtered leachates, see text.
b Average of Pu-B-7 and Pu-B-7-rep.
-A tests whose results are presented in Table 4 on a normalized g/L basis.

resented in the ICP-MS results.

lso shown in the last column of Table 8. Normalized releases
or boron, silicon, strontium increase as the leach time increased
hrough 56 days. Normalized release values can be expressed as
ormalized rates, NRi, by dividing by the leach time duration [4].
n comparing these data to monolithic immersion tests on Pu Frit

glasses, Ebert has noted that the PCT normalized release for
and Si increase nearly linearly between 7 and 56 days with a

orresponding normalized rate NR(B) ≈ 2.8E−4 g/(m2 day) and
or NR(Si) ≈ 1.4E−4 g/(m2 day) [3]. These normalized rates
rom 7 to 56 days are slightly lower than the respective 7-
ay normalized rates for B, Si or Sr for the ≈21,000 m−1 tests
rom Table 8 (NRi in the range of 6E−4 to 1.3E−3 g/(m2 day))
r from the 1500–2000 m−1 tests from Table 5 (NRi in the
ange of 1.2E−3 to 1.7E−3 g/(m2 day)). Normalized releases
or B, Si and Sr were nearly congruent and also higher than
or the other elements in the glass (La, Nd, Gd, Hf and Pu).
his indicates that the degradation rate of the glass matrix as
etermined by the release of B, Si and Sr, generally bound the
elease of La, Nd, Gd, Hf and Pu. For any given test duration
hown in Table 8, the NL(Pu) values on the order of 10−3 g/m2

re slightly higher than those for NL(La), NL(Nd), NL(Gd)
n the order of 10−5 to 10−4 g/m2, and higher than NL(Hf)
n the order of 10−6 to 10−5 g/m2. Relatively similar disso-
ution behavior of the neutron absorbers Gd and Hf and the
ssile Pu is important with respect to whether the contents

f a degraded waste package will ever reach a critical con-
guration [9]. Blank-corrected data for the 56-day PCT are
imilar to uncorrected data for most elements except for Si,
hich showed relatively high Si levels in the dilution-corrected

m−1 in Teflon® vessels

) Nd (g/m2) Gd (g/m2) Hf (g/m2) Pu (g/m2) F−a (mg/L)

6.9E−04 4.2E−04 <2.6E−06 3.7E−03 <0.7
8.8E−05 6.4E−05 <7.3E−06 1.2E−03 <4

<4.2E−06 <4.2E−05 <2.6E−06 2.6E−03 <0.7
8.9E−05 3.7E−05 1.3E−05 1.2E−03 <5
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Table 7
Average normalized releases (g glass/m2) in PCT-A tests at SA/V of 1500 in steel (Pu-1–Pu-3) and Teflon® (Pu-7) vessels

Sample ID SA/V (m−1) B (g/m2) Si (g/m2) Sr (g/m2) Al (g/m2) La (g/m2) Nd (g/m2) Gd (g/m2) Hf (g/m2) Pu (g/m2)

Pu-1–Pu-3 1500 1.2E−02 <9.8E−03 1.1E−02 <1.0E−03 4.7E−04 1.2E−04 6.3E−05 6.2E−06 3.0E−03
Pu-1–Pu-3 S.D. 1500 8.5E−04 NA 7.7E−04 NA 9.9E−05 3.3E−05 1.7E−05 5.3E−06 2.9E−04
Pu-7 1502 1.6E−02 <9.8E−03 1.0E−02 <1.0E−03 2.2E−03 6.9E−04 4.2E−04 <2.6E−06 3.7E−03

Table 8
Average normalized releases (g glass/m2) in PCT tests at SA/V of 21,000 m−1 in Teflon® vessels from 7 to 56 days

Sample ID SA/V (m−1) B (g/m2) Si (g/m2) Sr (g/m2) La (g/m2) Nd (g/m2) Gd (g/m2) Hf (g/m2) Pu (g/m2) F−b (mg/L)

Pu-B-7a 20,700 6.7E−03 4.4E−03 8.8E−03 2.1E−04 8.8E−05 6.4E−05 <7.3E−06 1.2E−03 <4
Pu-B-14 20,818 7.2E−03 <4.4E−03 8.5E−03 7.9E−05 8.9E−05 3.7E−05 1.3E−05 1.2E−03 <5
Pu-B-28 20,590 1.2E−02 6.3E−03 1.0E−01 2.9E−05 1.6E−05 2.4E−05 7.9E−06 1.0E−03 <6
Pu-B-56 20,695 2.0E−02 1.1E−02 1.3E−02 3.1E−05 5.2E−05 3.4E−05 5.9E−06 2.1E−03 d

Pu-B-56c 20,695 1.5E−02 3.1E−03 1.3E−02 7.3E−06 2.6E−05 2.1E−05 5.9E−06 2.0E−03 d

a Average of Pu-B-7 and Pu-B-7-rep.
b Fluoride anion analysis from filtered leachates, see text.
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c Blank-corrected Pu-B-56 NLi values.
d Insufficient sample, see text.

lanks (7.7–11.1 mg/L) versus the Pu Frit B dilution-corrected
eachate of 26.7 mg/L. Future long-term Pu LaBS glass PCTs
ill include blanks for each individual time duration and contain

ufficient volume in order to minimize dilution before analy-
is.

Leachate volume limitations from these high SA/V tests pre-
ented pH measurement with a pH meter. However, droplets of
he leachates were contacted with pH indicator paper and all
f the leachates were determined to be near neutral pH, sim-
lar to the low SA/V 7-day PCT result leachate pHs. Fluoride
nalysis indicates less than 4–6 mg/L values in the 7-, 14- and 28-
ay leachates. For the 56-day leachate and 56-day blanks, there
as insufficient sample available for F− analysis after ICP-AES

nd ICP-MS analyses. Previous leach testing of fully radioac-
ive HLW monolithic glass specimens in Tuff ground water in
eflon® vessels has shown higher glass dissolution after about
8 days in Teflon® vessels versus similar tests in stainless steel
essels [14]. As indicated above, the NL(B) values shown in
able 8 appear to increase linearly from 7 to 56 days, i.e., there

s no observed acceleration of glass dissolution through the 56
ays. Since boron is soluble in the leachates it is a good measure
f overall glass dissolution. On this basis it does not appear
hat any enhanced leaching of the Pu Frit B glass occurred.
uture long-term Pu LaBS glass PCTs are planned to be per-
ormed in steel vessels to mitigate any concerns associated with
otential F− contamination of leachates and enhanced leach-
ng from performing PCTs on radioactive glasses in Teflon®

essels.
Table 9compares the normalized releases for the filtered

ersus the ultrafiltered leachates from the PCT-A and PCT-
tests. The ultrafiltered leachates were only analyzed by

CP-MS due to volume limitations on the amount of ultra-

ltered product. Comparison of the plutonium normalized
eleases showed that ultrafiltering did not have a significant
nfluence on the amount of plutonium present in the filtered
roducts. The last column of Table 9 showed that filtered

v
r
l
±

ig. 5. SEM micrographs of 28-day leached Pu LaBS glass showing crystalline
uO2 inclusions and no observable alteration phase formation.

nd ultrafiltered leachates had nearly the same normalized
elease values. Comparison of the PCT-A normalized Pu release
or filtered versus ultrafiltered (Pu-1–Pu-3 data) showed that
he average normalized release for Pu is the same for fil-
ered and ultrafiltered to within two standard deviations. The
ormalized release rates for filtered and unfiltered samples
alculated from the PCT-B data at SA/V of 2100 m−1 (Pu-
–Pu-6 data) were within one standard deviation. The 7- and
4-day PCT-B normalized Pu release filtered and ultrafiltered
ata at SA/V of ≈21,000 m−1 were nearly identical. Ultra-
ltration normalized release for the 7- and 14-day PCT-B at
A/V of 1500 m−1, as well as the ultrafiltration normalized
elease for the 28- and 56-day PCT-B did show slightly lower

alues when compared to the analogous filtered normalized
eleases. However, these differences were likely within the ana-
ytical uncertainty of the ICP-MS analyses that are reported at

20%.
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Table 9
Average normalized releases (g glass/m2) in PCT-A and PCT-B tests comparing filtered vs. ultrafiltered

Sample ID SA/V (m−1) La (g/m2) Nd (g/m2) Gd (g/m2) Hf (g/m2) Pu (g/m2) % Diff. filtered vs. ultrafiltered (Pu)c

Pu-1–Pu-3 1,500 4.7E−04 1.2E−04 6.3E−05 6.2E−06 3.0E−03 11
Pu-1–Pu-3 S.D. 1,500 9.9E−05 3.3E−05 1.7E−05 5.3E−06 2.9E−04
Pu-1–Pu-2 UFa 1,500 1.6E−05 <9.7E−05 <3.5E−04 <4.5E−05 2.6E−03
Pu-1–Pu-2 UF S.D.a 1,500 8.0E−06 5.4E−08 2.0E−07 2.5E−08 2.0E−04

Pu-4–Pu-6 2,100 1.9E−04 4.8E−05 3.1E−05 2.8E−06 2.5E−03 6
Pu-4–Pu-6 S.D. 2,100 1.1E−04 2.3E−05 6.2E−06 1.1E−06 1.8E−04
Pu-4–Pu-6 UF 2,100 3.3E−04 3.0E−04 2.9E−04 2.0E−04 2.4E−03
Pu-4–Pu-6 UF S.D. 2,100 2.9E−04 2.3E−04 8.2E−05 1.6E−04 2.3E−04

Pu-7 (F) 1,502 2.2E−03 6.9E−04 4.2E−04 <2.6E−06 3.7E−03 6
Pu-7 (UF) 1,502 1.0E−03 2.6E−04 1.5E−04 <3.9E−05 3.4E−03

Pu-8 (F) 1,508 5.4E−06 <4.2E−06 <4.2E−05 <2.6E−06 2.6E−03 10
Pu-8 UF 1,508 3.2E−05 <9.5E−05 <3.5E−04 <3.9E−05 2.4E−03

Pu-B-7 (F)b 20,700 2.1E−04 8.8E−05 6.4E−05 <7.3E−06 1.2E−03 0
Pu-B-7 (UF)b 20,700 1.9E−04 6.8E−05 4.5E−05 <8.4E−06 1.2E−03

Pu-B-14 (F) 20,818 7.9E−05 8.9E−05 3.7E−05 1.3E−05 1.2E−03 −4
Pu-B-14 (UF) 20,818 2.2E−05 1.4E−05 5.0E−06 6.9E−06 1.3E−03

Pu-B-28 (F) 20,590 2.9E−05 1.6E−05 2.4E−05 7.9E−06 1.0E−03 16
Pu-B-28 (UF) 20,590 2.1E−05 1.2E−05 3.8E−05 6.9E−06 8.8E−04

Pu-B-56 (F) 20,695 3.1E−05 5.2E−05 3.4E−05 5.9E−06 2.1E−03 8
Pu-B-56 (UF) 20,695 1.4E−04 1.1E−04 6.5E−05 6.4E−05 1.9E−03

a Pu-3 was not ultrafiltered.

o
T
e
h
s
p
(
s
w
t
c
i
g
0
t
F

I
T
H
i
c
a
a
v
a
t
i

F
P

t
b
c
a
g
a
p

b Average of Pu-B-7 and Pu-B-7-rep.
c ((Filt. − UF)/Filt.) × 100.

Following the PCT-B testing, samples of leached glass were
btained from the 28- and 56-day exposure tests for analysis.
he SEM results presented in Figs. 5 and 6 again showed no
vidence of alteration phase formation on the glass surface;
owever, crystalline PuO2 disk-like inclusions were evident on
ome glass grains. Thus the SA/V = 21,000 m−1 leached glass
owder surfaces at 28 and 56 days were similar to unleached
Fig. 2) glass powder surfaces and 7-day, 1500 m−1 leached
urfaces (Fig. 4). Using Eq. (39) from Ebert [3], the depth to
hich the glass dissolved in these tests can be estimated from

he normalized release of Si and the Pu Frit B glass density. Cal-
ulations indicate that for normalized Si release in these tests,
n the range of 0.006–0.011 g/m2, and a measured Pu Frit B
lass density of 3.57 g/m3, estimated dissolution depths of only
.0017–0.003 �m are expected. These depths are much less than
he SEM micrograph scales shown in Fig. 4 (2–30 �m) and
igs. 5 and 6 (100 �m).

All data presented in Tables 3–9 pertain to leachate data only.
n addition to filtered leachate analyses, all of the PCT steel and
eflon® vessels were acid-stripped in this study with 1 vol.%
NO3 to analyze for potential leached species sorbed onto the

nner surface of the leach vessels. For instance, certain radionu-
lides and redox sensitive species are attracted to steel [4]. The
cid strip solutions were analyzed by ICP-AES and ICP-MS
nalyses. Enrichment of plutonium from the acid strip solutions

ersus any of the other glass elements was not observed. In fact,
ll of the acid strip solutions showed detectable amounts of all
he elements in the glass. This observation along with the vary-
ng concentrations found in the acid strip solutions, indicates that

s
g
g
h

ig. 6. SEM micrographs of 56-day leached Pu LaBS glass showing crystalline
uO2 inclusions and no observable alteration phase formation.

race levels of glass could have been present in the PCT vessels
efore acid stripping. This indicates that the vessels were not
ompletely rid of leached powdered glass after the leach test
nd before the acid strip. Converting the analyzed amount of the
lass elementals in the acid strip solutions to calculated glass
mounts shows that indeed microgram quantities of glass were
resent in the combined strip solutions from the three succes-
ive acid strips of the vessels. Calculations for the Pu Frit B

lass indicate that a single particle of >200 mesh to <100 mesh
lass with density 3.57 g/m3 and volume of 7.25E−13 m3 [4],
as average weight of 2.5 �g.
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. Conclusions and further testing

Plutonium-containing LaBS Frit B composition glass was
abricated, analyzed and leach tested in this task. Several con-
lusions can be drawn from the testing. A small amount of
rystalline PuO2 was present in the glass after static, crucible
elt fabrication and quench-cooling. The crystalline particles

ad a disk-like morphology and likely formed after initial dis-
olution in the melt via stratification due to density differences,
esulting in an enriched Pu phase that precipitated crystalline
uO2. PCT-A results on the Pu-containing LaBS Frit B glass
howed that the glass was very durable and was better than two
rders of magnitude more durable from a boron release stand-
oint than the current environmental assessment (EA) glass used
or repository acceptance. The normalized elemental release val-
es for the 7-day PCT-B tests in either steel or Teflon® vessels
ere comparable with the PCT-A results in steel vessels, again

ndicating the relative good durability exhibited by this glass. In
he long-term, 21,000 m−1 SA/V PCTs, normalized release rates
or 7-day tests were higher than normalized release rates calcu-
ated from 7 to 56 days. Less than detectable concentrations of
− through 28 days and an observed linear increase in NL(B)
rom 7 to 56 days suggest that there was no enhanced leaching
f these Pu Frit B glasses in Teflon® vessels. All PCT results
howed normalized release of B, Si and Sr to be nearly con-
ruent, and higher than Pu and the neutron absorber Gd and Hf
lements. Comparison of the initial syringe-filtered leachates to
he ultrafiltered leachates indicated that normalized plutonium
eleases were essentially the same within the analytical uncer-
ainty of the ICP-MS methods used to quantify plutonium in
he leachates. These results indicated that colloidal plutonium
pecies did not form under the PCT conditions used in this study.
uture PCT-B testing should be conducted for longer durations
n the Frit B composition and other candidate compositions
e.g., a Pu-Frit X glass that has been identified in other recent
u glass formulation testing [18] at SRNL) to provide additional

nsight into colloid and alteration phase formation. Additional
-day PCT studies in stainless steel vessels have recently been
ompleted on Pu Frit X glass that was either quench-cooled or
eat-treated. These results will be reported in a future report. The
CT results reported in this study, along with parallel testing of

he Pu Frit B glass at Argonne National Laboratory (ANL) using
u Frit B glass supplied by SRNL in monolith immersion testing
nd vapor hydration testing [3], can be utilized in the repository
erformance assessment [2].

cknowledgements

This document was prepared in conjunction with work
ccomplished under Contract No. DE-AC09-96SR18500 with
he U.S. Department of Energy. The authors wish to acknowl-
dge many colleagues who contributed to the completion of this

ffort. I.A. Reamer and R.J. Workman prepared the frit needed
o prepare the plutonium glass and D.R. Best and P.A. Toole
erformed the surrogate glass chemical analyses in the SRNL
rocess Science Analytical Laboratory. T.S. Rudisill provided

[
[

Compounds 444–445 (2007) 569–579 579

he PuO2 to make the plutonium glass and directed the analy-
es and interpretation of the results on the PuO2 material. R.H.
alloway prepared the plutonium glasses and P.U. Burkhalter
erformed the glass density and PCTs on the Pu glasses in the
hielded cells facility. S.T. Vissage, D.M. Marsh, I.A. Reamer,
nd J.G. Wheeler performed the leachate filtrations and pre-
ared the leachate solutions for analyses. M.E. Summer and
.R. Durden, Jr. performed the SEM analyses and A.R. Jur-
ensen and D.M. Missimer performed the XRD analyses. J.C.
art was responsible for the radioactive ICP-AES analyses and
.C. Johnson, Jr. directed the ICP-MS analyses. D.P. Diprete
erformed the liquid scintillation and gamma counting analy-
es. The authors would also like to thank W.L. Ebert of Argonne
ational Laboratory and D.M. Strachan of Pacific Northwest
ational Laboratory for technical advice and fruitful discussions

egarding this work.

eferences

[1] M.K. Andrews, D.T. Herman, WSRC-TR-96-0223, Rev. 0, Westinghouse
Savannah River Company, Aiken, SC, 1996.

[2] J.C. Marra, W.L. Ebert, WSRC-TR-2003-00530, Rev. 0, Westinghouse
Savannah River Company, Aiken, SC, 2003.

[3] W.L. Ebert, ANL-06/35, Argonne National Laboratory, Argonne, IL,
2006.

[4] American Society for Testing and Materials (ASTM), ASTM C1285-02,
West Conshohocken, PA, 2002.

[5] Waste Acceptance Product Specifications for Vitrified High-Level Waste
Forms, U.S. Department of Energy, Office of Environmental Management,
USDOE Document EM-0093, Rev. 2, Washington, DC, 1996.

[6] C.M. Jantzen, N.E. Bibler, D.C. Beam, C.L. Crawford, M.A. Pick-
ett, WSRC-TR-92-346, Rev. 1, Westinghouse Savannah River Company,
Aiken, SC, 1993.

[7] N.E. Bibler, W.G. Ramsey, T.F. Meaker, J.M. S Pareizs, Proceedings of the
Mat. Res. Soc. Symp., 412, Materials Research Society, Pittsburgh, PA,
1995.

[8] T.F. Meaker, W.G. Ramsey, J.M. Pareizs, D.G. Karraker, Environmental
and Waste Management Issues in the Ceramic and Nuclear Industries II,
Ceramic Transactions, vol. 72, American Ceramic Society, Westerville,
OH, 1996.

[9] B.R. Meyers, G.A. Armantrout, C.M. Jantzen, A. Jostsons, J.M. McKibben,
H.F. Shaw, D.M. Strachan, J.D. Vienna, UCRL-ID-129315 (1998).

10] C.J. Mertz, A.J. Bakel, J.K. Bates, D.B. Chamberlain, J.A. Fortner, J.M.
Hanchar, S.F. Wolf, Environmental and Waste Management Issues in the
Ceramic and Nuclear Industries VI, Ceramic Transactions, vol. 87, Amer-
ican Ceramic Society, Westerville, OH, 1998.

11] J.D. Vienna, D.L. Alexander, H. Li, M.J. Schweiger, D.K. Peeler, T.F.
Meaker, PNNL-11346, UC-510, Pacific Northwest National Laboratory,
Richland, WA, 1996.

12] G.B. Mellinger, J.L. Daniel, PNL-4955-2, Pacific Northwest Laboratory,
1984.

13] D.M. Strachan, J. Am. Chem. Soc. 66 (9) (1983), C-159–C-160.
14] N.E. Bibler, et al., Nuclear Waste Management, II, in: D.E. Clark (Ed.),

Advances in Ceramics, vol. 20, American Ceramic Society, Westerville,
OH, 1986, pp. 619–626.

15] E.M. Pierce, B.P. McGrail, P.F. Martin, J.C. Marra, B.W. Arey, K.N. Geis-
zler, Appl. Geochem. (2007), doi:10.1016/j.apgeochem.2007.03.056.

16] C.M. Jantzen, M.A. Pickett, K.G. Brown, T.B. Edwards, D.C. Beam,
River Company, Aiken, SC, 1995, G9–G11.
17] W.L. Ebert, ANL-98/27, Argonne National Laboratory, Argonne, IL,1998.
18] J.C. Marra, D.K. Peeler, C.M. Jantzen, WSRC-TR-2006-00031, Washing-

ton Savannah River Company, Aiken, SC, 2006.

http://dx.doi.org/10.1016/j.apgeochem.2007.03.056

	Glass fabrication and product consistency testing of lanthanide borosilicate glass for plutonium disposition
	Introduction
	Experimental
	Results
	Conclusions and further testing
	Acknowledgements
	References


