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Abstract

Single-pass flow-through tests were conducted to study the effects of self-radiation damage from alpha decay on dis-
solution kinetics of three radiation-aged Pu-bearing (1 mass% PuO,) borosilicate glasses over a pH interval of 9-12 at
80-88 °C. The chemical compositions of the glasses were identical except the 2**Pu/**®Pu isotopic ratio, which was var-
ied to yield accumulated doses of 1.3 x 10'®, 2.9 x 10'” and 2.6 x 10'® a-decays/g at the time of testing. Release of Al, B,
Cs, Na, Si and U to solution increased with increasing pH, whereas Ca, Pu and Sr were invariant over the pH interval.
Average dissolution rates, based on B release, were identical within experimental uncertainty for all three glass compo-
sitions and increased from 0.17 + 0.07 at pH(23 °C) 9 to 10.6 * 2.7 (g/(m* d")) at pH(23 °C) 12. Release rates of Pu were
102 to 10°-fold slower compared to all other elements and were not affected by isotopic composition, self-radiation
damage sustained by the glass, or pH. These data demonstrate that self-radiation damage does not affect glass disso-

lution rates, despite exposure to internal radiation doses for >20 years.

Published by Elsevier B.V.

1. Introduction

Although the corrosion resistance of borosilicate
glass has been studied extensively [1-10], relatively few
investigations have been able to quantitatively assess
the effect of self-radiation damage on the dissolution
rate. Within this limited set of studies there is a disper-
sion of opinion regarding the extent to which radiation
damage affects element release rates. An increase in dis-
solution rate due solely to radiation self-damage must be
de-convoluted from the contributions of radiolytic ef-
fects and experimental artifacts; typically, this is diffi-
cult. For example, Wronkiewicz et al. [11] reported
that rates of secondary phase formation on a transura-
nic-bearing glass increased by a factor of 4 due to radi-
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ation effects. This conclusion accords with that of Weber
et al. [12], in which static tests were conducted on newly
prepared 2*®Pu-, 2*°Pu- and >**Th-bearing glass cou-
pons. A 2- to 3-fold increase in dissolution was reported
for the 2*®Pu-bearing compared to 2*°Pu- and **2Th-
bearing specimens. However, because the glasses had
not accumulated appreciable self-radiation damage, the
increase was attributed to the buildup of radiolysis prod-
ucts in the surrounding solution of the ***Pu-bearing
compared to the >*’Pu- and **>Th-bearing tests, rather
than to direct, self-inflicted radiation damage. Further,
Wronkiewicz [11] concluded from a survey of literature
that a reported 10- to 15-fold increase in rates occurred
in static experiments in which surface area to volume (S/
V) ratios were low. Part of this rate increase was, there-
fore, attributed to radiation damage, but the rest to the
influence of radiolytic products in thin water films coat-
ing the glass specimens. In contrast, Advocat et al. [2]
and Werme et al. [13] reported statistically insignificant


mailto:dawn.wellman@pnl.gov 

150 D.M. Wellman et al. | Journal of Nuclear Materials 340 (2005) 149-162

change in dissolution rates between actinide-doped and
non-radioactive analog glasses.

Part of the ambiguity in these investigations may
arise from the comparison of actinide-doped and non-
radioactive glasses, which differ in composition and in
factors related to processing. However, there is a signif-
icant contribution to the uncertainty from the manner in
which dissolution studies have been conducted. For
example, in nearly all of the tests surveyed, rates were
determined from static reactor systems. This setup has
a number of disadvantages relative to flow tests, at least
for obtaining the critical data sought here. First, because
the solution in contact with glass is never refreshed, the
saturation state of the solution in the static tests changes
with time. As dissolved components of the glass accumu-
late in solution, the chemical affinity (which is a measure
of departure from equilibrium) changes with reaction
progress. Thus, dissolved elements, such as Al and Si,
play a progressively larger role in diminishing the disso-
lution rate. Depending on factors related to the chemis-
try of the glass, the rate may decrease by up to a factor
of 10* [6]. On the other hand, solution pH may increase
as alkali cations in glass (e.g., Li*, Na*, K") exchange
with H;0" from water. Alkali-rich glasses have been se-
lected as a disposal medium in a number of United
States Department of Energy sites and these waste forms
appear to be most vulnerable to exchange reactions [14].
Second, in static tests in which the ratio of glass surface
area to solution volume (SA/V) is large, radioactive de-
cay will produce a number of radiolysis products in the
solution. For alpha-particle emitting actinides, forma-
tion of H,, H>O,, HO," and "OH from interaction with
water may cause acceleration of the glass reaction rate
either by imposing a higher oxidation state or by shifting
the solution pH [11]. In the first case, elements that are
reduction—oxidation (redox) sensitive, such as U and
Pu, may be released to solution faster than anticipated.
In the second instance, solution pH can increase over
time as radioactive decay of elements in solution directly
breaks down buffering agents or from the buildup of
radiolysis products, such as "OH, in the solution. There-
fore, ample reason exists to suspect that the presence of
radiolysis products in static or slowly-replenished flow-
through experiments can yield accelerated rates of reac-
tion making it difficult to disentangle from these data the
relative contribution of self-radiation damage to glass.

Data are presented from single-pass flow-through
(SPFT) tests on the dissolution kinetics of a radiation-
aged chemically complex borosilicate glass series that
contain a total of 1.0 mass% PuO,. Within the series,
proportions of 2**Pu to 2**Pu were varied: DRG-1 glass
contains 1.0 mass% >>*Pu0,, DRG-2 glass contains 0.9
mass% 2*%PuO, and 0.1 mass% >*PuO, and DRG-3
glass contains 1.0 mass% 2**Pu0Q,. Varying the isotopic
composition of the glass series yielded an accumulated
dose ranging from 1.3 x 10'® to 2.6 x 10'® a-decays/g

over a time interval of ~21 years. The response of the
corrosion resistance of the glass specimens to radiation
damage was tested over a pH(23 °C) interval of 9-12
and at temperatures between 80 °C and 88 °C. Because
the solution in the reaction vessel was continuously
replenished, radiolysis products and dissolved glass
components were not allowed to build up and the solu-
tion pH was maintained at constant values. Thus, radi-
olysis effects, as observed in earlier static tests [12], were
minimized. Under these conditions, the release of ele-
ments from each glass was statistically identical at each
pH value, despite the difference in accumulated radia-
tion damage from alpha decay of the plutonium iso-
topes. Thus, the results of the tests present strong
evidence that the dissolution rate is unaffected by the
amount of self-radiation damage imparted to it by
prolonged exposure to alpha radiation.

2. Methods
2.1. Preparation and characteristics test material

A simulated borosilicate waste glass (MCC defense
reference glass), with the composition given in Table 1
[12] was used as the starting glass. The glass was pre-
pared by first mixing reagent grade oxides, hydroxides,
and carbonates to the desired concentrations and then
using multiple melt processing steps to form a large
homogeneous quantity (several kilograms) of glass.
The composition was confirmed via inductively coupled
plasma-optical emission spectroscopy and inductively
coupled plasma-mass spectrometry of a sub-sample of
the glass subjected to acid digestion. In July, 1982, three

Table 1
Nominal chemical composition of simulated waste glass in
mass% oxide

Oxide Nominal concentration (mass%o)
SiO, 49.6
B,03 7.0
Al1,03 6.0
CaO 2.0
F6203 10.0
Li,O 4.9
MgO 0.7
Ml’lOZ 3.0
Na,O 9.1
NiO 2.0
SrO 0.5
ZI'02 0.7
CSzo 0.5
U;0g 3.0
239pu/?38Pu: PuO, 1.0

Weber et al. [12]



D.M. Wellman et al. | Journal of Nuclear Materials 340 (2005) 149-162 151

sample batches of this glass were doped with approxi-
mately 1.0 wt% PuO, accordingly to the MCC-6 method
for preparation of actinidedoped waste forms [12]. Be-
cause of the same starting glass composition, this
processing procedure ensured identical sample composi-
tions in which the a-activity of each glass sample was al-
tered by varying the 2**Pu/>*®Pu isotopic ratio in the
PuO, dopant used. The PuO, was added as a nitric acid
solution to the base composition of the simulated waste
glass. The mixture was dried on a hot plate, melted at
1200 °C, poured into bars and annealed at 500 °C. Inter-
ested readers should consult Weber et al. [12], and refer-
ences therein, for additional details regarding the
preparation and characterization of the glass specimens.

As a result of the difference in the isotopic ratio of
239py/?38py, the accumulated dose, imparted by alpha
decay over time, varied by a factor of about 200 as listed
in Table 2. The calculation of accumulated dose is based
on radiochemical analysis of the **Pu and *’Pu content
in the originally prepared samples [12]. Photomicro-
graphs, representative of each glass composition, were
taken of the glass coupons after being cut and polished
prior to testing (Fig. 1). The images clearly indicate that
as the accumulated dose (***Pu content) increases there
is increased etching and loss of transparency of the glass
coupons, which is commonly cited as evidence for radi-
ation damage.

2.2. Dissolution tests

Dissolution rates were determined as a function of
pH over the pH(23 °C) interval of 9-12. Dissolving
tris(hydroxymethyl)aminomethane (TRIS) buffer in de-
ionized water (DIW) formed the base mixture for
0.05M pH(23°C) 9 and 10 solutions. Concentrated
spectroscopic grade nitric acid (HNO3) and high purity
lithium hydroxide (LiOH) were used to adjust the solu-
tions to the target pH values of 9 and 10, respectively.
Alkaline solutions at pH(23 °C) 11 and 12 were prepared
by mixing LiOH with DIW; LiCl was used as a back-
ground solute. The four solution compositions and their
in situ pH values at 80 °C and 88 °C were calculated
using the thermodynamic software package EQ3/6 [15]
and are listed in Table 3. It is important to note the
change in the in situ pH of the experiment because, as

Table 2

is evident in Table 3, the pH can vary by as much as
1.3 pH units over the temperature interval of 23-88 °C.

The dissolution kinetics of the Pu-bearing glass sam-
ples was determined using single-pass flow-through
(SPFT) apparatus at a target temperature of 90 °C and
flow rate of 60 mL d~!. Target flow rates used in this
investigation (60 mL d~') were selected to ensure that
the system would be far from saturation and near the
forward rate of reaction (i.e. the maximum dissolution
rate) [16,17]. A 60 mL d~! flow rate ensured exchange
of one reactor volume per day and prevented buildup
of dissolved glass components and potential radiolysis
products in solution. The SPFT apparatus, illustrated
schematically in Fig. 2, consists of a computer program-
mable syringe pump (Kloehn; model 50300) that trans-
fers solution from an influent reservoir to Teflon®
reactors. The reactors are perfluoroalkoxy (PFA) (Savil-
lex) vessels that consist of a top and bottom piece that,
when screwed together, forms a ~40 mL capacity jar.
The top half contains ports for the ingress of input
and the egress of effluent solutions. A titanium assembly
that suspends the glass coupon specimens (see below) to
mid-reactor height fits into the bottom half. The reactors
sit in custom-machined recessed cavities in an aluminum
heater block assembly that in turn resides in a dry bath
incubator (Boekel Scientific). The temperature of the dry
bath was set to 90 °C and controlled using a micropro-
cessor-based temperature controller (Watlow; model
987). Because the dry bath assembly was situated inside
a fume hood, in which the volume of air was rapidly ex-
changed, the heater blocks could not maintain the target
temperature. The temperature of the solution within the
reactors was measured with a digital thermocouple
(Glas-Col; model TC105) accurate to within 2 °C; ac-
tual temperatures measured within the reactors during
each test (80-88 °C) are listed in Table 4. The syringe
pumps were configured so that four experiments, one
for each glass composition plus a control, could be run
simultaneously using the same influent solution. Trans-
port of influent from the feed reservoir and effluent solu-
tion to collection vials was accommodated by 1.59 mm
Teflon tubing for pH(23 °C) 9-11 experiments. The
low solubility of plutonium-hydroxides in alkaline solu-
tions coupled with the significantly lower temperature
encountered within the effluent transfer tubing, relative
to that within the reactors, led to concern regarding

Isotopic composition, accumulated dose and density measurements for Pu-bearing glasses

Sample Target dopant (mass%)  Measured concentration (mass%) Accumulated dose (a-decays/g) Original density (g/em?)?
DRG-P1 1.0 #’Pu0, 0.95 *Pu0, 1.3x10' 2.77
DRG-P2 0.9 #*°Pu0,, 0.1 Z*Pu0, 0.95 Z**Pu0, 0.08 ***Pu0, 2.9%10"7 2.77
DRG-P3 1.0 #*Pu0, 0.08 #*¥Pu0, 0.77 #**Pu0, 2.6x 10" 2.77

& Weber et al. [12]
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Fig. 1. Photomicrographs of DRG-P test glass samples: (a) DRG-P1, (b) DRG-P2 and (c) DRG-P3. Note the visible increase in

etching of the coupons with increasing >**Pu isotopic content.

Table 3

Composition of solutions used in SPFT experiments. Solution pH values 25 °C< were calculated with EQ3NR Code V7.2b database

[15]

Solution # Composition pH (23 °C) pH (80 °C) pH (88 °C)
1 0.05M TRIS + 0.004 M HNO; 9.1 7.9 7.8
2 0.05M TRIS + 0.003 M LiOH 10.0 8.7 8.6
3 0.0107 M LiOH + 0.010 M LiCl 11.0 10.2 10.1
4 0.0207 M LiOH + 0.010 M LiCl 12.0 10.9 10.7

precipitation within the tubing. Precipitation within the
1.59 mm Teflon tubing could block the flow of effluent
solution causing back-flow of solution, increased pres-
sure within the flow system, erroneous flow rates (and
subsequent dissolution rates), or premature termination
of the test. To circumvent this possibility, 3.17 mm Tef-
lon tubing was used to transfer solution in experiments
conducted at pH(23 °C) 12.

The Teflon reactors were lined with platinum inserts
to minimize potential experimental artifacts, such as
fluoride formation from radiation damage imparted to
the reactors. The presence of fluoride species could dis-
proportionately reduce the solution pH in tests with
the three glass compositions and thereby skew the re-
sults. However, Teflon influent and effluent solution
transfer lines were in contact with the solution within

the reactor and could serve as a source of fluoride,
which could affect rates. This possibility is considered
below.

Each reactor tested four compositionally identical
Pu-bearing glass coupons (~9 mm x 10 mm x 1.5 mm
each) that rested on a grated titanium basket submerged
within the Pt-lined reactor (Fig. 2 inset). This configura-
tion allows the influent solution to contact the maximum
coupon surface area. The coupons, which had not been
previously exposed to aqueous solutions, were gently
cleaned with an alcohol-wetted paper laboratory wipe
to remove any loose material from the surface. Effluent
solution continuously flowed out of the reactors and was
collected in vials next to the heating unit. Experiments
were run until steady-state conditions (constant element
concentrations over time) prevailed, which was approx-
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Fig. 2. Schematic of the single-pass flow-through (SPFT) apparatus and enlarged view of Teflon reactor configuration including the
non-reactive glass coupon holder. (Note the schematic is not drawn to scale).

imately 10 days or the time necessary to exchange ~10
reactor volumes.

Three blank samples were drawn prior to addition of
the glass coupons and a control experiment was run at all
test pH values. The control tests were configured the same
as the experiments, but were devoid of test glass coupons.
The control tests provided the correction values for back-
ground element concentrations in the effluent solution
and demonstrated that there were no systematic sources
of contamination. Aliquots of effluent solution were peri-
odically checked to ensure pH stability; measured effluent
pH was within £0.05 pH units of the influent value, which
is well within the informal in-house established uncer-
tainty of 0.2 pH units. The constant pH values indicate
that unwanted fluoride species were not present (at least
in significant amounts) within the flow-through system
Concentrations of Si, Ca, Na, Al, B, Sr and Cs were deter-
mined by inductively coupled plasma-optical emission
spectroscopy (ICP-OES). Effluent concentrations of Pu
and U were determined by inductively coupled plasma-
mass spectrometry (ICP-MS).

The scope of this investigation is concerned only with
the total release of plutonium, irrespective of form (dis-
solved or colloidal). It is well known that a fraction of
released plutonium may occur as colloidal material
[18-20], particularly at the high pH values. Therefore,
the effluent samples from the pH(23 °C) 12 tests were fil-
tered through 0.45 pm Nalgene® filters to segregate col-
loidal from dissolved Pu. The effluent chemistries of the

filtered and unfiltered aliquots were compared to each
other and Pu concentrations are equivalent within error
(see ‘Results’), indicating that Pu is most likely in a dis-
solved form in all samples.

3. Dissolution rates and error calculations

Dissolution rates obtained from the SPFT tests are
based on steady-state element concentrations in the
effluent solution. The rates are normalized to the ele-
ment mass fraction present in the glass composition by
the following formula:

(Cij = Cin)g,
£iS;

where r;;, is the normalized release rate (g/m? d) based
on element 7 at the jth sampling, C; is the concentration
(g LY of the element of interest, i, in the effluent at the
Jjth sampling, C;, is the average background concentra-
tion (g L") of the element i in the influent, ¢ is the flow
rate (L d™') at the jth sampling, f; is the mass fraction of
the element in the sample (dimensionless) and S; is the
total surface area (m?) of the test coupons. In cases
where the analyte concentration was below the detection
threshold, the background concentration of the element
(from the control experiments or from aliquots of the
starting solution, whichever was higher) was set at the
value of the detection threshold providing a maximum

()

Tij =
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Table 4

Experimental conditions and steady-state element concentrations for DRG-P glasses

Avg. flow  Surface Average Average  Average Average  Average Average Average Average  Average
rate

Average

Temp

O

Sample:

DRG-

[Pu] x 107
(g/L)

[U]x 10°
(g/L)

[Cs] x 10°
(g/L)

[Ca] x 10°
(/L)

[St] x 10°
(g/L)
2.54
2.65
2.51
6.04
7.23
6.80
5.04
4.46
5.75
3.74
3.62
3.46

[Si] x 10*
(g/L)

[Na] x 10*
(g/L)

[B] x 10*
(g/L)

[A1]x 10*
(g/L)

area x 10*

(mZ)a

effluent
(pH)

(mL/d)
56
56
56
50
28

5.76
2.09
5.97
9.36
3.56
3.83
3.45
6.20

<0.50°

7.72
12.6

2.60
2.53
2.46
6.91
7.89
7.77

17.7

9.72
10.0

1.31
1.27
1.25
3.74
4.39
4.32
8.42
6.30
9.14

39.7
29.7

1.15
1.13
1.07
3.44
3.97
3.94
8.03
6.44
8.43
3.15
6.90

38.4

1.85
2.29
1.88
5.65
3.97
6.30

11.9

9.45
9.66
9.38
9.31
9.53
9.83
8.56
9.02
9.09
9.16
9.39
8.30

80 9.1

81

P1-El
P2-El

41.5

9.1

7.35
46.2

9.59
22.0

38.3
139
150
156
268

9.1
10.0

80
88
88
88
82
82
82
85
85
84

P3-El

P1-E2

D.M.

40.8

27.6

10.0

P2-E2
P3-E2

48.7

24.0

44
74
79
55
59
67

10.0
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23.0

23.5

11.0

P1-E3

19.4
2
231

12.1

22.3

195
299
983
505
1130

8.74
12.7

11.0

11.0

P2-E3
P3-E3

1.4

19.6

27.1

1.21
3.62
<0.50°

59.9

18.2

44.1

12.0

P1-E4

139
255

332

19.1

16.0

29.5

12.0

P2-E4
P3-E4

66.4

16.1

34.4

60.7

60

12.0

@ Surface area was the total surface area calculated for four pristine coupons.

® Analyte was below detection threshold value.

threshold value. The detection threshold of any element
is defined as the lowest concentration calibration stan-
dard that can be determined reproducibly during an
analytical run within 10%. Flow rates were determined
by gravimetric analysis of the fluid collected at each
sampling interval. The value of f; is calculated from
the chemical composition of the glass [12].

The surface area of the coupons used in the dissolu-
tion experiments was calculated based on coupon
dimensions measured using a custom-built laser surface
profilometer system. The system provides precise three-
dimensional measurements of the coupon dimensions
by utilizing a series of lasers, point sensors and diode
array detectors to scan along the x-, y- and z-axes.
The apparatus was originally designed to accurately
determine surface areas of highly radioactive ceramic
specimens with a minimum exposure to investigators,
which, of course, had a similar usefulness in this
investigation. Interested readers should consult Stra-
chan et al. [21] for a detailed description of the profilom-
eter system. The measured surface areas of the coupons
are listed in Table 4. The total surface area of the
multiple coupons in each experiment (typically 4) was
obtained by summing the surface areas of the glass
specimens.

In addition to the measured coupon dimensions, the
mass of the coupons was determined using a three-place
analytical balance. These data were used to calculate the
densities of the glass coupons, which were compared to
independent density measurements obtained through
helium pycnometry. The difference between the calcu-
lated and measured densities of the coupons was within
5%,; thus, it was assumed the surface area of the coupons
was accurately calculated.

Determining the standard deviation of the dissolu-
tion rates requires accounting for the uncertainty associ-
ated with each parameter in Eq. (1). The standard
deviation of a function for uncorrelated random errors
is given by:

where o/ is the standard deviation of the function f, x; is
the parameter i and ¢; is the standard deviation of
parameter i.

Substituting Eq. (1) in (2) and converting to relative
standard deviations, &,, yields:

o (@) + (Ghel)

~2 2
(@ any? +0; + 05 + 02 (3)

Errors for @., 65, 04, 05 and @, are 10%, 10%, 3%,
5% and 5%, respectively. This approach to error analysis
results in typical 2¢ uncertainties of approximately
+20% to 40% for SPFT-measured dissolution rates.
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4. Scanning electron microscopy

Surface features of pre- and post-reacted test cou-
pons were investigated using scanning electron micro-
scopy (SEM). Photomicrographs were obtained by a
JEOL 840 SEM equipped with a Robinson 6.0 backscat-
ter detector and GATAN DM software version 3.2,
1996. The beam conditions were 20 KeV potential and
a 1 nanoamp beam current. While attempts were made
to document the reaction products on the glass specimen
surfaces, the intense radiation field produced by the
presence of Pu precluded complete energy dispersive
spectrometry (EDS) characterization.

5. Results

Experimental conditions, including temperature,
solution pH, flow rates, total specimen surface area
and steady-state effluent chemistries are listed in Table
4. Target flow rates used in this investigation
(60mL d~") were selected to ensure that the system
would be far from saturation and near the forward rate
of reaction (i.e. the maximum dissolution rate). Experi-
ments were monitored until steady-state conditions were
achieved; i.e., ensuring effluent pH and element concen-
trations were invariant with respect to time. Fig. 3 illus-
trates, based on effluent boron concentrations from a
test with DRG-P1, that steady-state conditions were
achieved at all four pH conditions. The pattern of results
depicted in this figure is representative of element release
rates from each glass composition.

5.1. Effects of PH

Experiments were conducted over a set of pH(7) val-
ues between 7.8 and 10.7 (pH(23 °C) 9-12). Dissolution

2 T .
DRG-P1 Glass
5 pH 12
® O pH11
‘a:':') 1} A pH10
Q <& pH9
c €]
3 ©"%0500000
C a DD
S oo ]
S o}t o 4
L'DO g 00
o A L A
: 808 4 M
ae ?OQOOA . X .

-1
0 2 4 6 8 10 20 25 30

Time (days)

Fig. 3. Plot of log;o boron concentration versus time for SPFT
experiments with DRG-P1 glass as a function of pH. Boron
release data indicate that all experiments reach steady-state
conditions by 10 days. Note the scale break.

rates, with accompanying uncertainty estimates, were
calculated from steady-state concentrations of elements
in effluent solutions and are listed in Table 5. Fig.
4(a)—(c) illustrate the rate dependence on solution
pH(T). As previously discussed, the in situ pH(7) of
the solutions at temperature was calculated using the
EQ3NR program (Table 3). In general, Fig. 4(a)-(c)
indicate that for each glass composition the dissolution
rates based on Al, B, Cs, Na, Si and U are identical with-
in experimental uncertainty. Because boron release is
not modified by formation of secondary phase products,
the rate with respect to boron best quantifies the disso-
lution. Fig. 5 is a plot of the dissolution rate based solely
on boron and indicates that all glass compositions dis-
solve at the same rate over the pH interval, irrespective
of accumulated radiation damage. Rate data show that
as the pH(7) increases from 7.8 to 10.7, the average rate
increases from 0.17  0.07 to 10.6 + 2.7 (g/(m? d")). Lin-
ear regression of the data for each composition yields an
average slope that quantifies the dependence of the rate
on pH, which is designated as 5, the power law coeffi-
cient. The values of 1 =0.54(+0.04), 0.58(+0.04) and
0.58 (£0.04) (dimensionless), were obtained for DRG-
P1, DRG-P2 and DRG-P3, respectively. These values
are similar, although slightly higher, than those reported
for other borosilicate glass compositions [22-24] and
silicate minerals [25].

In contrast to the behavior of Al, B, Cs, Na and Si,
release of Ca and Sr show no dependence on solution
pH (Fig. 4(a)—(c)). Although rates based on all elements
are identical within error at pH(23 °C) =9 (except Pu;
see below), rates based on Ca and Sr are relatively slow
compared to other rates as the solution pH increases.
The relative difference in rates is a reflection of the lack
of pH dependence for Ca and Sr release. The magnitude
of the rate difference between Ca and Sr on the one hand
and Al, B, Cs, Na and Si on the other, at pH(23 °C) = 12
is greater than the accumulated uncertainty of the val-
ues. Thus, behavior of Ca and Sr appears to be different
from the rest of the elements.

Uranium rates generally increase with solution pH;
rates at pH(23°C) 9, 10 and 12 are the same within
experimental error to those of Al, B, Cs, Na and Si.
However, U rates at pH(23 °C) = 11 are anomalously
slow for all three glass compositions. The unexplained
behavior of U at pH(23°C)=11 forces slopes of
the regression lines for each glass composition to lower
values. The relatively low values of 5 obtained from U
release are thus an artifact of this anomalous
behavior.

Evidence for relatively slow release of Pu compared
to the other elements (10-10° times) is not likely a
reflection of experimental artifacts (Fig. 4(a)—(c)). As
in the cases of Ca and Sr, Pu rates are constant or de-
crease slightly across the pH range studied. Thus, the
difference in rates between B and Pu increases with



Table 5

Calculated dissolution rates for DRG-P glasses in g/(m?> d). Numbers in parentheses are 2¢ uncertainties (also in g/(m? d)) on the rate values

Sample: PH Al rate B rate Na rate Si rate Sr rate Ca rate Cs rate U rate Pu rate

DRG-

P1-El 9.1 334x107" 1.76 x 10~ 3.25x107" 2.06x 107" 434x107" 1.94% 1079 3.23x107% 1.78 x 107! 3.50x 1079
(£8.56x107%%)  (£7.30x107%%) (#8.55x107%%) (£5.21x107%%) (£1.10x107%) (+9.48x107%%) (#8.17x107%) (£4.51x107%%) (£9.39x 107%)

P2-El 9.1 4.07x107" 1.67x 107" 3.34% 107" 1.91x 107 4.55%x 107" 2.02x 107 3.09 x 107 2.89%x 107" 1.05x107%
(£1.04x107%)  (£7.05x107%%) (#8.78 x107%%) (+4.85x107%%) (£1.15x107%) (+9.58x107%%) (+7.81x107%%) (£7.29x107%%) (£2.97x107%)

P3-El 9.1 342x107" 1.54x 107 3.14%x 107 1.91x 107" 429107 1.90x 107! 3.08x 107 1.73%x 107! 3.71x107%
(£8.76 x107%%)  (+6.68x 107%) (£8.28x107%%) (+4.84x107%%) (£1.09x107%) (#8.91x107%?) (7.79x107%) (£4.36x107°%) (£1.01x107%)

PI-E2 100 8.61x107" 7.17 %107 1.05 6.28 x 107! 8.86 x 107! 7.97x 107 778 x 107 9.73 x 107 538 % 107%
(£2.31x107%)  (£2.02x107°)  (#2.72x 107  (1.60x107°) (£2.26x107%) (£2.04x107°") (x1.96x 107 (£2.45x107°%) (£1.41x107%)

P2-E2 100 2.64x 107 3.86x 107 5.08x 107 3.54 %107 5.05% 107 4.48x 107! 4.06x 107! 3.70 x 107 9.15x 107%
(£7.38x107%%)  (x1.08x107%) (£1.31x107%") (£9.04x107%%) (£1.29x107%) (*1.15x107%) (£1.03x107°") (£9.33x107%%) (£2.57x 107%)

P3-E2 100 8.16x 107" 7.06 x 107 1.00 6.38 x 107 8.99 x 107! 7.37%107% 7.35% 107% 8.54 % 107% 1.75%107%
(£2.18x107%)  (£1.96x107°") (258 x 107"  (21.63x107°1) (£2.30x107°) (£1.88x107°") (*1.85x107%") (£2.15x107%) (+4.89x10™%)

P1-E3 11.0 3.18 3.01 3.32 2.97 1.19 1.12 3.21 7.84 %107 2.87%x107%
(£8.12x107%)  (£7.93x107%) (#8.58x107°) (£7.68x107%) (£3.03x107%) (+3.39) (£8.18x107%)  (£1.98x107°) (+8.10x 107%%)

P2-E3  11.0 247 227 241 2.19 1.11 1.06 2.20 6.71 x 107! 5.63x107%
(26.33x107%)  (£6.04x107°) (£6.26x 107 (£5.64x107%) (22.82x107%) (#329x107%) (+5.62x107%) (£1.69x107°) (*1.54x107%)

P3-E3 11.0 252 2.20 2.58 2.25 1.02 9.37x 107" 2.48 5.72 %107 <3.41x107%
(26.43x107%)  (#5.77x107%)  (+£6.66x107°") (£5.81x107°) (£2.60x107%) (£2.74x107%) (+6.30x107°) (£1.44x107°) (£8.61 x 107%%)*

PI-E4  12.0 898 9.26 8.98 8.17 7.12x 107 7.13%107% 8.21 5.86 9.23 x 107%
(£2.27) (£2.36) (£2.34) (£2.27) (£1.81x107%)  (£1.99x 107°")  (+2.07) (£1.48) (£2.33x107%)

P2-E4 120 6.52 9.86 4.80 477 7.78 x 107 8.38 x 107! 5.00 3.88 248 %1079
(£1.65) (£2.51) (£1.30) (£1.26) (£1.98x107%)  (£2.33x 107" (+1.26) (£9.80x 107%)  (£6.25x 107%)

P3-E4 120 1.40x 10" 1.26 x 10! 1.15 % 10% 1.05 % 10% 6.62 x 10°! 6.83 % 107 1.01 x 10 7.17 <4.08 x 107%
(£3.55) (£3.19) (£2.98) (£2.97) (£1.68x107%1)  (£1.95x107°) (+2.54) (£1.81) (£1.03 x 107%2

# Maximum rate of dissolution determined from analyte detection threshold value.
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Fig. 4. Plot of log dissolution rate indexed by release of Al, B,
Ca, Cs, Na, Pu, Si and U for: (a) DRG-P1 (1.0 wt% 2°Pu)
glass; (b) DRG-P2 (0.9 wt% **°Pu, 0.1 wt% ***Pu) glass, and
(c) DRG-P3 (1.0 wt% 2**Pu) glass.

increasing pH. Importantly, release of Pu to solution is
identical within experimental uncertainty for all glass
compositions at each pH (Fig. 6). These data are inter-
preted as evidence for a similar mechanism controlling
Pu release from all three glasses, irrespective of radia-
tion damage. In summary, the constant concentrations
of Ca, Pu and Sr over the pH range are consistent with
solubility control.

5.2. SEM-EDS observations

An analysis of an un-reacted 2**Pu-bearing glass cou-
pon (Fig. 7(a)) by SEM methods revealed uncharacter-
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tainty irrespective of glass composition. The average slope of
the lines regressed through the data points yields the dimen-
sionless pH power law coefficient (0.57 + 0.05).
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Fig. 6. Logjo plutonium dissolution rate versus temperature
corrected pH for DRG-PI, -P2 and -P3 glasses.

ized non-homogeneities that might be attributable to
phase separation, but no Pu-bearing crystals were ob-
served. In contrast, the SEM-EDS analyses of reacted
coupons record the presence of Pu-rich material on the
reacted glass surfaces (Fig. 7(b)—(c)). Other secondary
phases include Fe- and Mn-oxyhydroxides. The intense
radiation field produced by plutonium coupled with
the small size of the Pu-rich objects rendered it impossi-
ble to completely characterize all of the surface precipi-
tates. However, partial EDS analyses indicate that there
is no discernible Pu associated with iron-rich precipitates
(Fig. 8(a)). Rather, the areas of concentrated plutonium
are associated with Mn-rich areas located within surface
etch pits and micro-cracks (Fig. 8(b)). It is, therefore,
likely that the specks of plutonium-rich material formed
during the reaction process.
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(a)

(b)

Fig. 7. (a) SEM photomicrograph of non-reacted DRG-P2 glass coupon. The image displays uncharacterized inhomogenities, but no
surface Pu-crystals. (b) SEM image of reacted DRG-P3 glass coupon illustrating micro-cracking of the glass surface and concentrated
areas of Pu-bearing precipitate, (c) Enhanced SEM image of reacted DRG-P3 glass coupon displaying formation of concentrated Pu-
bearing regions and Pu-absent secondary precipitates (EDS shown in Fig. 7(b)). Note 7(c) is not an enlarged or magnified view of any

area shown in 7(b).

6. Discussion
6.1. Mobility of Cs, Sr and U from boro silicate glass

Subsurface transport of Cs, Sr and U are key risk
drivers for assessing the suitability of a geologic burial
facility for long-term waste disposal. The data reported
herein indicate that in dilute solutions release of Cs will
occur at the same rate as glass matrix components, such
as Al, B and Si. Because most of the elements from the
glass are released at the same rate, it is likely that the
glass is dissolving near the forward rate of reaction.
Although it is implausible that the dissolution of waste
glass in a geologic repository will occur under dilute
solution conditions, the rate of Cs release represents
the maximum release at the conditions of the
experiments.

Compared to Cs release, U rates are identical, except
at pH(23 °C) = 11, as pointed out above. Thus, release
of U in these experiments is also likely at the forward
rate and apparently is influenced by the strong interac-
tion of U with aqueous anionic species. Dissolved ura-
nium, which is present under oxidizing conditions as
the uranyl cation (UO3"), is complexed by hydroxide
and carbonate anions to yield a number of anionic
uranyl-hydroxide and -carbonate species. The anionic
nature of aqueous uranium species under alkaline condi-
tions hinders sorption to any silica-rich material that
may be present as a result of glass dissolution or spalla-
tion [26]. However, geochemical modeling (MINT-
EQAZ2) [27] indicates that the concentration of calcium
and strontium reached solubility limits for CaUO,4 and
SrUQ, across the entire pH range investigated. Solubil-
ity limits with respect to uranium hydroxide and carbon-



D.M. Wellman et al. | Journal of Nuclear Materials 340 (2005) 149-162 159

Fe
- s0do
-5 E Si
Q
©
0 204
@
S Ca
§2] U My
g 10 rLtJJ Ni
U F Pu
© Ul _ Pu Pu U
3 Ni u u U Pu U
L e et R A FL Ay S
o] 5 10 15 20
(a) Energy (keV)
10 Pu
84
o]
c
3 i
o 6
S
T
o 4
@ 1
e 3
S
Q2
8 2 \w
U
011 T T T T UM
0 5 10 15 20
(b) Energy (keV)

Fig. 8. (a) Partial EDS analysis of secondary Fe-rich precipitate
shown in Fig. 7(c) and (b) partial EDS analysis of concentrated
Pu-bearing material on reacted glass surface shown in Fig. 7(c).

| T T ! T ! I
[~ W Steady-State Pu Concentration

e

log Concentration, M
;ﬁlz

PU(CO3)s™
B PuO2(s) PU(OH)s |
— PU(OH)4™]
— Pu2(CO)* —
A0 na .
Fl’U * PLL(OH)3+ ruOf i fUOZ(C?E)z

§ [3 7 8 g 10 n

pH

Fig. 9. Plutonium solubility in equilibrium with atmospheric
carbon dioxide, pCO, = 107> atm (adapted from [32]). Exper-
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-carbonate species under all pH conditions investigated.

ate are also met. Yet, with the exception of the relatively
slow rates at pH(23 °C) = 11, there is no evidence that U
rates are slower than those for Al, B, Cs, Na, or Si. Be-
cause the U rate is systematically low at this pH for all

three glass compositions, it is likely due to an experimen-
tal artifact.

6.2. Mobility of Pu released from borosilicate glass

Waste glass dissolution generally results in actinide
colloid formation from spallation of the waste glass sur-
face layer [8]. In addition, alkaline pH conditions are
conducive to the formation of actinide colloids [28], gen-
erally ascribed to the 1 nm to 1 um size-fraction. Poly-
valent cations such as plutonium have been shown to
readily form colloids composed of hydroxyo complexes
[28,29] and Pu-oxides [30]. If the colloids were immobi-
lized by gravitational settling, by electrostatic attraction
to the glass surface or reactor walls, or by trapping in
surface pits, cracks, or narrow interstices between
grains, apparent concentrations of Pu would be dimin-
ished. On the other hand, the very limited solubility of
Pu could result in formation of secondary plutonium
minerals. Therefore, the very low concentrations of Pu
(<1 pg/L) in effluent solutions reflect either formation
of non-mobile colloids or precipitation of solubility
controlling solids.

The possibility of colloid formation was tested by fil-
tering the effluent samples through a 0.45 pm Nalgene®
filter. There was no observable difference, within analyt-
ical uncertainty, in effluent concentrations between the
filtered and unfiltered samples. These results argue
against Pu colloids of typical size. However, previous
studies of Pu-bearing colloids in the environment and
within laboratory experiments have shown that colloids
can be smaller than the 0.45 um size fraction filters used
in this study [31]. Thus, Pu-bearing colloids can be sep-
arated from solution only through ultra-filtration
(<0.4 um to >500 MW pore size membranes) [26,31].
No attempt to subject solutions to ultra-filtration was
made during the course of this investigation. Thus, the
presence of nano-colloidal particles (<0.45 pum) cannot
be completely excluded.

Comparison of experimental steady-state concentra-
tions to plutonium solubility diagrams at the experimen-
tal conditions indicate the system was saturated with
respect to aqueous Pu- hydroxide and carbonate species
at all experimental pH values (Fig. 9) [32]. In addition,
the EDS spectra indicate an association between Pu
and Mn. Because of the high residual charge associated
with potential plutonium species, electrostatic repulsion
may prove a hindrance to colloidal aggregation, thus
producing local solubility exceeding that of the solubility
product [32]. However, Mn-oxyhydroxides are known to
be favorable substrates for sorption of Pu [32,33]. The
apparent association between Pu and Mn, as revealed
by SEM-EDS characterization, accords with previous
observations of an affinity between the two elements.
Therefore, the presence of small (<5 um) discreet Pu-
bearing phases that are associated with manganese
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oxides likely controls the very low concentrations of Pu
in solution.

6.3. The link between internal radiation damage and
dissolution rates

Previous investigations have implied that radiation-
damaged glass may dissolve faster than unmodified
glass, as discussed in the Introduction. Although past
dissolution experiments yield conflicting results, other
investigations on actinide-bearing glass yield observa-
tions that give reason to suspect that rate acceleration
is possible. First, spectroscopic data indicate that the
local environments around actinide elements change as
a result of self-radiation damage. X-ray absorption fine
structure (XAFS) spectroscopy studies of the radioac-
tively aged, Pu-bearing glasses tested in this investiga-
tion reveal an increase in disorder and bond lengths of
oxide polyhedra [34,35] with increasing dose. Weber
et al. [36] and references therein show the stored energy
of glass increases with increasing cumulative alpha decay
dose. Although the change in stored energy becomes
constant at higher cumulative doses, the amount of
stored energy can be significant (>100 J/g), which may
result in the glass becoming more soluble and, therefore,
less durable to aqueous attack. Second, glasses contain-
ing alpha-emitting radionuclides undergo a small, but
measurable, density change over time. The stress in-
duced by density changes, unless annealed at high tem-
peratures, could cause an increase in reactive surface
area due to cracking and fracturing of the glass. Third,
radiation may induce phase separation, in which two
or more distinct glass composition domains form from
a homogeneous glass. Typically, the two glass composi-
tions that form from homogeneous silicate glass include
a low-, relatively non-durable and a high-silicon, rela-
tively durable, phase. Depending on relative volumes
and the connectivity of the low durability glass, the dis-
solution kinetics will be governed by the least corrosion
resistant phase, as demonstrated by McGrail et al. [37].
Of particular concern is the possibility that actinide ele-
ments may preferentially partition into the non-durable
low silicon phase, which would result in fast release
(although actinide solubility limitations would still be
enforced). Fourth, radiolysis of water will yield reactive
molecules, such as peroxide (H,O,), which could en-
hance release rates. Formation of hydrogen gas (H,)
by radiolysis of water may also result in accelerated re-
lease rates if H, escapes and leads to high Eh conditions.

If radiation damage affects dissolution rates, boron
release data compared between the three glasses should
show a progressive increase in rate with greater accumu-
lated dose; i.e., an increase from DRG-P1 to DRG-P3.
Because boron is integral to the polymerized silicate
glass network and because it is not sequestered by sec-
ondary phases after release, rates based on the release

of boron best represent the glass dissolution rate. Fig.
5 illustrates the dependence of the dissolution rate (in
logyo values) on solution pH(7) based solely on B re-
lease. Fig. 5 clearly demonstrates that at each pH value
the glass dissolution rates of all three compositions are
identical within experimental uncertainty. Therefore,
the glass dissolution rates are the same, irrespective of
accumulated radiation damage.

Subjecting an amorphous solid such as glass, which
consists of various bond lengths, to radiation may result
in further changes to bond character. However, given
the varying number of bond lengths and angles already
present it is not expected that there would be any signif-
icant contribution to the overall free energy of forma-
tion. Therefore, there would be no measurable effect of
radiation damage on the dissolution rate of glasses.
Likewise, the increase in volume that is observed in
the DRG-P3 glass [38] can result in some increased ion
mobility and release, but under the present experimental
conditions where the glass is dissolving at the forward
reaction rate, any increased ion mobility has a negligible
affect on the dissolution rate.

Despite the lack of evidence for a difference in disso-
lution rate between the glasses at their present level of
radiation damage, there is a possibility that changes in
aqueous durability occurred at lower degrees of self-
radiation damage. In other words, the sensitivity of glass
to radiation damage may have been manifested early in
its damage history and would have been noticeable if
dissolution tests had been run earlier. This possibility
follows from analogy to changes in stored energy with
accumulated dose. It has been documented that stored
energy increases at relatively low accumulated doses,
but then becomes constant at higher doses (c.f. Figs. 9
and 10 in [36]). Because the time in which such sensitiv-
ity has lapsed, it would not be possible to detect differ-
ences in rate between more aged radiation-damaged
specimens.

In order to evaluate this possibility, the log;q dissolu-
tion rate of a large set of non-radioactive borosilicate
glasses was plotted versus the calculated AGyyq of glass,
as described by Jantzen [39] (Fig. 10; data from [24]). In
this algorithm, the contribution of free energy of hydra-
tion is summed as a linear combination proportional to
the mole fraction of the oxides in the glass. Jantzen [39]
proposes that AGyyq4 is a measure of the aqueous durabil-
ity of the glass; the more positive the value, the greater
the corrosion resistance. The average dissolution rate
of the DRG-P glasses were normalized to pH 9 and
40 °C, as described by Icenhower et al. [24]. Addition-
ally, the initial dissolution rate measured by Weber
et al. [12] was corrected for pH and included in the graph.
If radiation effects caused damage that could increase the
dissolution rate early in its history, the DRG-P glasses
should plot at faster rates compared to non-radioactive
borosilicate glass. Note, however, the average rate of
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Fig. 10. Plot of the log,, rate (g/(m? d)) of non-radioactive low
activity waste’ (LAW) analog glass specimens versus the AGy,yq
of the glass ([39]data from Icenhower et al. [24]). Initial
dissolution rate for DRG-P glass specimens were corrected for
pH from the original experiment [12]. Rate data for LAW glass
were obtained by SPFT methods in chemically dilute solutions
in which the forward rate of dissolution was achieved. The data
provide strong evidence that release rates exhibit negligible
change, irrespective of self-induced radiation damage.

DRG-P glasses plot among data points representing
the dissolution rate of non-radioactive borosilicate com-
positions. Moreover, the pH-corrected initial rate is very
close to the dissolution rate values from the radio logi-
cally aged specimens. Therefore, the data provide strong
evidence that release rates exhibit negligible change
over the last ~20 years, irrespective of self-induced
radiation damage and the dissolution rates of the Pu-
bearing glasses reported in this study are typical for all
three glasses throughout its approximate two-decade
history.

7. Conclusions

Single-pass flow-through (SPFT) experiments within
the pH(23°C) range of 9-12 and T =280-88 °C on
238py and *°Pu-bearing borosilicate glasses indicate that
self-radiation damage from alpha decay to the glass net-
work does not affect the dissolution rate. Release rates
of elements in this study are subject to solution pH
and element solubility. The pH dependence and calcu-
lated power law coefficient (0.57 £0.04) for each of
the glass compositions is consistent with results on other
silicate glasses and minerals.

Release of plutonium was invariant with respect to
solution pH. SEM analyses revealed concentrated re-
gions of plutonium present within etch pits and micro-
cracks of the reacted glass surface. In addition,
geochemical modeling indicates that bulk solutions are
saturated with respect to plutonium oxides and hydrox-
ides. Accordingly, we interpret the low mobility of Pu to

result from local saturation in Pu-bearing solids immedi-
ately after release from glass. However, the crystallinity
of Pu-rich areas concentrated in surface features could
not be demonstrated and the adsorption and agglomer-
ation of Pu-bearing colloids to the glass surface is a rea-
sonable alternate interpretation.

There are a number of implications from the results
of this study. First, self-radiation damage accumulated
by a radiologically aged Pu-bearing borosilicate glass
does not degrade the corrosion resistance of the ma-
terial, at least over the accumulated dose range in-
vestigated. Second, an increase in borosilicate glass
dissolution in an unsaturated repository could result if
radiolysis of water and moist air occurs. However, these
effects obviously cannot come into play until the metal
canister housing the Pu-bearing glass is penetrated by
water and air. Third, within a glass-dominated burial
facility, where alkaline conditions prevail and ionic
strengths are likely to increase as glass dissolution oc-
curs, the concentration of plutonium released from the
glass matrix will be minimal due to mineral saturation
or agglomeration of colloids. In either case, the mobility
of Pu will be strongly curtailed.
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