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To predict the long-term fate of low- and high-level
waste forms in the subsurface over geologic timescales,
it is important to understand how the formation of an
alteration phase or phases will affect radionuclide re-
lease from the corroding waste forms under repository-
relevant conditions. To generate data to conduct
performance assessment calculations for the low-activity
waste (L AW) integrated disposal facility at the Hanford
Site in southeastern Washington state, accelerated weath-
ering experiments are being conducted with the pressur-
ized unsaturated flow (PUF) test method to evaluate the
long-term release of radionuclides from immobilized LAW
(IL AW) glasses. The radionuclide release rate is a key
parameter affecting the overall performance of the L AW
disposal facility.

Currently, there are three other accelerated weath-
ering test methods being used to evaluate the long-term
durability of glasses: product consistency test, vapor hy-
dration test, and unsaturated drip test. In contrast to
these test methods, PUF tests mimic the hydraulically
unsaturated open-flow and transport conditions ex-
pected in the near-field vadose zone environment, allow
the corroding waste form to achieve its final reaction

state, and accelerate the hydrolysis and aging processes
by as much as 50 times over conventional static tests run
at the same temperature.

In this paper, we discuss the results of an accelerated
weathering experiment conducted with the PUF appara-
tus to evaluate the corrosion rate of an IL AW glass,
L AWAN102, made with actual Hanford waste taken from
Tank 241-AN-102 (U). Results from this PUF test with
L AWAN102 glass showed that after 1.5 yr of testing, the
corrosion rate, based on B release, reached a steady-
state release of 0.010 6 0.003 g m�2 day�1, which is
approximately eight times lower than other glasses pre-
viously tested. These results indicate that 99Tc is being
released from the glass congruently, whereas U is being
controlled by the formation of a solubility-limiting phase
or phases. These results also highlight the importance of
being able to predict, with some level of certainty, the
alteration phase or phases that will form and how the
formation of these phases may impact the release, reten-
tion, and transport of radionuclides from the glass under
the hydraulically unsaturated open flow and transport
conditions that are expected in the L AW integrated dis-
posal facility.

I. INTRODUCTION

The facilities located on the Hanford Site in south-
eastern Washington state have been used extensively by

the United States to produce nuclear materials for the
U.S. strategic defense arsenal. Currently, the Hanford
Site is under the stewardship of the U.S. Department of
Energy ~DOE!.Alarge inventory of radioactive and mixed
waste, resulting from the production of nuclear materi-
als, has accumulated in 177 underground single- and*E-mail: Eric.Pierce@pnl.gov
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double-shell tanks located in the central plateau of the
Hanford Site in southeastern Washington state.1 The DOE
is proceeding with plans to permanently dispose of the
liquid and solid wastes contained in the tanks. Wastes
will first be retrieved from the tanks, the sludges ~insol-
uble material! washed, and the liquids processed to
generate a high-level waste ~HLW! fraction and a low-
activity waste ~LAW! fraction. The HLW fraction will
contain the bulk of the radionuclides, in particular the
actinides. The low-activity fraction will contain predom-
inately inactive sodium from the sodium salts and 99Tc as
the major radionuclide. Both waste streams will be con-
verted to glass for disposal with the high-level fraction
destined for the proposed geologic repository at Yucca
Mountain and the low-activity fraction destined to stay
on the Hanford Site in the Integrated Disposal Facility2

~IDF!.
In the work reported here, we have been testing glasses

that are a part of the LAW disposal effort. To formulate
the immobilized low-activity waste ~ILAW! glasses, a
waste retrieval schedule has been developed at Bechtel
Hanford Company, a Hanford contractor for the DOE.
The formulation for ILAW glasses was originally di-
vided into three classifications or compositional enve-
lopes: envelopes A, B, and C ~Ref. 3!. The current waste
retrieval schedule results in waste batches that will be
used to formulate batches of glass at the waste treatment
plant ~WTP! as an alternative to the compositional en-
velope production process. Each glass batch produced by
the WTP must have certain properties that fit within a
processing and performance envelope.4

Before the ILAW can be placed into a near surface of
the disposal system on the Hanford Site ~i.e., IDF!, the
DOE must approve a performance assessment, which is
a document that describes the long-term impact of the
disposal facility on public health and environmental re-
sources.5 A critical component of the performance as-
sessment will be to provide quantitative estimates of
radionuclide release rates from the engineered portion of
the disposal facility ~source term!. These data will be
used for reactive transport modeling simulations of the
IDF for ILAW using the Subsurface Transport Over Re-
active Multiphases ~STORM! code.6 A key parameter in
providing quantitative estimates of radionuclide release
is information on the long-term corrosion rate of the glass
waste form under repository-relevant conditions. To ob-
tain this information requires an extensive set of labora-
tory tests that are used to evaluate different aspects of the
glass-water interaction, as described in a strategic plan
by McGrail et al.5,7,8 For a detailed discussion of the
overall testing strategy used for the IDF performance
assessment, consult McGrail et al.5,7,8

The pressurized unsaturated flow ~PUF! test method
is one of the laboratory test methods used to evaluate the
long-term durability of ILAW glasses. This method has
several advantages over other accelerated test methods
including the unsaturated drip test9 ~UDT!, the vapor

hydration test10 ~VHT!, and the product consistency
test11,12 ~PCT!, which are briefly discussed below. The
PUF test method provides information on the ~a! alter-
ation phase or phases that form as a result of accelerated
weathering; ~b! evolution in the solution chemistry that
occurs as a result of the glass-water interaction, which
allows for model validation and direct determination of
the corrosion rate; and ~c! glass-water reaction under
hydraulically unsaturated conditions similar to those ex-
pected in a disposal-system environment. The informa-
tion obtained from conducting PUF tests is a critical
component for quantifying the long-term durability of
and radionuclide release from glass or any other waste
form after disposal. The pros and cons of the other test
methods being used are discussed next.

The long-term corrosion of nuclear waste glass, HLW
and LAW glass, has been studied for more than two
decades.10,12–22 Although these results are useful, the test
methods used limit their applicability for model vali-
dation. The majority of the available results on the ac-
celerated weathering of these waste forms have been
produced with static test methods, such as the UDT
~Ref. 9!, VHT ~Ref. 10!, and PCT ~Refs. 11 and 12!.

As part of the UDT, water is allowed to drip inter-
mittently onto a glass sample and collect in the bottom of
a vessel. This test provides a large amount of information
on the alteration phase or phases that form as well as any
changes in solution chemistry that occur as a result of
glass-water interaction. Although critical information is
obtained, little is known about the solution-to-volume
ratio ~S0V!, which is likely to vary during the test. Re-
sults from Ebert and Bates17 have shown that during the
early stages of testing changes to the S0V will have a
profound effect on the reaction path taken during the
glass-water reaction. These changes in the S0V represent
an unconstrained variable that makes data interpretation
difficult.

The VHT is another unsaturated test method. A spec-
imen is suspended in a container with a specified volume
of water required to obtain the target water vapor satu-
ration in the test vessel. Similar to the UDT, this test
method provides critical information on the secondary-
phase paragenesis, but it also has significant drawbacks.
First, the glass corrosion rate cannot be directly mea-
sured, because no information is obtained on the solution
chemistry. Therefore, the rate is subjectively measured
by determining the alteration layer thickness or the amount
of unreacted glass remaining.23 Second, the amount of
condensed liquid on the sample is not directly quantifi-
able, probably changes over time, and may depend on
physical or chemical properties of the test material.

Contrary to the VHT and the UDT, the PCT is a
water-saturated static test. The reaction products are al-
lowed to accumulate in the aqueous phase, thus altering
the solution chemistry in contact with the glass. Al-
though information on the solution chemistry is ob-
tained, the changes to the solution chemistry measured in
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this closed-system test may not be representative of the
solution chemistry that is expected in an open-system
repository. For example, PUF test results with LD6-5412
and LAWA33 glasses suggest that in the PUF test the
aging processes are accelerated by as much as 50 times in
comparison to the PCT method run at the same temper-
ature.24 This observed acceleration in the aging process
is probably the result of the differences in the glass-water
reaction rate, the solution chemistry, and the rate of al-
teration phase formation in the PUF test in comparison to
the PCT.

More important, the closed-system test conditions
under which the UDT, the VHT, and the PCT are con-
ducted are quite different from the open system ex-
pected in a subsurface burial facility, such as the IDF.
In contrast to the PUF, these test methods do not allow
for mass transport processes to occur, such as the trans-
port of water and atmospheric gases. The integration of
dynamic flow and transport processes, as well as allow-
ing the corroding glass ~or another waste form! to achieve
its final reaction state, makes the PUF test method an
ideal method for evaluating the long-term corrosion of
glass under conditions more relevant to a repository.
Although the PUF system has been used in accelerated
weathering tests on several waste forms, the focus of
this discussion will be on results obtained from a 1.5-yr
accelerated weathering experiment on an LAW glass,
LAWAN102, made with actual Hanford waste taken from
Tank 241-AN-102 ~U!.

II. EXPERIMENTAL MATERIALS AND METHODS

II.A. Material Preparation

Glass LAWAN102 was prepared by mixing;16 � of
the pretreated low-activity fraction of the supernate, from
Hanford Tank 241-AN-102 ~U!, with measured amounts
of dried reagent-grade glass-forming chemicals in a
600-mLplatinum-gold crucible.25 All glass-forming chem-
icals were specified by Vitreous State Laboratory ~VSL!
and were based on the composition of VSL LAWC21
glass.3 The pretreatment process removes 90Sr and trans-
uranics ~TRUs! from the supernate by Sr-TRU precipi-
tation26 and the majority of the 137Cs and 99Tc by ion
exchange from the supernate.27 For additional details on
the fabrication of LAWAN102 glass, consult Crawford
et al.25 and the references contained therein. The final
composition of LAWAN102 glass is given in Table I
along with a similar glass, LAWC22. Glass LAWC22 is
a prototypic ILAW glass that was made with nonradio-
active simulants and based on a glass formulation to treat
LAW from Tank-241-AN-107 ~Ref. 3!.

Samples of LAWAN102 glass were crushed in a ce-
ramic ball mill and sieved into the desired size fraction,
250 to 170 mm, with American Society for Testing and

Materials standard sieves.28 After being sized, each sam-
ple was washed in deionized water ~DIW!, sonicated in
DIW, and rinsed in ethanol to remove any fine-grain
adherence. After being rinsed with ethanol, the sample
was dried in a 908C oven. Scanning electron microscope
~SEM! and transmission electron microscope ~TEM! im-
ages of the unreacted glass are provided in Fig. 1 and
suggest that although the glass is homogenous and not
phase separated, microscopic Si-rich inclusions, proba-
bly quartz, are visible under a TEM at a 7.5 � 104

times magnification. This was confirmed with X-ray dif-
fraction ~XRD! analysis of the unreacted LAWAN102
glass.

The specific surface area of each sample was calcu-
lated with a geometric formula, Eq. ~1! from McGrail
et al.,29

S �
3m

rr
, ~1!

TABLE I

Normalized Composition ~Mass %! of the Unreacted
LAWAN102 Glass and LAWC22 Glass

Oxide LAWAN102 LAWC22

Al2O3 6.19 6.08
B2O3 10.05 10.06
CaO 6.24 5.12
Cl 0.03 0.09
Cr2O3 0.08 0.02
Fe2O3 6.94 5.43
HfO2 0.05 NDa

K2O 0.19 0.10
Li2O 2.76 2.51
MgO 1.41 1.51
MnO 0.03 0.04
MoO3 0.003 NDa

Na2O 11.23 14.40
NiO 0.08 0.03
P2O5 0.17 0.17
PbO2 0.02 0.02
Re2O7 NDa 0.01
Rh2O3 0.001 NDa

SO3 0.31 0.34
SiO2 47.41 46.67
SnO2 0.002 NDa

SrO 0.02 NDa

TcO2 0.0001 NDa

TiO2 1.24 1.14
UO2 0.001 NDa

V2O5 0.02 NDa

ZnO 2.99 3.07
ZrO2 2.54 3.03

aND � not detected.
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where

S � surface area ~m2!

m � mass of glass ~g!

r � glass density ~g m�3! ~r� 2.667 � 106 g m�3

measured with a Micromeritics He-gas
pycnometer!

r � average radius ~m!.

This formula assumes that the particles are spherical;
that the size of the grains are normally distributed; and
that surface pits, cracks, and other forms of surface rough-
ness do not affect the surface area. Although all three of
these assumptions may not be valid, the results from
experiments with LAW glass monoliths30 and natural
glass samples31 suggest the geometric surface area best
represents the overall glass surface area. Therefore, all
the reported rates in this study are normalized to the
geometric surface area.

II.B. PUF Test Method

The PUF apparatus allows for accelerated weather-
ing experiments to be conducted under hydraulically un-
saturated conditions, thereby mimicking the open-flow
and transport properties of the disposal system environ-
ment while allowing the corroding glass to achieve a
final reaction state. The PUF apparatus provides the ca-
pability to vary the volumetric water content from satu-
ration to 20% or less, minimize the flow rate to increase

liquid residence time, and operate at a maximum temper-
ature of 998C. The PUF column operates under a hydrau-
lically unsaturated condition by creating a steady-state
vertical water flow, while maintaining uniform water con-
tent throughout the column; by using gravity to assist in
drainage; and by maintaining a constant pressure through-
out the column. Constant pressure is maintained with a
porous Ti plate and gas pressure.

This system and test procedure have been described
previously by McGrail et al.,32–34 and only a general
description will be provided here. The PUF system has a
7.62-cm-long and 1.91-cm-diam column fabricated from
a chemically inert material, polyetheretherketone, so that
dissolution reactions are not influenced by interaction
with the column material ~Fig. 2!. A porous Ti plate with
a nominal pore size of 0.2 mm is sealed in the bottom of
the column to ensure an adequate pressure differential
for the conductance of fluid while operating under un-
saturated conditions.35 Titanium is chosen because it is
highly resistant to corrosion and has excellent wetting
properties. Once the porous Ti plate is water saturated,
water but not air is allowed to flow through the 0.2-mm
pores, as long as the applied pressure differential does
not exceed the air entry relief pressure, referred to as the
bubble pressure, of the Ti plate. If the pressure differen-
tial is exceeded, air will escape through the plate and
compromise the ability to maintain unsaturated flow
conditions in the column. The computer control system
runs LabVIEW ~National Instruments Corporation! soft-
ware for logging test data from several thermocouples,
pressure sensors, inline sensors for effluent pH and

Fig. 1. Scanning ~right! and transmission ~left! electron micrographs of an unreacted particle of LAWAN102. Although not visible
in SEM analysis, TEM analysis of the unreacted glass at 7.5 � 104 times magnification illustrated a small Si-enriched
inclusion, probably quartz, shown in the upper left corner of the image. Images taken from McGrail et al.36
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conductivity, and from an electronic strain gauge that
measures column mass to accurately track water mass
balance and saturation level. The column also includes a
PUF port, which is an electronically actuated valve that
periodically vents the column gases. The purpose of col-
umn venting is to prevent reduction in the partial pres-

sure of important gases, especially O2 and CO2, which
may be consumed in a variety of chemical reactions.

The PUF column was packed with 33.55 g of crushed
and cleaned LAWAN102 glass, which resulted in a fill
volume of 12.58 cm3 and a void volume of 9.14 cm3. The
mass difference between the packed and the empty

Fig. 2. Top: schematic of the second-generation PUF apparatus, which has the ability to conduct two simultaneous tests. Bottom
left: the third-generation PUF apparatus, which has the ability to conduct four simultaneous tests. Bottom right: the PUF
box ~gray box!, insulation wrapped column ~center of the box!, strain gauge ~center of the box above the column!,
pressure0PUF port Teflon line ~top left of the column!, influent solution Teflon line ~top right of the column!, effluent
solution Teflon line ~bottom of the column!, thermocouples @type J ~blue connector! and type T ~black connector! shown
inside the box with black0red wire# , pH probe ~outside the box shown in white!, and collection vial ~outside the box
connected to the pH probe!. The third-generation PUF apparatus was used to conduct the LAWAN102 experiment
discussed in this paper.
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columns was used to calculate the initial porosity of
;0.426 0.03 ~unitless!. After packing, the column was
vacuum saturated with DIW at ambient temperature. A
temperature controller was then programmed to heat the
column to 908C in ;1 h ~18C min�1!. The column ini-
tially was allowed to desaturate by gravity drainage dur-
ing heating and was also vented periodically to maintain
an internal pressure less than the bubble pressure of the
porous plate. After reaching 908C, the influent valve was
opened, and influent was set to a flow rate of 2 mL day�1.
The influent reservoir containing DIW was maintained at
ambient temperature and periodically refilled during the
test. Column venting was set to occur once an hour, so
the partial pressure of O2 and CO2 could remain rela-
tively constant. Effluent samples were collected into tared
vials from which samples were extracted and acidified
for elemental analysis with inductively coupled plasma
~ICP!–optical emission spectroscopy and ICP-mass
spectrometry.

After 560 days ~;1.5 yr!, the PUF experiment was
terminated. Upon termination, the reacted solids were
subsampled as found ~loose and moist particles! and as a
function of depth ~3- to 5-mm intervals!. The subsamples
were placed in glass vials, dried at room temperature in a
sealed container with CaSO4 desiccant, and analyzed for
reaction products with XRD and SEM.

Powder XRD patterns were recorded in a Scintag
automated powder diffractometer ~Model 3520! with Cu
Ka radiation. The results were analyzed with the com-
puter program JADE ~Materials Data Inc., in Livermore,
California! combined with the Joint Committee on Pow-
der Diffraction Standards’ International Center for Dif-
fraction Data ~Newtown Square, Pennsylvania! database.

A JEOL JSM-840 SEM was used to determine par-
ticle morphology and size. The microscope is equipped
with an Oxford Links ISIS 300 energy dispersive X-ray
analysis system ~EDS! that was used for qualitative ele-
mental analysis. Operating conditions were 20 keV for
SEM imaging and 100 live seconds with 20 to 30% dead
time for the EDS analyses. The EDS analyses of particles
are limited to elements with atomic weights heavier than
boron. Photomicrographs of high-resolution secondary
electron images were obtained as digital images and stored
in electronic format. The SEM-EDS mounts consisted of
double-sided carbon tape attached to a standard alumi-
num planchet. The sample mounts were place in a vac-
uum sputter and carbon coated to improve the conductivity
of the samples and thus the quality of the SEM images
and EDS signals.

II.C. PUF Dissolution Rate and Experimental Error

The results of chemical analyses on collected efflu-
ent samples are used to calculate a normalized release
rate according to McGrail et al.36:

ri �
4«q~ci, L � ci, b !

uS~1 � «!rpd 2Lfi

, ~2!

where

ri � normalized dissolution ~release! rate of the i ’th
element ~g m�2 day�1!

ci,L � effluent concentration of the i ’th element
~g m�3!

ci,b � background concentration of the i ’th element
~g m�3!

d � column diameter ~m!

L � column length ~m!

q � volumetric flow rate ~m3 day�1!

S � specific surface area of the glass sample
~m2 g�1!

« � porosity ~unitless!

r � glass density ~g m�3!

fi � mass fraction of the i ’th element ~unitless!

u � volumetric water content ~unitless!.

The volumetric water content is calculated based on the
mass of a volume of water in a fixed column volume,
accounting for changes in the solution density resulting
from temperature changes. The background concentra-
tion for most elements is typically below the estimated
quantification limit ~EQL! for the respective analysis.
The EQL is defined as the lowest calibration standard
that can be determined reproducibly during an analytical
run within 10% of the certified value multiplied by the
sample dilution factor. In cases where the analyte is below
the EQL, the background concentration of the element is
set at the value of the EQL.

The normalized release rate for an element is based
on the solution concentration divided by the mass frac-
tion fi of the element in the waste form. Boron is consid-
ered the most reliable indicator of matrix dissolution and
congruent release, because it serves as a glass network
former, like Si and Al, and is not sequestered by alter-
ation phases after being released from the glass.37 Unlike
B, other elements may be retained in alteration phases
during the glass-water reaction. Therefore, an element
with a lower normalized release rate, in comparison to B,
indicates the element is being retained by an alteration
phase or phases, whereas a higher normalized release
rate suggests preferential release, such as alkali-hydrogen
ion exchange.

An estimate of the experimental uncertainty associ-
ated with the normalized dissolution rate is calculated
from standard error propagation theory, assuming the
variables in Eq. ~2! are uncorrelated. For uncorrelated
random errors, the standard deviation of a function
f ~x1, x2, . . . , xn! is given by
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sf � �(
i�1

n � ]f
]xi

�2

si
2 , ~3!

where

sf � standard deviation of the function f

xi � parameter i

si � standard deviation of parameter i .

Assuming that the error associated with the background
concentration ~ci,b!, diameter ~d !, and column length
~L! are negligible compared with the other variables, the
relative standard deviation is given by

sri
� ri�� Is«

1 � «�
2

�� Isci, L

1 � ci, b 0ci, L
�2

� IsQ
2 � Isu

2 � IsS
2 � Isr

2 � Isfi
2 ,

~4!

where the tilde over the s symbol signifies the relative
standard deviation for the subscripted parameter. In cal-

culating the error bounds with Eq. ~4!, typical fixed rel-
ative standard deviations have been estimated based upon
the repeatability of laboratory measurements:

Is« � 6% , IsS � 20% , IsQ � 2%

Isr � 5% , Isci, L
� 10% , Isfi � 10% .

The value of Isu is calculated from the variation in water
content recorded by the data acquisition system over the
discrete interval between each fluid sampling. A Micro-
soft Excel macro is available to perform this calculation
directly in the spreadsheet used to store the sensor data.

III. RESULTS

III.A. Computer-Monitored Test Metrics

Results from the computer-monitored test metrics
are shown in Fig. 3. The sensor data were smoothed with
a bisquare weighting method where the smoothed datum

Fig. 3. Computer-monitored test metrics—~a! volumetric water content, ~b! pH, and ~c! electrical conductivity—from PUF tests
with LAWAN102 glass. The gray lines are bisquare smoothed fits to the raw data and are provided as a guide to the eye.
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ys is given by ys � ~1 � v2 !2. The parameter v is a
weighting coefficient calculated from a window surround-
ing the smoothing location in the set of the independent
variables. A low-order polynomial regression ~order 2 in
this case! is used to compute v for each smoothed value.
The smoothed data are provided as lines and were used to
make qualitative assessments of the results ~Fig. 3!. Fig-
ure 3a illustrates that volumetric water content ~u! was
steady between 0 and 100 days, increased between day
100 and 400, and reached a plateau after 450 days of
testing until the experiment was terminated. The increase
in the volumetric water content between day 100 and 400
is because of changes in the hydraulic properties of the
glass powder in the column caused by an increase in
reaction products as well as an increase in the waters of
hydration associated with the alteration phases. The for-
mation of finely grained alteration phases on the surface
of the glass causes the retention of water in the column to
increase and the rate of water flow out of the column to
gradually decrease; this results in a gradual increase in
the water content as seen in Fig. 3a. This trend has also
been observed in the early stages of a PUF test with a less
durable glass, LD6-5412 ~Ref. 34!, as well as with other
long-term PUF tests conducted with other glasses and
waste forms.24,33,38,39 McGrail et al.34 measured the hy-
draulic conductivity as a function of PUF test duration
using the centrifugation method ~i.e., unsaturated flow
apparatus40,41!. The results from McGrail et al.34 illus-

trated that changes in the water-retention characteristics
of the hydrated glass are manifested as an increase in the
volumetric water content during the PUF test and are
related to the initial precipitation of zeolitic alteration
phases, phillipsite ~KCaAl3Si5O16! and gobbinisite
~Na4CaAl6Si10O32{12H2O!.

Unlike the volumetric water content, the pH and elec-
trical conductivity ~V! remained relatively constant
~Figs. 3b and 3c!. These results suggest a moderate cor-
rosion rate, evident from the moderate pH and electrical
conductivity. Results contained in Figs. 3b and 3c also
suggest that steady state was achieved between the 50th
and 100th day of testing; this was also observed in the
solution chemistry results.

III.B. Solution Chemistry

Results from the analyses of effluent samples are
provided in Fig. 4. The release of elements from the
column illustrates a general trend of decreasing concen-
tration with increasing reaction time. The normalized
concentrations of B, K, Li, Na, S, and 99Tc are as much
as 1 � 103 times greater than Al, Ca, and U, but only 10
to 20 times greater than Si ~Fig. 4!. The normalized con-
centration ~NCi ! was calculated from the element con-
centrations in the effluent solutions with Eq. ~5!

NCi �
~ci, L � ci, b !

fi

, ~5!

Fig. 4. Normalized concentration, in mg L�1, for selected elements in the PUF test with LAWAN102 glass. The observed
preferential release of K shown is not the result of the glass-water reaction, but the result of an underestimation of the K
mass fraction for LAWAN102 glass.
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where

ci � effluent and background solution concentration
of element i ~mg ��1!

fi � mass fraction of element i in the glass ~unitless!.

The observed preferential release of K shown in Fig. 4 is
not the result of the glass-water reaction, but the result of
an underestimation of the K mass fraction for LAWAN102
glass. The results shown in Fig. 4 suggest that under
these conditions B-, Li-, Na-, S-, and 99Tc-bearing solid0
mineral phase~s! are more soluble than Si-bearing solid0
mineral phase~s! and much more soluble than Al-, Ca-,
and U-bearing solid0mineral phase~s!. Thermodynamic
modeling of the effluent solutions with the EQ3NR geo-
chemical code42 ~version 8.0! suggests the solutions may
be supersaturated with respect to a number of alteration
phases. The calculated saturation indices are supersatu-
rated with respect to these phases because colloids smaller
than the 0.2-mm average pore diameter of the porous
plate are probably exiting the PUF column. Therefore,
everything ,0.2 mm was analyzed as being in solution.
Transport within a PUF column is typically advection
dominated. This can be demonstrated by calculating a
Peclet ~Pe! number for this experiment from Eq. ~6!:

Pe �

� q

uA�x

D
,

Pe � 4 ~advection-dominated system! , ~6!

where

q � flow rate ~2.31 � 10�11 m s�1!

u � average volumetric water content ~0.131 6
0.003!

A � column area ~2.85 � 10�4 m2!

x � column distance ~0.0762 m!

D � molecular diffusion coefficient for water ~as-
sumed to be 1.0 � 10�9 m2 s�1!.

This calculation resulted in an average Pe number of 47.
This value clearly shows that this PUF test is advection
dominated. Similar results have been observed in PUF
tests conducted with Pu-bearing waste forms in a can-in-
canister configuration.32,43

III.C. Dissolution Rate

A comparison of the dissolution rates for the major
components in LAWAN102 glass is shown in Figs. 5a
and 5b. Similar to the concentration data, the rate of
element release from the glass matrix decreases as the
reaction time increases ~Figs. 5a and 5b!. This suggests
that the value of the ion activity product is approaching

equilibrium with respect to a rate-limiting alteration phase.
Over the 1.5-yr test duration, the glass dissolution rate,
based on B release, slowed from an initial rate of;0.106
0.03 g m�2 day�1 to 0.0106 0.003 g m�2 day�1. In com-
parison to previous PUF tests, the B release rate for
LAWAN102 glass is approximately eight times lower
than the Hanford LAW Product glass series5 and within
the experimental error of other ILAW glasses.39 There-
fore, these results indicate that LAWAN102 glass per-
forms well and is a durable ILAW glass. As previously
stated, B is considered the most reliable index for glass
dissolution because it serves as a glass network former,
like Si andAl, but is not sequestered by alteration phase~s!
after being released from the glass.37

Glass dissolution rates based on 99Tc and U, which
are contaminants of concern, are shown in Fig. 5c and
can be compared with the rate of matrix dissolution as
indicated by B release. These results illustrate the release
rate for B and 99Tc are within the experimental error of
one another, which suggests that 99Tc is being released
congruently from the glass. The incorporation of 99Tc
into alteration phases has been observed in static tests.44,45

Mattigod et al.44,45 observed that when 99Tc-spiked Han-
ford Site groundwater was reacted with LAWABP1 glass
at 1608C, ;5 to 12% of the 99Tc was sequestered into
reaction products ~the secondary crystalline phases and
hydrated gel layer that forms as a result of the glass-
water reaction!. Based on their results, Mattigod et al.44,45

postulated that 99Tc incorporation occurs mainly via iso-
morphic substitution in tetrahedral sites. Although 99Tc
incorporation into alteration phases has been observed in
static tests, similar behavior was not observed under the
dynamic, unsaturated flow conditions of the PUF test.

In contrast to 99Tc, incongruent release is found for
U, which has a release rate that is approximately 50 to
100 times lower than B and 99Tc ~see Fig. 5c!. Geochem-
ical modeling of the steady-state effluent analytical chem-
istry, with the EQ3NR code42 ~version 8.0!, suggests that
a uranyl phase ~or phases! is controlling the transport of
U, although U-containing alteration phases were not pos-
itively identified in posttest analyses of the reaction prod-
ucts. It is important to note that the geochemistry of
uranium is complex. There are considerable differences
or uncertainties in the stoichiometry and thermodynamic
values assigned to uranium minerals, especially those
exhibiting complex and variable compositions.46 There-
fore, solubility calculations based on the current knowl-
edge of these values may have significant uncertainty
and should be considered semiquantitative.

Although the majority of PUF tests to date have been
conducted on nonradioactive glass samples, the results
from LAWAN102 and LAWC22 allow a direct compar-
ison between radioactive and nonradioactive ILAW
glasses. This comparison is shown in Fig. 5c, where
the dissolution rates, based on B, for LAWC22 and
LAWAN102 are shown. The B steady-state rates for
LAWC22 and LAWAN102 are within the experimental

Pierce et al. ACCELERATED WEATHERING OF LOW-LEVEL WASTE GLASS

NUCLEAR TECHNOLOGY VOL. 155 AUG. 2006 157



error of one another between the 10th and 300th day and
suggest that a nonradioactive glass provided comparable
results to a radioactive glass expected to be produced by
the proposed WTP after 300 days of PUF testing. After
day 300 the dissolution of LAWC22 becomes as much as
ten times faster, ;0.1 g m�2 day�1, than LAWAN102.
This may be the result of differences in the solubility
controlling phase, which is discussed in Sec. III.D.

III.D. Analysis of Reaction Products

Figure 6 shows the posttest distribution of moisture
in the PUF column as a function of depth. The data are
unusual as compared with other ILAW glasses we have
tested; the volumetric water content for each column sec-
tion increases with depth away from the column inlet. In
previous PUF tests with ILAW glasses, peaks in water
content coincided with the onset of more extensive sec-
ondary phase formation ~and consequent glass degrada-
tion!, which is clearly not the case in this test. The observed
decrease in the rate of water draining from the column
around the 450th day suggests the 0.2-mm porous Ti
plate was becoming plugged. The lack of drainage af-
fected the uniform distribution of water within the col-
umn. Several attempts were made to reestablish this
distribution, but they were unsuccessful and resulted in

test termination. The lack of a uniform distribution of
water within the column is evident by the posttest mois-
ture content data points taken between 56 and 76 mm,
which suggest the lower portion of the column is almost

Fig. 5. Normalized dissolution rate in g m�2 day�1 for selected elements released from the PUF test with LAWAN102 glass
~a and b!. A nonradioactive simulated glass, LAWC22, B release rate is shown for comparison in ~c!. The observed
preferential release of K shown is not the result of the glass-water reaction but the result of an underestimation of the K
mass fraction for LAWAN102 glass.

Fig. 6. Moisture fraction as a function of distance from the
PUF column inlet for LAWAN102 glass. V1 and V11
refer to sample vials 1 and 11, respectively.
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100% saturated ~Fig. 6!. As previously stated, other fac-
tors, such as changes in column porosity and hydraulic
conductivity caused by changes in the hydraulic proper-
ties of the corroding glass, also have an effect on water
content and were observed prior to day 450.

Scanning electron micrographs of unreacted and re-
acted grains are shown in Figs. 7 and 8. Analysis of the
reacted grains revealed that sample V1 taken from the col-
umn inlet had the most extensive alteration observed
~Fig. 7!. As is typical of a PUF-reacted sample, glass al-
teration is observed only on portions of the grains that were
in contact with water, whereas other areas remain pris-
tine. A gel layer was observed on several reacted grains
removed from the PUF test ~Fig. 7b!. Figures 7c and 7d
show a reacted layer on the surface of glass particles with

a claylike morphology, which has a composition, as de-
termined by EDS, devoid of several glass components. The
EDS analyses of this claylike phase ~phase 1! indicate the
presence of Al, Ca, Fe, Mg, O, Si, Ti, and Zn. In compar-
ison to the pristine glass, phase 1 is enriched in Ca, Fe, Ti,
and Zn; depleted in Cl, B, Na, Cl, and Zr; and contains
relatively equal mass of Al and Si. A phase with similar
morphology and chemistry was observed on grains re-
moved from near the bottom of the column, sample V11.
A magnification of grains from V1, Fig. 7c, indicates that
phase 1 is growing out of the gel layer ~see Fig. 7d!; this
suggests a corrosion sequence that starts with the glass-
water interaction, progresses to the formation of a gel layer,
and ends with the formation of phase 1 as the corroding
glass approaches the final weathering state.

Fig. 7. SEM photographs of ~a! an unreacted grain of LAWAN102 glass prior to testing and ~b, c, and d! reacted grains of
LAWAN102 glass after 560 days in a PUF test at flow rate � 2 mL day�1 and T � 908C. The reacted grains were removed
from the column inlet ~referred to as V1 in Fig. 6!.
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In addition to the gel layer and phase 1 that formed,
another claylike phase ~phase 2! with a different mor-
phology and slightly different chemistry was also ob-
served in sample V1 ~see Fig. 8!. The EDS analyses of
phase 2 indicated the presence of Al, Ca, Cl, Fe, Mg, O,
Si, and Zn. The material is enriched in Al, Fe, Mg, Si, and
Zn, in comparison to the pristine glass. These results
provide confirmation that Al and Si are being released
from the glass and subsequently precipitating as alter-
ation phases ~i.e., phases 1 and 2! ~see Fig. 5!. Contrary
to phase 1, phase 2 appears to be more developed and
more porous, and it may form later in the paragenesis of
the LAWAN102 glass corrosion process ~Figs. 8a and
8b!. The lighter particles shown in Figs. 8c and 8d are
composed of Al and O, probably in the form of gibbsite

~Al2O3!, which was predicted by the use of the EQ3NR
code42 ~version 8.0!.

Bulk powder XRD was used in an attempt to identify
both phases, phases 1 and 2, as well as any additional
crystalline products. These analyses indicated that quartz
was the only crystalline product present in a quantity.5
mass% in these samples. Transmission electron micros-
copy and XRD analysis of the unreacted glass after fab-
rication revealed a small amount of unreacted quartz,36

which is added to the glass melt as a reagent. It is impor-
tant to note that the formation of quartz is thermodynam-
ically unfavorable under these test conditions; therefore,
the quartz peak identified in the reacted samples via XRD
was present in the starting material and is not a reaction
product.

Fig. 8. SEM photographs of reacted grains of LAWAN102 glass after 560 days in a PUF test at q � 2 ml day�1 and T � 908C. The
photographs show evidence of another claylike phase ~phase 2!. The reacted grains were removed from the column inlet
~referred to as V1 in Fig. 6!. The lighter particles in ~d! are enriched in Al and O, probably gibbsite ~Al2O3!, found on the
surface of a reacted glass particle.
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IV. RELEASE AND MOBILITY OF 99Tc AND U FROM

LAWAN102 GLASS

The release and transport of 99Tc and U occur as the
LAWAN102 glass-water reaction proceeds. When these
elements are released from the corroding glass, the mi-
gration of 99Tc and U occurs via different mechanistic
processes because of their observed and known differ-
ences in chemical behavior. Technetium is released from
the glass probably as the pertechnetate ion ~TcO4

�! under
these oxidizing test conditions. Thermodynamic model-
ing of the steady-state effluent solution concentrations
with the EQ3NR code42 ~version 8.0! suggested that
100% of the total dissolved 99Tc is in the form of TcO4

�.
The anionic TcO4

� complex is highly soluble and is not
known to form significant aqueous complexes or discrete
concentration-limiting solid phases under these test con-
ditions. Static adsorption tests conducted with TcO4

� il-
lustrate that adsorption ranges from very low to zero
under the alkaline pH conditions observed during this
PUF test. Therefore, the lack of adsorption under these
dynamic flow and transport conditions can be expected
and provides a clearer explanation for the observed con-
gruent release of 99Tc from the PUF column.

As previously stated, the rate release of U suggests
incongruent release from LAWAN102 glass that is prob-
ably the result of the formation of an alteration phase or
phases. Contrary to 99Tc, U can form several aqueous
complexes under these test conditions. Thermodynamic
modeling of the steady-state effluent solution concentra-
tions with the EQ3NR code42 ~version 8.0! showed that
100% of the total dissolved U is distributed in the form of
two aqueous uranyl-hydroxide species, UO2~OH!3

� ~70

to 75%! and UO2~OH!2 ~aq! ~25 to 30%!. The presence
of the UO2~OH!3

� anionic complex, a poorly adsorbing U
aqueous species, along with the one to two orders of
magnitude difference between the U and B release rates
make it highly unlikely that an adsorption process is the
controlling transport mechanism. For additional details
on the sorption of U, see Krupka et al.47 and the refer-
ences contained therein. Based on these results, we pro-
pose the transport of U is a kinetic mechanism that is
probably being controlled by the formation and sub-
sequent dissolution of a secondary phase~s!. To explore
this idea further, thermodynamic modeling with the
EQ3NR code42 ~version 8.0! was conducted, and the re-
sults predicted the steady-state effluent solutions were
saturated with respect to several possible uranyl-mineral
and uranyl-solid phases. The thermodynamic stability of
these possible phases was determined with the EQ3NR
code42 ~version 8.0! by comparing the ion activity prod-
uct ~Q! to the equilibrium constant ~K !. The relationship
between Q and K can be expressed mathematically by

SI � log10�Q

K � , ~7!

where SI is the saturation index ~unitless!. If Q � K then
SI , 0 and the solution is undersaturated, if Q � K then
SI . 0 and the solution is supersaturated, but if Q � K
then SI � 0 and the solution is in equilibrium ~or near
saturated! with respect to a potential solid phase.

A plot of SI as a function of time suggests that at
least four uranyl-minerals and uranyl-solid phase~s!may
be the solubility controlling phase or phases ~Fig. 9!.
These include CaUO4, clarkeite ~Na2U2O7!, haiweeite

Fig. 9. The log10 saturation index ~SI! as a function of time of possible uranyl-mineral and uranyl-solid phases based on thermo-
dynamic modeling with the EQ3NR code42 ~version 8.0!. Possible phase~s! include haiweeite @Ca~UO2!2~Si2O5!3{5H2O# ,
schoepite ~UO3{xH2O!, soddyite @~UO2!2SiO4{2H2O# , clarkeite ~Na2U2O7!, and0or b-UO2~OH !2. Plotted are the uranyl
phases with a log10 SI . �8.0. Horizontal line provided as an eye guide to distinguish between uranyl phases that are
undersaturated ~log10 SI, 0!, nearly saturated ~log10 SI � 0!, or oversaturated ~log10 SI. 0!. The SI estimates given above
for haiweeite were determined using the log10 K value at 258C.
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@Ca~UO2!2~Si2O5!3{5H2O# , Na-boltwoodite ~NaUO2
SiO3OH{1.5H2O!, Na-weeksite @Na2~UO2!2Si5O13{
3H2O# , schoepite ~UO3{xH2O!, soddyite @~UO2!2SiO4{
2H2O# , uranophane @Ca~UO2SiO3OH!2{5H2O# , and
b-UO2~OH!2. The log10 K values for the possible phases
are listed in Table II. An enthalpy of formation estimate
for the uranyl-mineral, haiweeite, was not available in
the EQ3NR code ~version 8.0! databases and is required
to extrapolate the log10 K value from 25 to 908C. The SI
estimates given in Fig. 9 were determined from the log10
K value at 258C and should be considered as an indica-
tion of the possibility for haiweeite formation based on
the effluent solution chemistry. These results suggest one
or all of these phases may be controlling the transport of
U once it has been released from the corroding glass.

V. CONCLUSION

In contrast to other accelerated weathering test meth-
ods ~UDT, VHT, and PCT!, the PUF test method mimics
the hydraulically unsaturated open-flow and transport
conditions expected in the near-field environment, al-
lows for the corroding waste form to achieve its final
reaction state, and accelerates the hydrolysis and aging
processes by as much as 50 times over conventional static
tests. New experimental data on the alteration of a radio-
active ILAW glass are provided and illustrate that rapid,

sustained increases in the reaction-rate acceleration was
not observed after 1.5 yr of PUF testing at 908C and
suggest that LAWAN102 glass is a durable ILAW glass.
The PUF test with LAWAN102 glass also illustrates that
the PUF technique monitors the complex coupling be-
tween ~a! primary phase dissolution ~e.g., ILAW glass!,
~b! alteration phase precipitation, and ~c! unsaturated flow
behavior, which includes changes in the hydraulic prop-
erties of the test material.

The transport of 99Tc and U, two contaminants of
concern, appears to occur via two separate mechanisms
after each element is released from the glass. Congruent
release of 99Tc with B suggests that although incorpora-
tion of 99Tc into alteration phases has been observed in
static tests, similar behavior was not observed under the
dynamic unsaturated flow conditions of the PUF test.
The results from this experiment suggest that 99Tc re-
lease will be controlled by the glass corrosion rate and
secondary reactions will not inhibit 99Tc migration into
the vadose zone. Contrary to 99Tc, the transport of U
is being controlled by the glass corrosion rate and the
formation of uranyl-minerals and0or uranyl-solid phases,
probably CaUO4, clarkeite ~Na2U2O7!, haiweeite
@Ca~UO2!2~Si2O5!3{5H2O# , Na-Boltwoodite ~NaUO2
SiO3OH{1.5H2O!, Na-weeksite @Na2~UO2!2Si5O13{
3H2O# , schoepite ~UO3{xH2O!, soddyite @~UO2!2SiO4{
2H2O# , uranophane @Ca~UO2SiO3OH!2{5H2O# , and
b-UO2~OH!2, although U-containing alteration phases
were not positively identified in posttest analyses of the

TABLE II

Log10 K Values for Select Uranyl-Mineral and Uranyl-Solid Phases

Formula Reaction log10 K Reference

CaUO4 CaUO4 � 4H�a Ca2� � UO2
2� � 2H2O 11.8576a Grenthe et al.48

Clarkeite ~Na2U2O7! Na2U2O7 � 6H�a 2Na2 � 2UO2
2� � 3H2O 17.3471a Grenthe et al.48

Haiweeite
@Ca~UO2!2~Si2O5!3{5H2O# Ca~UO2!2~Si2O5!3{5H2O � 6H�a Ca2� � 2UO2

2� � 6SiO2~aq!� 8H2O �7.0413c Hemmingway49

Na-boltwoodite
~NaUO2SiO3OH{1.5H2O!

NaUO2SiO3OH{1.5H2O � 3H�a Na� � UO2
2� � SiO2~aq!� 3.5H2O 4.5264b Nguyen et al.,50

Chen et al.46

Na-weeksite
@Na2~UO2!2Si5O13{3H2O#

Na2~UO2!2Si5O13{3H2O � 6H�a 2Na� � 2UO2
2� � 5SiO2~aq!� 6H2O 3.0522b Nguyen et al.,50

Chen et al.46

Schoepite ~UO3{xH2O! UO3{2H2O � 2H�a UO2
2� � 3H2O 3.3340a Grenthe et al.48

Soddyite
@~UO2!2SiO4{2H2O#

~UO2!2SiO4{2H2O � 4H�a 2UO2
2� � SiO2~aq!� 4H2O 3.1197b Chen et al.,46

Moll et al.51

Uranophane
@Ca~UO2SiO3OH!2{5H2O#

Ca~UO2SiO3OH!2{5H2Oa Ca2� � 2SiO2~aq!� 2UO2
2� � 9H2O 6.9037b Chen et al.,46

Perez et al.52

b-UO2~OH!2 UO2~OH!2 � 2H�a UO2
2� � 2H2O 3.2089a Grenthe et al.48

aEnthalpy of formation available to extrapolate log10 K value at 908C
bEQ3NR uses pressure and temperature extrapolation to estimate the enthalpy of formation
cEnthalpy of formation value not available in database; log10 K could not be extrapolated to 908C. Value provided is the log10 K
at 258C.
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reaction products. This U-containing alteration phase will
most likely form in the near-field disposal system envi-
ronment and thereby limit the transport of U from the
disposal system into the surrounding vadose zone. It is
very difficult to translate the results from this laboratory
experiment to what would be expected to happen in a
disposal system environment. The results from other test
methods, which evaluate different aspects of the glass-
water interaction, the use of reactive transport simula-
tors, and numerous other factors must be taken into
consideration before using these results in performance
assessment calculations. Some of these factors include
but are not limited to ~a! the chemistry of the Hanford
Site pore water in contact with the ILAW glass, ~b! the
Hanford Site water infiltration rates, ~c! the 158C tem-
perature of the disposal system, ~d! the presence of can-
ister metals, and ~e! the engineered design for the disposal
system. Therefore, only a few qualitative statements that
discuss the performance of LAWAN102 glass and the
release of 99Tc and U from the glass have been made.

Finally, previous results and the results contained in
this paper illustrate the need to understand the acceler-
ated weathering of glasses and other waste forms with a
test method that mimics the hydraulically unsaturated
flow and transport conditions expected in a waste repos-
itory or disposal facility.
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