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SUMMARY

Over 200 single-pass flow-through (SPFT) experiments were completed with LAWABPL glass,
the reference glass for the 2001 Immobilized Low-Activity Waste (ILAW) Performance
Assessment. These data provided the kinetic rate law parameters and Na ion-exchange rate
needed to conduct long-term performance analyses using the reactive chemical transport code
STORM. Pressurized unsaturated flow (PUF) experiments with five prototypic ILAW glasses
were also performed. The PUF test provides a means to dramatically accelerate the weathering
process in a simulated vadose zone environment. The performance of these five next generation
ILAW glasses in the PUF test (and other accelerated tests) improved markedly from earlier glass
compositions that were being developed by BNFL, Inc. No autocatalytic corrosion rate
accelerations were observed in tests that were conducted for over 1 year. Excellent performance
was also observed for one glass that has a 23% Na,O loading as compared with the nominal 20
mass% Na,O loading in previously tested glasses. Improvements in glass performance resulted
from the improved scientific understanding about how key glass components (Al, Fe, Zr, Ti, La)
impact long-term glass behavior and the rapid feedback on product performance now available
with advanced test methods such as the PUF test.

SPFT and PUF experiments were run with a commercial humic acid solution, 25 to 50 times
more concentrated than expected in Hanford vadose zone pore water. No difference in glass
dissolution rate versus the rate measured in deionized water could be detected within
experimental error.

Initial development and testing of a parallelized lattice-Boltzmann method for solving reactive
chemical transport problems in complex geometries was completed. This method is being
examined as a means to dramatically decrease the computional time required to solve complex
multidimensional reactive transport problems needed to predict long-term radionuclide release
rates from ILAW glasses. The results showed linear speedup behavior with number of
processors for a ssmple test problem. The code was aso used to solve a 160,000 node reactive
transport problem in an artificial fracture network. Additional development and testing of the
model on more realistic and complex ILAW disposal problems is planned for FY 01.
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1.0INTRODUCTION

Vitrification of low-activity tank waste at Hanford is expected to produce over 160,000 m® of
glass that will be placed in a shallow subsurface disposal facility [1]. Before the immobilized
low activity waste (ILAW) can be disposed of, DOE must approve a performance assessment,
which is adocument that describes the long-term impacts of the disposal facility on public health
and environmental resources. One of the key inputs to the performance assessment is the ra-
dionuclide release rate from the glass. A strategy to evaluate the long-term radionuclide release
rate from LAW glasses has been published [2]. The purpose of this report is to describe the pro-
gressmade in fiscal year (FY) 2000 toward implementing this strategy with the goal of develop-
ing an understanding of the long-term corrosion behavior of low-activity waste glasses so that a
credible performance assessment can be conducted.

The emphasisin FY 2000 was the completion of alarge suite of single-pass flow-through
(SPFT) experiments with LAWABPL glass, which was selected as the reference glass for de-
tailled analysis in the 2001 ILAW Performance Assessment. The results from these studiesis
discussed in Section 2.0. Several prototypic ILAW glasses, in addition to LAWABP1 glass,
were also subjected to accelerated weathering using the pressurized unsaturated flow (PUF) sys-
tem. The results from these experiments are discussed in Section 3.0. Finaly, the results from
initial development and testing of a new lattice-Boltzmann method for reactive chemical trans-
port modeling are discussed in 4.0, followed by Conclusions and References.






2.0 SINGLE-PASS FLOW-THROUGH TESTS

The single pass flow-through (SPFT) test is an open system experiment in which a solution
flows at constant temperature and rate through a reaction cell containing the sample. This con-
figuration precludes re-circulation of a portion of the effluent and so makes a “ single-pass’
through the reaction cell. Many different SPFT apparatuses have been developed, but these can
all be classified as three basic types: 1) well-mixed batch, 2) packed bed, and 3) fluidized bed.
The well-mixed batch type of apparatus was used for al the test data reported here.

We have quantified the dissolution kinetics of LAWABP1 glass composition through the use
of SPFT experiments over arange of pH values (2 to 11), temperatures (23° to 90°C), and solu-
tion compositions (primarily Al, Si doped). Because vitreous materias, such as the LAWABP1
glass, are metastable substances, the glass sample cannot reach chemical equilibrium with the
solution. Moreover, the complete dissolution and conversion of glass to more stable crystalline
or amorphous materials in the repository will occur on atime scale that exceeds the period of
regulatory concern (20,000 years) for the ILAW glass. Therefore, to understand the reactivity of
potential waste glass candidates in subsurface environments, a full knowledge of the dissolution
Kineticsis necessary. While other experiments, such as static PCT or PUF tests described else-
where in this report may more realistically mimic disposal system conditions, SPFT experiments
areideal for elucidating the kinetic rate law parameters that will be used to model radionuclide
release rates into the geosphere. The SPFT test is uniquely suited for retrieving rate parameters
because the system is designed to establish steady-state conditions between the glass and the
agueous solution. Steady-state conditions ensure that effluent pH and concentrations of elements
are invariant with respect to time and that the system is maintained at constant chemical affinity.

To predict the long-term fate of glass in the subsurface over the period of regulatory concern,
amathematical model that describes glass reactivity is needed. Over the last few decades, a gen-
eral rate equation has been fashioned to describe the dissolution of glass (and more ordered ma-
terials) into aqueous solution. As described below, the equation is based upon the Transition
State Theory of chemical kinetics, in which the overall reaction rate is governed by the slowest
elementary reaction. Elementary reactions have simple stoichiometry and can be combined as an
overal reaction. In many cases, the elementary reactions can only be inferred. Asan example of

the elementary reaction, consider the dissolution of SiO, polymorphs to form silicic acid:
3



SiOy(solid) + 2H,0 U Si0,*2H,0* ® H,SiO(aqueous) (1)

in which SiO,* 2H,0" represents an activated complex of unknown stoichiometry. Note that the
reactants and the activated complex in equation (1) are linked by a double-headed arrow symbol -
izing that the reaction is reversible such that the latter can back react to form the former. Decay
of the activated complex to form the product (silicic acid) isirreversible in the TST formulation

and is symbolized as a uni-directional arrow.

With these assumptions, a general equation describing the rate of reaction as a function of
solid (glass, mineral, ceramic) composition, pH, temperature, saturation state of the system, and

the activities of rate-enhancing or —inhibiting entities [3] has been proposed:

.S

_ _E © U,
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RT & §K, 547

= dissolution rate, g m?d*
intrinsic rate constant, g m?d*
the stoichiometric coefficient of element i in the glass (dimensionless)
hydrogen ion activity

activity of the ™ aqueous species
activation energy, kJymol

= gas constant, kJ/mol-K

= temperature, K

= ion activity product

= pseudoequilibrium constant

= pH power law coefficient

= Temkin coefficient.

where:
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=
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By manipulating one experimental condition, such as temperature, flow-rate, pH, and the
concentration of additives, while keeping the others constant, the parameters within Equation (2)
can beisolated and quantified.

Although equation (2) is useful, thereis still some debate in the scientific community regard-
ing the identity and values of the above parameters. For example, it iswell established that dis-
solution rates increase with an increase in the activity of the hydroniumion (i.e., pH), but it is not
clear if other agueous species (such as the aluminate ion or humic acid) inhibit or catalyze reac-
tion rates. Asdiscussed in more detail below, there is no consensus concerning inclusion of the

effects of aluminum in equation (2). Two different schemes have been advanced for the effects
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of Al on rates: (i) Assigning the activity of the aluminum species as an inhibitor (as an a, term)
[4], or (ii) As part of an activity product in the Q/Ky term [5]. This divergence of opinion stems
from disagreements surrounding the value of the pseudoequilibrium constant, K. Grambow [6]
proposed that that the value of K4 should be equivalent to that for one of the silica polymorphs
(e.g., amorphous silica or chalcedony). Other investigators have proposed that Ky include other
species, such as alumi num, or a complicated activity product of all speciesfound in secondary
corrosion products. A final uncertainty rests with the nature and value of the Temkin coefficient,
s, which represents the net reaction order of the decay of the activated complex to the product.
Investigators have reported values of s ranging between 0.4 and 1.0 whereas others have rec-
ommended that s should be ignored in the above equation. The value of s cannot be determined
independently through experiment with any certainty, and we will follow the recommendation of

Lasaga[4] and assign it avalue of 1.0.

This report summarizes the findings of our experiments to date. In thisfiscal year (FY
2000), we have completed over two hundred experiments on the LAWABPL glass and have
amassed data that will be used to model the long-term corrosion behavior of glass. Following a
discussion of the materials and methods used, the data are discussed in detail. The datain this
report can be conveniently grouped into five separate sections; (1) a discussion of the consis-
tency of the data set and methods validation, (2) the effects of varying g/s (the flow-through rate
divided by the surface area of the sample), (3) solution pH, and (4) temperature on dissolution
rates, and (5) the effects of adding additives (Si, Al, and humic acid) into the input solution.

21 MATERIALS AND METHODS

211 Glass

The glass composition used in this study is denoted “LAWABPL”, which is a boroalumi-
nosilicate glass characterized by relatively high concentrations of TiO, (2.49 wt.%), ZnO (2.60
wt.%), ZrO, (5.25 wt.%), and La,03 (2.00 wt.%) (Table 1). Inclusion of these oxidesin glassis
thought to promote greater corrosion resistance as well as slower Na'-H" exchange rates (see
later section). Aswith other glasses considered for the ILAW program, Na,O concentrations are
relatively high (20.00 wt.%), but other oxides are either relatively low (MgO: 1.00 wt.%) or ab-
sent (eg., Cao, Li0).



Samples of powdered glass used in this study were produced by Table 1. Chemical

crushing glassin a ceramic ball mill. The crushed glass was then sieved Cormposition of

LAWABP1 Glass
to separate the powdersinto avariety of size fractions; in this study, only Oxide  mass%
the <100, >200 mesh (149 to 75 nm diameter) size fraction was used. Al0; 10.00%

B,O 9.25%
The powdered sample was then sonicated in deionized water (DIW) and C|2 ’ 0_5802
rinsed in ethanol to remove any adhering particles outside the desired size €205 8-8224)

F .04%
fraction. After dryingin a90°C oven for several hours the powder was Fe,0; 2 50%
kept in adesiccator until used in an experiment. For two sets of experi- K0 2.20%

La,0, 2.00%
ments we used glass coupons (~10mm x 10mm x 2mm) rather than pow-  MgO 1.00%

. : : Na,O 20.00%
ders. Coupons were cut using an isomet saw and were then polished P,O. 0.08%
using 600-grit sandpaper. SO, 0.10%
Th alized surf f the powd | 510 41.89%
e mass-normalized surface area of the powder sampleswasmeas- 2 49%
ured using the BET method [ 7], with Kr as the adsorbate. Table 2 dis- ZnO 2.60%
. Zro, 5.25%

plays the results of the BET analysis for one LAWABP1 and two
LAWA?33 samples. The surface area measurements, in nt g2, are all TOTAL 100.00%

within 10% of each other, indicating the reproducibility of the results.

We note, however, that the values reported in Table 2 for the BET anal yses are probably an
overestimate of the true surface area of the sample over the duration of the experiment. Thisis
due to the ubiquitous presence of finer-grained glass particles that adhere to the material of the
desired size fraction. Because the surface of area of very fine-grained materia islarge, the BET
analyses measurements are skewed towards higher values. When the sample powders react with
agueous solutions, the finer-grained materia rapidly dissolves (probably in one to three days,
depending on temperature and pH) leaving behind the larger-grained sample (of the desired size
range) with alower surface area. It isthis surface areathat persists through the duration of the
experiment as the sample and solution approaches steady-state conditions. An aternate way of
assessing sample surface areais to calculate the specific surface area based on the following
geometric formula[8]:

3
S—W (3)

wherer isthe glass density (g m®), andr isthe average particle radiusisin meters. Applying

this formulafor the LAWABPL glass in this size fraction yields a specific surface area of
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0.020 n? g%, whichisnearly Table 2. Measured Kr BET surface areas and estimated surface
area from Equation 3 for <100, >200 mesh size fraction glass.
3X smaller than the value

measured by BET. In deriv- BET Surface Area

Sample Size Fraction # of Surface Area  error
ing this geometric formula, (mesh) points (m’/g) (m’/g)
it is assumed that the parti- LAWABPL (<100, >200) 9 00575  0.0002
cles are spherical, that the LAWA33 (<100, >200) 6 00517  0.0003
S _ LAWA33 (<100, >200) 8 00567  0.0001
size distribution of grains Average=  0.0553

within the fraction is nor-
Geometric Surface Area

mally distributed, and that Sample SizeFraction  Density  SurfaceArea  error

. 2 2
surface pits, cracks, and (mesh) (g/m) (m'/g) (m'/g)
other forms of surface LAWABPL (<100,>200)  268E+06  0.0200  0.0028

roughness do not affect the

surface area. All three of these assumptions are probably not strictly valid, yet the following line
of evidence suggests that the geometric estimate best represents the true surface area. Because
the surface area of glass coupons can be precisely determined from dimensional measurements,
dissolution rates using glass coupons can be compared to rates measured using powders. The
value of the sample surface area, measured by BET or estimated by the geometric formula, can
be plugged into the rate equation (see below) for purposes of comparison.

In an experiment using glass coupons at 90°C, pH(25°C) = 9, the measured |og, dissolution
rateis—0.63 g m?d™. Using the geometric formulafor surface area, the log,, dissolution rate is
-0.72 g m?d™* for the powdered sample, which within the experimental uncertainty of the disso-
lution rate. In contrast, if the BET surface area were used in this same experiment, the resulting
logo dissolution rate would be —1.20 g m? d™*, which is clearly different from the result using
glass coupons. We conclude, therefore, that the geometric estimate is a more accurate appraisal

of the sample surface area.

2.1.2 Solutions

Seven different solutions were used to control the pH during the experiments and are listed in
Table 3. Acid solutions (pH =2, 4) were prepared by adding HNO; to deionized water (DIW).
Neutral to slightly basic solutions (pH = 7, 8, 9, and 10) were made by adding small amounts of
the organic THAM (tris hydroxymethyl aminomethane) buffer to DIW and then adding minor

7



concentrations of HNOs to bring the solution to the desired pH value. Alkaline solutions (pH =
11) were prepared by adding LiCl and LiOH to DIW. Solution compositions are summarized in
Table 3. Table 3 also givesthe change in pH with respect to the temperature of the experiment,
as calculated with the EQ3NR geochemical code [9]. Asone can see from Table 3, thein-situ
pH of the experiment can change by as much as 1.5 pH units over the temperature interval of 23°
to 90°C.

Aliquots of al input solutions used in this study were analyzed by ICP-OES (inductively
coupled plasma optical emission spectroscopy) methods to determine the background concentra-
tion of elements of interest (Al, B, Mg, K, Si, Na). Inal cases (except the humic acid solution;
see below), the background concentrations of elements were below their respective detection
thresholds.

For select experiments, we added Al, Si, or both to input solutions. Aluminum was added in
the form of water soluble AI(NO3)3-9H,0, which rapidly dissolved leaving no residue. Silicon
was added in the form of silicic acid powder (Si0,-2H,0), which required heating of the silica-
containing solution to 3 87°C for at least three days to facilitate complete dissolution. These
sol utions were pH-adjusted by use of HNO; after addition of Al or Si to ensure that solutions
were maintained at the appropriate pH value (typically pH = 9). The amount of Al or Si added to
the solutions depended on the temperature of the experiment. Silicon was added to solution as a
percentage of saturation with respect to amorphous silica. Because SiO,(am) solubility i ncreases
with temperature, the range of Si concentrations added to solutions varied from approximately 10
to 150 ppm Si. Inthe case of aluminum, it was difficult to add aluminum into solution without
becoming supersaturated with respect to polymorphs of Al(OH); (e.g., gibbsite) or
Al,S,05(0H)4 (kaolinite). Asin the case of silicon, the amount of aluminum added depended
upon the temperature of the experiment but can be summarized as from 10 to 100 mmolal Al. To
achieve awide spread in aluminum and silicon activities in solution, a subset of solutions was
prepared with both added Al and Si. For these experiments, four different concentrations of Al
were used. For each Al concentration, Si was added up to near saturation with respect to amor-
phous silica. Again, these additions probably caused the solutions to become supersaturated with
respect to one or more aluminosilicate phase. Precipitation of solid phases can be visually de-

tected in the effluent solution composition, asisfully discussed below. For experimentsin



Table 3. Composition of solutions used in single pass flow-through experiments.
TRIS = THAM-based buffer. Solution pH values above 23°C were calculated with

EQ3NR Code V7.2b database.
Solution# Composition pH23°C pH40°C pH 70°C pH 90°C
1 0.01 M HNO; 2.01 2.04 2.07 211
2 0.0001 M HNG; 3.66 371 371 371
3 0.01 M TRIS + 0.0093 M HNO, 7.13 6.53 5.87 5.50
4 0.01 M TRIS+ 0.0059 M HNO; 8.08 754 6.88 6.52
5 0.05M TRIS + 0.0079 M HNO; 897 8.44 7.78 742
6 0.05M TRIS 9.65 9.38 8.87 852
7 0.01 M LiCl +0.0107 LiOH 11.07 10.94 10.49 10.12

which precipitation did not occur, the full extent to which Al and Si affect dissolution rates could
be assessed.

2.1.3 SPFT Apparatus

The salient features of the single pass flow-through (SPFT) apparatus used in this study are
illustrated in Figure 1. Either a syringe (Kloehn; model 50300) or infusion pump (either 3M
AV Micro 210A or Graseby 3000) was used to transfer solution from the reservoir bottle to a
Teflon reactor. 1n the case of the syringe pump, up to four experiments per pump could be run
using the same input solution. This configuration was especially useful when experiments with
varying flow-through rates were required. Infusion pumps were used when the input solutions
contained Al or Si additives. Because no part

Timer and

of theinfusion pump comesin contact with Check Valve

the solution, this precluded the possibility of Liabovital N; Gas Flow

Rate Metering
Valves

contaminating later experiments. Transport of

solution from the pumps was accommodated
by 1/16™ inch Teflon tubing that led to a Tef-

lon reservoir situated within a constant tem-

‘ Oven

A58

S0

Collection
Bottles

perature oven. The oven was set to the

experimental temperature of interest and a

digital thermocouple, accurate to +2°C, was

oY

used to record temperature daily. Aninline

Pumps

reservoir situated in the oven beforethereac- Figure 1. Schematic of the Single Pass Flow-
Through (SPFT) Apparatus
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tor was also used because the typical flow-through rates were fast enough that the solution may
not have had time to equilibrate at the temperature of interest before entering the reactor. The
reservoir vessel contains two ports, for inflow and outflow of solution, in addition to athird port
for anitrogen gasline. A nitrogen generator continuously supplied N, to the reservoir, ensuring
that atmospheric CO, did not cause deviations in solution pH. A Teflon line connected the res-
ervoir to the reactor, which housed the powdered sample. The reactors consist of two pieces that
screw together with the upper half containing a port for ingress of solution and a second port for
the egress of effluent solution. The powdered sample lies at the bottom of the reactor in athin
layer. Therefore, the fluid is not pumped directly through the sample, as in other reactor designs.
The advantage of this design is that bubbles that form in the fluid transfer lines do not become
entrained in the sample, which could alter the exposed surface area. Effluent is collected con-
tinuously in collection bottles situated outside the oven.

Aliquots of effluent solution were routinely checked to ensure that pH control was main-
tained during the experiment. The remainder of the effluent solution was acidified by high purity
nitric acid and analyzed for chemical composition by inductively coupled plasma optical emi s-
sion spectroscopy (ICP-OES) methods. Typically, three blank solutions were drawn before glass
was added to the reactor. The blank solutions were analyzed for background concentrations of
elements of interest and, together with analyses of starting solution aliquots (see above), ensured

us that contamination from previous experiments was not a factor.

Experiments were terminated when the concentrations of elements in the effluent solution
became invariant with respect to time (steady-state conditions). Typically, thiswould take from
one to three weeks, depending upon the temperature of the experiments. For example, in order
for boron concentrations to exceed its detection threshold, flow-through rates for experiments at
23°C were relatively slow (=20 mL d%). In contrast, the concentration of boron in experiments
at 90°C was well above detection threshold, even with flow-through rates as fast as 100 mL d™.
Sinceit typically takes exchange of seven reactor volumes to achieve steady-state conditions
[c.f., 6], the duration of an experiment at 23°C islonger than that at 90°C.

2.1.4 Dissolution Rate and Error Calculations

Dissolution rates, based on steady-state concentrations of elementsin the effluent, reported

herein are normalized to the amount of the element present in the glass by the following formula:
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(G - C_:i,b)q

Normalized dissolution rate (g m?d™*) = s

(4)

where G; is the concentration of the element, i, in the effluent (g L™), G bisthe average back-

ground concentration of the element of interest (g L™, qisthe flow-through rate(L d?), f; isthe
mass fraction of the element in glass (dimensionless), and Sis the surface area of the sample
(m?). Thevalue of f, can be calculated from the chemical composition of the glass. Flow-
through rates were determined by gravimetric analysis of the fluid collected in each effluent col-
lection vessel upon sampling. The background concentration of the element of interest is deter-
mined, as previously discussed, by analyses of the starting input solution and the three blank
solutions. Typically, background concentrations of elements are below their respective detection
threshold. The detection threshold of any element is defined here as the lowest calibration stan-
dard that can be determined reproducibly during an analytical run within 10%. Therefore, the
detection threshold can be higher or lower for the same element on two separate analytical runs.
For example, the detection threshold for boron may be as high as 100 ppb (parts per billion) or as
low as 5 ppb, depending how well the ICP-OES instrument operates on any particular day. In
cases where the analyte is bel ow the detection threshold, the background concentration of the
element is set at the value of the detection threshold.

Dissolution rates were computed for elements whose concentrations are at |east three times
the detection threshold. In afew cases, concentrations were less than this and either the rateis
not reported or is reported with all appropriate caveats. In the latter case, the uncertainty on the
dissolution rate may be much greater than the typical 35%.

Determining the experimental uncertainty of the dissolution rate takes in account all the un-
certainties of each parameter in equation (4). For uncorrelated random errors the standard devia-

tion of afunction f(xy, Xo,...X,) iSgiven by:

(5)

where s;=standard deviation of the function f.
X; = parameter i
S| = standard deviation of parameter i.
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In the case of dissolution of a solid, the function of interest is Equation (4). Substituting (4) into

(5) resultsin:
& — .2
Sq &q 90 (s2 +sZ )+g£" 0 05 gE(C C.b)q9 5 +§(Ci - C;,b)qg s (@
gfs ? e f|S 2[ e f )] e fIS ]

Errors of 5%, 5%, 10%, 3%, and 15% were assigned to C;, (Ti,b, g, fi , and S respectively. The

conservative appraisal of errors assigned to Equation (6), in addition to the practice of imputing
detection threshold values to background concentrations, results in uncertainties of approxi-

mately +35% on the dissolution rate (or 0.2 log units when reported as log;, rates).

2.2 RESULTS

2.2.1 Achievement of Steady-State and Consistency of Results

Dissolution rates and experimental conditions, including tenperature, solution pH, flow-
through rates, and sample mass and surface area, are listed in the Appendix. The mgjority of the
rates reported are computed based on concentration of boron. Boron istypically the most reli-
able index for matrix dissolution since it, along with Si and Al, forms the glass polymer network.
In addition, when boron is released during dissolution, it is not retained either in secondary mi n-
eralsor in “leach layers’ that build up on the surface of glass. Other network forming elements,
such as Al and Si, may be retained after initial release in experiments with slow flow-through
rates (and, clearly, neither Al nor Si can be used as an index of dissolution in cases where these
elements are added to input solutions). Rates based on alkali elements, in this case, Na, are also
subject to uncertainty under conditions of slow matrix dissolution rates. As discussed in more
detail below, release of Nato solution is through two separate reactions, matrix dissolution, and
alkali-hydrogen exchange. For example, when flow-through rates are slow, the concentration of
Si in solution in contact with glass builds up, causing the dissolution rate to decrease. Relatively
large amounts of Na are released into solution, however, because the Na'™-H" exchange mecha-
nism continues to operate. Thus, in this example, the calculated dissolution rate would be too
fast. In many experiments, however, the log dissolution rate based upon Al, B, Na, and Si

agree to within 0.2 log units and are reported as an average. |n some extreme cases, the concen-
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tration of boron in solution is below the detection threshold and we are forced to rely on concen-
trations of Al, Na, and Si for computing dissolution rates. This may occur, for example, when
flow-through rates are very fast and concentrations of e ementsin the effluent are dilute. How-
ever, if these rates are in disagreement with each other, for the reasons mentioned above, then

dissolution rates for that experiment are not reported.

As stated earlier in this report, obtaining o 1800 . . . :
Q LAWABP1 Glass .
L . a 1600 | ShL v 90°C
valid dissolution rates depends on the glass- = 1400 | pH(25vC) =9 . 702(:
sol ution system reaching steady-state condi- -% 1200 | ; ;‘gog
: , . 5 1000 |
tions. Figure 2 shows that these conditions S 800 Vvvy
. . ] L 2
are met for typical experiments at the four % 200 } ¢T 00900
(&]
. . A
temperatures (23, 40, 70, and 90°C) investi E 200 | AAAdsaaa
gated. Concentrations of boron are invariant B 10009 ¢0&&¢
. . . 0 5 10 15 20 25
with respect to time after ~10 daysin these Time (days)
experiments. The results shown inthisdia- Figure 2. Boron Concentration Versus Time

for the Four Temperatures Investigated. This
plot illustrates that the system achieves steady-
experiments. state conditions in ~10 days. Note scale break
invertical axis.

gram are typical of what we observed for all

For experiments performed under similar
conditions, the data yield generally yield consistent rate measurements. For example, experi-
ments at pH(25°C) = 9 and flow-through rates between 80 and 100 mL d* gave log,, dissolution
rates between —0.71 to —0.84 g m* d™* (see Appendix). The mean rate, based on 9 experi ments,
is—0.784 +0.108 g m?d* (two standard deviations). However, one experi ment (#80) is inexpli-
cably faster than all of the others (-0.59 g m?d™). Including this value, the mean rate is—0.765
+0.160 g m? d*. We therefore conclude that the SPFT experiments are generally internally con-
sistent with nearly all rate values within 0.2 log;, units of each other.
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2.2.2 Effect of g/s Variations

Figure 3illustrates the effect of varying the ra-
tio of flow-through rate, g, to sample surface area,
S. Rates based on concentrations of Al, B, Si, and
Na are plotted for the conditions of 90°C,
pH(25°C) =9in Figure 3A. Thisfigureillustrates
that as the g/s ratio increases, dissolution rates in-
crease and then reach a constant value. Thisfigure
also shows that the rates based on all four e ements
(Al, B, Na, and Si) are nearly identical over the g/s
values studied. Figure 3B illustrates that the effect
of g/sonratesissimilar at 40°, 70° and 90°C. For
all three temperatures, the rate increasesto a
maximum and thereafter remains constant. This
rate is known as the forward rate and can be used
to calculate the activation energy, E,, of the disso-
lution reaction.

The reason that rates are relatively slow on the
left-hand side of the diagram (toward smaller val-
uesof g/s) isthat when flow-rates are low or when
total surface areais high, the concentrations of

elements dissolved into solution are high. Asthe

~~
= 0.10
() ® B A
c A Al .
o 008H v nNa ]
D~ o si
o T 006} ]
IR
S
c Eooal ]
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g 0.02F LAWABP1 Glass ]
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- (o]
2 000 T=90°C
00 1.0e-8 20e-8 3.0e8 4.0e-8
/s (ms™
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2 pH(25°C) = 9
g \4
R 5%
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S © 3478
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10g,, a/s (M ™)

Figure 3. Effect of Variation in the Ratio
of Flow Rate, g, to Sample Surface Area, s.
Figure A shows the increase in rate based
on Al, B, Na, and Si for experiments at
90°C. Note that the rates reach a constant
value at higher values of g/s (towards the
right-hand side of the diagram). Figure B
illustrates that these same effects are pre-
sent for experi ments at 40° and 70°C.

concentration of elements rise in solution, the solution approaches saturation with respect to

some solid phase or phases. Therefore, the dissolution rate slows as the chemical potential dif-

ference between glass and solution decreases. This effect is expressed mathematically as the

chemical affinity of reaction:

: - aKg 0
Chemical affinity = RTIn o i DG, (7)

2

where - DG, isthe free energy of reaction, and R, T, Kg, and Q are as defined in Equation (2). In

other words, the chemical affinity is a measure of the departure from equilibrium. Therefore, as
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K
theion activity product, Q, approachesthe value of K, the natural log of the ratio ?g ® Oand

the chemical affinity term goes to zero.

2.2.3 Effect of pH 1
Solution pH values were varied between 2

and 11 at temperatures of 23, 40, 70 and 90°C

: : : : : —
LAWABP1 Glass 90°Cs

(see Table 3). Because the pore water solu-
tion in the disposal system is expected to be
neutral to basic, only the results of the ex-
periments for this pH range will be discussed.
Figure 4 illustrates the effect of pH on the

dissolution rates. Note that the in-situ pH has

log,, dissolution rate, g m™ d™*

been corrected for temperature using the 5 6 7 8 9 10 11 12
EQ3/6 computer code. For the four tempera- . ~pH(T)

Figure 4. logy Dissolution Rate Versus Tem-
tures studied, the dataindicate similar behav-  perature Corrected pH for LAWABPL Glass

ior with rates increasing with pH at a constant value. The slope of aline through the data points
corresponding to each temperature is equal to h, which is one of the paranetersin Equation (2).
The value of the slope is 0.35+0.03 for all four temperatures plotted. The value of h issimilar to
what we deter mined previously on other waste glass candidates [8]. In addition, the value of h
for LAWABPL glass is consistent with values reported for silicate minerals[10]. The apparent
constant slope at all four temperatures (Figure 4) is significant because it suggests that h is not
dependent upon temperature. Therefore, we can apply the value of 0.35 to h at 15°C, the antici-

pated repository temperature, with confidence.

2.2.4 Temperature Effects

Figure 4 also illustrates the strong effect that temperature has on dissolution rates. Dissolu-
tion rates increase by ~1,000X over the temperature interval of 23° to 90°C under circum-neutral
to basic pH values. A nortlinear regression of the data set was performed to retrieve the experi-
mental activation energy, E,, for the LAWABPL glass, assuming that Q/Ky = 0 and fixing h at
0.35in Equation (2). The regression yields an activation energy of 68+3 kJmol ™, which is simi-
lar to values reported for other borosilicate glass compositions[7, 11-12]. Note that the value of
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E, for glassis similar to that of silica polymorphs (quartz = 66 — 83 kJ mol* [12]; anorphous
silica, 74.5 kI mol™ [13]; cristobalite, 68.9 kJmol ™ [14]). These data suggest that rupture of the

Si—O bond in borosilicate glass is the rate-limiting step in dissolution.

2.2.5 Effects of Additives (Si, Al, Humic Acid) on Rates

As discussed in the introduction, we doped input solutions of select experiments to determine

the effects of various molecular species on the dissolution rate. The experiments were doped
with Si, Al, and humic acid, as described below.

2.25.1 Slicon

Silicon was added to input solutions over the concentration interval of 20 to 120 ppm. As
discussed in Section 2.1.2, silicon was added by dissolving powdered SiO,-2H,0 into a0.05 M
THAM solution, pH-adjusted to 9 (at 23°C). The amount added to each solution is listed in the
Appendix as mol/L Si in the effluent solution. The range in concentration of Si in the effluent is
up to 95% of the saturation value with respect to amorphous silica at 40° and 70°C. In contrast,
the concentration of Si in the effluent solutions in the 90°C experi ments was only up to ~70%
with respect to saturation. This value reflects the difficulty in keeping Si in solution in the input
reservoir (at 23°C) for experiments at relatively high temperatures.

2.2.5.1.1 Rateversussilicic acid activity < 0014

. . . 2 o Boon LAWABP1 Glass
Figure Sillustrates the effect of siliconon " 0012 | g Sodium T=40°C
. . . pH(25°C)=9
the dissolution rate of LAWABP1 glass. Dis- 3 0.010 ]
solution rates with respect to both boron and E 0008
. . . c 0.006
sodium are plotted against the activity of % 0.004 & % % é <}
silicic acid at 40°C. At the temperature and S o002 f # FY 9§
pH of the experiment, silicic acid (H,SIOQ) is & 0.000 - -
0.000 0.001 0.002 0.003

the domi nant aqueous species, although aH,Sio,’ (mol L%

smaller fractions of HsSIO, (~11%) and Figure 5. Dissolution Rate Based on B and Na
H,Si04 («1%) are also present. Figure5 Versusthe Activity of Silicic Acid at 40°C.

. . Thisfigure also illustrates that sodium rates are
shows thet dissolution rates based on boron faster than boron rates at high Si-concentrations
decrease rapidly and then reach a constant due to the dominance of akali-H exchange un-

o . . e th ndition text).
value with increasing activity of silicic acid. der these conditions (see text)
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Figures 6A and 6B illustrate the effects of 7 0.6

dissolved silicon on dissolution ratesat 70 and ~ _ 0.14f 7| ¥ 2oron A LAWABP#S;E?; 3
90°C. Asin the case of Figure 5, both boron 3 g'iz _ pH(25°C):9:
and sodium dissol ution rates decrease non- § 0.08F ]
linearly with increasing silicon concentrations. _5 0.06 | {' % ]
Note however, that at 70°C (Figure 6A), the g 2:2;‘ é g é 3 i
dissol ution rate with respect to sodium is A 0.00 . .

0.000 0.001 0.002 0.003

nearly the same as that for boron at high con-

, , N , aH,Sio,° (mol L™)
centrations of dissolved silica. At 90°C (Fig-

0.40 . :
ure 6B) the dissolution rates based on thetwo o 035 k1] @ Boron B. LAWABP1 Glass |
g o Sodium T=90°C
elements are identical within experimental o 030 f - pH(25°C)=9 1
uncertainty. g 0254
o 0.20
What Figures 5, 6A, and B collectively S 0154 H %
indicate is that dissolution rates decrease nonr = 010 #
? 0.05F
linearly with respect to silicaactivity. Atfirst 2 09

0.000 0.001 0.02 0.003 0004 0.005
aH,Sio,’ (mol L™)
Figure 6. Dissolution Rate with Respect to B

sumed to control the dissolution rate of and Na Versus Silicic Acid Activity at 70° and

borosilicate glass. According to this model of 90°C.

glance, this contradicts the proposal of Gram+

bow [6] in which the activity of silicais as-

glass dissolution, the equilibrium constant for amorphous silica can be substituted for Ky in
Equation (2). If thiswere true, modeling the long-term corrosion behavior of glass would be
straight forward, given that the thermodynamic stability of amorphous silicaiswell understood

as afunction of temperature and pH.

2.2.5.1.2 Na-hydrogen exchangerates

In the preceding section we showed that as silicon is added to solution, the dissolution rates
decrease. Rates with respect to sodium also decrease with increasing silicic acid activity (see
Figures 5 and 6A,B). Note that under dilute solution conditions (low Si concentration, left-hand
side of diagram), sodium and boron rates are identical within experimental error. Asthe concen-
tration of dissolved silicon increases, however, the sodium rates become statistically faster than
boron rates. Thisdivergence in rates at high silicon concentrations can be explained by the op-
eration of two distinct mechanisms that release sodium to solution. The first mechanism is me-
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trix dissolution and the second is alkali-H exchange. Under conditions of dilute solution compo-
sitions, the matrix dissolution mechanism dominates, so boron and sodium rel ease rates are
equal. In contrast, as silicon is added to solution, matrix dissolution rates are suppressed yet al-
kali-H exchange is unaffected and becomes dominant. Thus, sodium isreleased faster than what

can be accounted for by matrix dissolution alone.

Sodium exchange rates were cal cul ated by -7 . .

LAWABP1 Glass
pH(25°C) = 9

E,=52.7 kJ mol™* |

subtracting the boron from the sodium rate

and then making the proper conversion to
moles of sodium per unit area per time. In
thisinstance, we cal cul ated the sodium ex-
change rate in terms of mole m?s™, so as not

to be confused with the dissolution rate. Ex- qq L e, e, 4g°c 15
00026 00028 0.0030 0.0032 0.0034

_ T (K
gated are plotted with respect to temperature  Figure 7. Sodium-H Exchange Rate Versus

Reciprocal Temperature for LAWABP1 Glass.

The dope of the line through the data i ndicate
diagram suchas this that a correction factor an activation energy of 52.7 kJ mol ™.

log,, Na exchange rate
(molm?s™)
[{e]

change rates for the four temperatures investi-

on Figure 7. We note that on an Arrhenius

for the change in solution pH must be applied.

We have not yet determined the pH-dependence (if any) of the ion-exchange rate so this correc-
tion could not be applied. The approximate activation energy for the Na ion-exchange reaction
for LAWABP1 glassis 52.7 kdmol™. The activation energy is similar to the value of 47.3

kJ mol™* reported by Pederson [15] for Na'-H" exchange in sodium silicate glass. For afull dis-
cussion of alkali ion exchange mechanisms and the effect of glass structure on exchange rates,
the reader should consult reference [16].

From this graph, we can calculate the apparent sodium exchange rate at 15°C, the likely re-
pository temperature. Extrapolating to this temperature, the Na™-H* exchange valueis 3.4 x 10!
mol m?2s?. Extensive exchange of Na* for HzO" in solution will result in an increase in solution
pH, which in turn will cause an increase in matrix dissolution. For this reason, alkali ion ex-

change must be included in disposal system modeling calcul ations.

lon exchange may also explain why plots of rate versus silicic acid activity are nontlinear

(Figures 5, 6A, B). Because Na'-H" exchange results in hydration of one or more Si—O bondsin
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the glass, this reaction may impact dissolution by accelerating the breakup of the silicate network
to form agueous H;SiO,4. Because this reaction does not involve the chemical affinity term under
near silicasaturated conditions, the dissolution rate becomes independent of silicic acid activity.
If thisistrue, then Grambow’ s [6] model may still be strictly true, but the influence of Na—H ex-

change obfuscates analysis of his model.

Other investigators, principally Gin [5] and Bourcier et al. [17], also could not model dissolu-
tion according to Grambow’ s model and have advocated a mixed activity product term that in-
cludes Al. Inthefollowing section, we will explore the effects of aluminum on the dissolution
of LAWABPL glass.

2.2.5.2 Aluminum and aluminum plus silicon

Aluminum was added to select experiments by dissolving aluminum trinitrate hydrate
[AI(NO5)3-9H,Q] crystalsinto 0.05 M THAM solutions. Solution pH values were then adjusted
to 9 by addition of HNO3. The amount of dissolved aluminum added to the input solutions var-
ied over a concentration range of 20 to 120 mmol Al. The maxi mum amount of aluminum added
depended, as in the case of silicon, on the temperature of the experiment, but in most cases, the
amount of Al added probably resulted in precipitation of aluminum hydroxide or aluminosilicate
phases. In asubset of experiments, both Al and Si were added to the input solution. To be able
to compare experiments over the temperature interval studied (40° to 90°C), we kept the range of
Al/Si ratiosthe same. Asin the case of the Al only experiments, precipitation of solid phases
likely occurred over the duration of the experiments. The effects of the precipitated phases will
be discussed below.
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The following figuresiillustrate the extent to
which dissolution rates are suppressed when
aluminum is added to solution. Figure 8 shows
that dissolution rates decrease linearly as alumi-
num is progressively added to solution. These
results again argue against Grambow’ s model
[4], wherein the activity of silica alone governs
the dissolution of glass. Another noteworthy
feature of this diagram is that the rates are sup-
pressed by afactor of ~4X, which is approxi-
mately the same magnitude to which addition of
silicon suppresses rates at the same temperature
(see Figure 6).

Addition of silicon suppresses the matrix
dissolution rate, as discussed above. Likewise,
addition of aluminum suppresses the matrix dis-
solution. Therefore, when silicon is added to
the starting solution, the amount of aluminumin
the effluent solution, solely from matrix dissolu-
tion, decreases in concentration and vice versa.
This effect can be seenin Figure 9, whichisa
plot of the dissolution rate versus the activity of
the duminateion, Al(OH),4, a 40°C. The activ-
ity of the aluminate ion is plotted because it is

the dominant aluminum species at this pH and

0.030

. LAWABP1 Glass
m 0.025 | T=40°C
Y PH(25°C) = 9
£ ~0.020 | 0.05 M'LiCl
S5
S 0015}
% c
S 20010} % %
A
A 0005}

0.000 s . .

le-5 2e-5 3e-5 4e-5

aAl(OH),” (mol L™

Figure 8. Dissolution Rate Versus Activity of
Aluminate lon for LAWABP1 Glass at 40°C.
The figureillustrates that dissolution rates de-
crease with the progressive increase in added
Al. Note that the solution also contained a
high concentration of LiCl, so the rates are not
directly comparable to ratesin DIW.

0.012 : .
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Figure 9. logy Activity Aluminate Versus
Dissolution rate of LAWABP1 glass at 40°C.
Thisfigure shows that increasing silicon to
the input solution decreases aluminum activ-

ity.

temperature. Asthefigureillustrates, addition of Si causes a decrease in the activity of alumi-

nate. Therefore, the effects of aluminum and silicon on glass dissolution are anti-correlated.
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It isclear, then, that the activity of silicicacid .~ -3

LAWABP1 Glass
pH(25°C)=9

alone does not govern dissolution rates. Both
A
Y

A Aorsidoped, 40°C ¢
F —— m=-0.834, 7=0.957 3
@ AlorSidoped, 70°C A

—— m=-0.936, #=0.903
[l @ AlorsSidoped, 90°C
—— m=1.023, =0.918

aluminum and silicon need to be accounted for in

theion activity product, Q. At present, the pre-
cise form of the activity product is atopic of de-
bate in the geochemical literature. Gin [3] has
advocated amixed Al-Si activity product in which

log,, a[Al(OH),] (mol L

-8

5 -4 -3 -2

the activities of Al and Si are raised to an expo- o 1

) . o log,, aH,SiO,” (mol L)

nent equal to their respective mole fractions in the

Figure 10. Activity of Silicic acid Versus

Aluminate at 40, 70, and 90°C. The slopes

nent val ues are 0.136 and 0.482 for aluminum and  of the lines through the three data sets are
consistent with control of Al and Si activi-

ties by a phase with a Si:Al ratio of 1:1.

glass. Inthe case of LAWABPL glass, the expo-

silicon, respectively. However, there is no reason
to believe that the composition of glass serves as a
governor of aluminate and silicic acid activities. Alternatively, precipitation of a secondary cor-
rosion product, either crystalline or amorphous, may control aluminate and silicic acid activities.
To evaluate this possibility, Figure 10 showslog, activity H,SiO,° versus log,g Al(OH) 4 for ex-
periments doped with Al or Si. For the three temperatures considered, lines regressed through

the data points are near a one-to-one ratio.

These data are consistent with aluminate and silicic acid activity control by a phase such as
kaolinite, Al ,S,05(OH),4. Kaolinite has been observed at 99°C in PUF column tests, although
the solids in the SPFT tests have yet to be examined. Another possibility isthat the solid phase
that is precipitating is a smectite, which has the formula (A).7(B) 4 (Si, Al)gO20] (OH)4-nH,0,
where“A” isan interlayer (alkali or alkaline earth) cation, and “B” is an octahedral (6-fold coor-
dinated) cation. Certain smectite phases (e.g., beidellite) have Al:Si ratios that approach 1:1.
The point of this discussion is that the activities of aluminate and silicic acid are controlled by a
solid phase, whose identity remains to be confirmed, with an Al:Si ratio of 1:1. Figures 11 and
12 illustrate that both the mixed Al-Si activity product proposed by Gin [3] and the activity
product term for a phase with an aluminum to silicon ratio of 1:1 correlate well with boron-based
dissolution rates. In all cases, lines regressed through the data points yield fairly high correlation
coefficients (r°) and the y- and x-intercepts can be used to quantify the values of k. (T) and Ky(T),
respectively.
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Figure 13 shows the logyo Kg versusinverse
temperature for the phase with an Al:Si ratio of
1:1. A linear relationship is observed (although
only on three data points). The slope provides a

crude estimate of the reaction enthalpy at ap-

proximately 59 kJ mol™, which is similar to values
for avariety of aluminosilicate minerals[18]. The
value of Ky extrapolated to 15°C from these data is

241 x 10,

When both aluminum and silicon are added to
solution, the results are more difficult to interpret.

Plotting dissolution rates versus the mixed Al-Si
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Figure 12. Dissolution Rate at 90°C Versus
Mixed Al-Si Activity Product Terms. The
solid lines correspond to the regression
whereas the dashed lines represent the 95%
confidence limit.
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Figure 13. logy Ky Versus Inverse Tem
perature. The phase assigned to Kq is as-
sumed to have a 1.1 Si:Al ratio. The slope
of theline is proportional to the enthalpy of
the reaction to form this phase and yields a
vaue of 59 kJ mol™,

activity products discussed above, the data plot far to the right-hand side of the diagram (Figure
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14). The non-linearity of the datain Figure 14
might initially suggest that neither the Gin model
nor the activity product with a1:1 Si:Al ratio ade-
guately describes the data set. However, the data
are suspect because very fine-grained mi nerals
(e.g., kaolinite, gibbsite) could have been in col-
loidal suspension. Because the effluent solution
samples were acidified prior to analysis, any un-
detected precipitate would dissolve into solution.
If this occurred, analyses of the effluent solution
would reflect spuriously high concentrations of Al
and S in solution. We arein the process of de-
termining whether or not precipitation occurred,
but the results were not ready in time for this re-
port. In support of this theory, we note that on a
plot of activity of silicaversus activity of alumi-
nate ion, such as Figure 10 above, the data do not
plot in a coherent pattern. Until we can conclu-
sively show that the effluent samples from these
experiments are free from precipitates, we will

regard the data with suspicion.

2.2.5.3 Effects of Humic Acid on Dissolution Rate
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Figure 14. Dissolution Rate at 90°C Versus
the Two Competing Al-Si Activity Product
Schemes. Including data for Al+Si doped
solutions results in adistinct non-linearity in
the data, possibly due to the presence of m-
crocrystals or colloidal suspension of Al-Si
phases.

Humic substances constitute 70-80% w/w of the organic matter in most soils [19]. Because

humics have a strong ability to interact with metal ions, oxides, hydroxides, and minerals to form

water-stable associations, investigators have suggested that humic acids may accelerate dissolu-

tion rates of silicate materials by attacking the Si—O bond. For example, Bennett et al. [20]

found that dissolution rates of quartz are faster in the presence of humic acid at pH = 7 compared

to rates in solutions containing no organic acids. Gin et al. [21] conducted batch experiments

with R7T7 high-level waste glassin pH 7.3 solutions containing up to 5 g/L. humic acid (a com-

mercial humic acid product from Fluka). Dissolution rates based on B release increased by 4X

ina0.5 g/L solution and by 6X ina5 g/L solution.
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Determination of an appropriate concentration of humic acid for use in this study was ham-
pered by an almost complete lack of pertinent data on concentrations of natural organic acids
present in Hanford pore waters. Toste [22] obtained samples from a seepage trench near the N-
Reactor and analyzed them for total organic carbon (TOC) and fractionated the carbon content
into high and low molecular weight organics. Toste [22] found average TOC ranging between 2
to 3 mg/L and that most of the organic carbon (>75%) was present as naturally occurring humic

and fulvic acids.

Using Toste's study as a guide, we prepared a 50 mg/L humic acid solution from commer-
cially-available materials (Aldrich Chemical, Inc.). Commercially available humic acid typicaly
contains a sizeable fraction (9.3 to 33%) of ash that contains Fe and Si among other elements.
We separated the ash and humic acid by digesting the material in a concentrated NaOH-NaF so-
lution. The NaF is necessary to dissolve amorphous silica that may be present. Humic acid was
then precipitated from solution by acidifying the solution with HCI. Repeated washing, decant-
ing, and centrifuging removed most of the residual Na from the humic acid. Aliquots of the
sample were dried overnight and the precipitated humic acid crystals were collected. Humic acid
solutions were made up by adding 50 mg of the prepared humic acid to 1 L of deionized water.
The solution pH was adjusted to pH=9 using 0.05 M THAM and a small quantity of nitric acid.
Concurent with two experiments using the humic acid solution, we ran two “control” experi-
ments with a solution composition identical to the above, but lacking in humic acid (essentially,
DIW). Analyses of the starting solutions indicated the humic acid solution contained up to 2
ppm Na, probably aresidua contamination from the digestion procedure. Thus, the background
correction for this element was important. The experiments were run at 90°C for aweek using

flow-rates previously determined to be appropriate.

2.25.3.1 NMR Characterization

The prepared humic acid was analyzed at room temperature with *C magic angle spinning
nuclear magnetic resonance spectroscopy (MAS-NMR). The observed chemical shifts were ref-
erenced against an internal standard of Tetrakis (trimethylsilyl) silane. Spectrawere obtained on
aVarian VXR-300 spectrometer at 7.05 T using high-speed probes manufactured by Doty Scien-
tific, Inc. Silicon nitride rotors were used to spin the samples at 5 kHz.
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Figure 15 shows the measured peak intensities N T
versus chemical shift. The large peak between O St e
to 50 ppm is assigned to saturated aliphatic car- > 2
bons, aromatic and olefinic carbons at 100 to 150 é 00
ppm, and carboxyl carbons at 165 to 190 ppm. i
The MAS-NMR results are essentially identical to 10000 carba] aromatic j
those reported by Malcolm and MacCarthy [23] O 25?\1;@‘ 1(')0“‘50 PR
for Aldrich humic acid. The dataindicate a hu- Chemical Shift, ppm

L , ) ' Figure 15. MAS-NMR Spectraof Aldrich
mic acid with relatively low population density of  Humic Acid Used in SPFT Experiments

aromatic and carboxyl functional groups. Thisisimportant because the complexing power of
humic and fulvic acids results largely from their content of COOH, phenolic OH, and C=0
groups. Humic acid is not a single pure compound but a heterogeneous mixture of organic sub-
stances [24]. Natural humic acids have wide variations in nolecular weight, numbers of func-
tional groups, and extent of polymerization [23]. We were not able to locate reported
spectroscopic analyses of natural humics in Hanford soils. Consequently, the degree of depar-
ture of the characteristics of the Aldrich humic acid used in our tests from naturally occurring
humics at Hanford could not be assessed.

2.2.5.3.2 Dissolution Rate Results
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Figure 16 shows that dissolution rates com- soC

puted from effluent concentration of Al, B, and Na
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Figure 16. Dissolution Rate (Based on B,
Al, or Na) Versus Time for Experiments
any event, thereis no systematic differenceindis-  With and Without Humic Acid. The plot
Illustrates that humic acid, even in concen-
trations of 50 ppm, does not catalyze disso-
lution rates.

probably due to chelating of Al by humic acids. In

solution rates based on boron concentrations.

Although these experiments suggest that humic
acids do not significantly accelerate dissolution rates, the commercial humic acid used in these
experiments contained few reactive functional groups, so that a natural humic acid could give
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different results. However, we compensated for this to some extent by using a much higher con-
centration of humic acid (50 ppm) than is likely to exist in Hanford pore waters. Consequently,
we believe it unlikely that a different humic acid would have a significant effect on dissolution
rates at concentrations typical of Hanford pore waters.
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3.0PUE TESTS

In previous papers [25-26], equipment configurations for the PUF system have been de-
scribed. A significant number of improvements have been made since these papers were pub-
lished, mainly focused on consolidating the support equipment and electronics into a single unit.
Still, the basic test apparatus consists of a column packed with crushed test material (or materi-
als) of aknown particle size and density, a computer data acquisition and control system, fluid
pump, and electronic sensors, asillustrated in Figure 17. The column is fabricated from poly-
etheretherketone (PEEK), which is chemically inert so that dissolution reactions are not influ-
enced by interaction with the column. A porous titanium plate with nomi nal pore size of 0.2 um
is sealed in the bottom of the column to ensure an adequate pressure differential for the conduc-
tance of fluid while operating under unsaturated conditions [27]. Titanium was chosen because
it is highly corrosion resistant and has excellent wetting properties. When water saturated, the
porous plate allows water but not air to flow through it, aslong as the applied pressure differ-
ential does not exceed the air entry relief pressure, or “bubble pressure,” of the plate. The com-
puter control system runs LabVIEWa (National Instruments Corporation, Austin, Texas)
software for logging test data to disk from several thermocouples, pressure sensors, inline sen-
sors for effluent pH and conductivity. The column is suspended from an electronic strain gauge
to accurately track water mass balance and saturation level. The column aso includes a*“PUF
port,” which is an electronically actuated valve that periodically vents the column gases. The
purpose of column venting isto prevent reduction in the partial pressure of important gases, es-

pecially O, and CO,, which may be consumed in avariety of chemical reactions.

Figure 17. Picture of PUF System Hardware (Patent #5974859)
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3.1 MATERIALS Table 4. Conposition (Mass%) of LAW Glasses

Five glasses were sub- Oxide HLP-09 HLP-10 HLP-31 LAWABPL LAWA44
jected to PUF teting: HLP-9, AlLO, 684 715 4.00 10.00
B,O, 1200 800 12.00 9.25
HLP-10, HLP-31, Cca0 001 001 0.01 0.00
LAWABPL, and LAWA44 cl 027 028 0.32 058
glasses. Thecompositionof ~ ©20s 007 008 0.09 0.02
four of thefivedl _ F 001 001 0.01 0.04
ourot thetive giasses1s Fe,0, 538 563 3.36 2.50
givenin Table4. LAWA44 ¢ o 040 042 0.47 2.20
glass was considered proprie-  L&0s 0.00 0.00 0.00 2.00
tary at the time this report was LI:0 0.00 0.00 0.00 0.00
_ _ MgO 1.47 153 0.92 1.00

publisned. The HLP seriesof . 4 1956 2045 23.00 20.00 20.00
glasseswere prepared aspart  P,O; 0.05 0.06 0.06 0.08
of a56 glass composition ma-  R€C: 001 001 0.01 0.00
. . _ S 4798  50.16 52.00 41.89

trix subjected to high- ©:

_ S0, 007 007 0.08 0.10
temperature vapor hydration i, 203 306 183 249
testing [28]. LAWABPLis  ZnO 147 153 092 260
the reference glass for the 210, Lar 1.53 0.92 525

2001 ILAW PA, and LAWA44 is arepresentative BNFL, Inc. glass devel oped by Dr. lan Pegg
at the Catholic University of America. The glasses were prepared by mi xing measured amounts
of dried reagent-grade chemicals (oxides, fluorides, iodides, and sulphides) in an agate mill. The
mixtures were melted in a Pt (10%) Rh crucible and the molten glass was poured onto a cool
stainless steel plate. Each glass was then subjected to heat treatment by placing the glassin a
preheated oven at 930°C and then cooling at 21°C/hr. Thiscooling rate is consistent with a com+
puted thermal profile for a1.2m x 1.2m x 1m container that was the design being considered for
LAW. The container design has since been modified to a cylinder of 1.2 m diameter x 2.3 m tall.
Microstructural examination of LAWABPL glass in atransmission electron microscope showed
no evidence of devitrification or phase separation from the heat treatment.

Crushed glass was prepared following the procedure detailed by the American Society for
Testing and Materials [29]. The glass was crushed manually and sieved to separate the 425- to
250-um size fraction (-40+60 mesh). The crushed and sieved glass was then washed ultrasoni-
cally with demineralized water and ethanol to remove fines, and then dried. Representative sam-
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ples of the crushed, sieved, and washed glass were surveyed with a scanning electron microscope
(SEM) to verify that the size of the glass grains was consistent with the sieved size fraction and
that fines had been removed. The specific surface area of crushed glass was estimated by assum-
ing particles to be spheres having radii equal to the average opening of the sieves, as was dis-

cussed previoudly.

3.2 PUFTEST PROCEDURE

The PUF experiments were performed at nominal flow rate of 2.0 mL/d and a temperature of
99°C. Each column was packed with the crushed and cleaned glass, giving an initial porosity of
approximately 0.40 +0.03, and then vacuum saturated with water at ambient temperature. A
temperature controller was programmed to heat the column to 99°C in approximately 1 h
(2°C/min). The column was allowed to initially desaturate during heating by gravity drainage
and was also vented periodically to maintain an internal pressure less than the bubble pressure of
the porous plate. After reaching 99°C, the influent valve was opened, and influent and effluent
were set to their respective flow rates. Column venting was set to occur once an hour. Effluent
samples were collected in areceiving vessel, which was periodically drained into tared vials
from which samples were extracted and acidified for elemental analysis by ICP-OES and | CP-
MS. The ICP-MS was calibrated with certified standards prior to each series of analyses.

At the time of this writing, only the experiments with HLP-9 and LAWABP1 glass have been
terminated. After test termination, reacted solids were removed by carefully scraping material
out of the column at intervals of calibrated depth. The removed solids were placed in individual
containers and the samples were dlowed to dry in air. Selected samples were then analyzed with
SEM and x-ray diffraction (XRD). A few samples of the reacted glass particles were also
mounted in an epoxy resin that was then ground using 600-grit SiC paper to permit viewing in

cross section the particles and any surface layers.

3.3 RESULTS

3.3.1 HLPGlasses

Results from the computer monitored test metrics from the tests with HLP-9, 10, and 31
glasses are shown in Figures 16, 17, and 18. For an unknown reason, either the porous plate or
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glass near the bottom of the col -
umn in the HLP-9 test became
plugged after 36 days. Ascan be
seenin Figure 18, the water con-
tent increased rapidly after the pore
plugging occurred, so the test was
terminated. Results for the HLP-
10 and HLP-31 glasses are current
as of the time this report was writ-

ten; these tests are still in progress.

Because of the sensor data are
noisy, the data were smoothed us-
ing a bi-square weighting method
where the smoothed data point, s,
isgivenby y_ = (1- w’)?. The
parameter w is aweighting coeffi-
cient calculated from a window
surrounding the smoothing loca-
tion in the set of the independent
variables. A low-order polynomial
regression (order 2 in thiscase) is
used to compute w for each
smoothed value. The smoothed
data are provided aslinesin Figure
18.

Effluent pH and electrical con-
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Volumetric Water Content
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Figure 18. Computer Monitored Test Metrics From PUF

Tests with HLP Series of Glasses. Lines are bi-square
smoothed fitsto the raw data.

ductivity are moderate for al three HLP glasses, suggesting moderate corrosion rates. Effluent

electrical conductivity is highest for HLP-31 glass, suggesting that it is dissolving fastest among
the three HLP glasses. Thisis consistent with the higher Na,O loading (23 mass%) of HLP-31

glass as compared with the other glasses (20 mass%).
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Results from effluent chemical

analyses are shown in Figure 19.

Differential rates of release are ob-
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Figure 19. Normalized Release Rate for Selected El e-
mentsin PUF Tests with HLP Series of Glasses
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acid solution, which was described

previoudy (Section 2.2.5). Asis  Figure 20. Computer Monitored Test Metrics From PUF
Tests with LAWA Series of Glasses. Lines are bi-square
smoothed fitsto the raw data. The vertical lines give the
electrical conductivity or solution  period where a 50 mg/L humic acid solution was injected

pH occurred immediately after the Instead of deonized water.
change to the humic acid solution. No change in the dissolution rate of the LAWA44 glassis

evident in Figure 20, no changein

evident either from the effluent chemical analysis, as shownin Figure 21. A comparison of glass
dissolution rates based on B release between LAWABPL and the LAWAA44 glass shows that both
glasses are performing well with the rate just before the test with LAWABPL dass was termi-
nated at 0.1 g m? d™ and for LAWA44 glass (test still in progress) at 0.06 g mi2d™.

3.3.21 LAWABP1 Water Mass Distribution

After termination of the PUF test with LAWABPL glass, the reacted solids were subsampled
as found (loose and moist particles) at 5 mm intervals. These samples were analyzed for mois-
ture content by drying in glass vials at room temperature in a sealed can with CaSO, desiccant.
Samples were dried until a constant mass was obtained. The results are shown in Figure 22.
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The first three data points likely repre-
sent an imbibition profile as water drips
from the fluid inlet onto the top of the po-
rous glass bed. The data show peak water
content at about 45 mm downstream
(sample S9) from the fluid inlet. Aswill
be shown in the next section, this sample
also contains the greatest volume percert-
age of crystalline phases. Consequently,
the larger water mass associated with the
sampleislikely acombination of intersti-
tial water trapped in the tighter pore space
and as waters of hydration associated with
the secondary minerals formed in thisre-
gion of the column. Sample S9isindica-
tive of atrue precipitation front where
water mass has accumulated in ateration

products.

3.3.2.2 Solid Phase Analyses

Optical photographs (Figure 23) taken
on samples $4 and S9 show how the
grains fromsample $4 appear almost pris-
tine whereas most of the grains from sam-
ple SO are coated with alteration products.
The distribution of crystalline phases as a
function of position in the PUF column
was examined by powder x-ray diffraction
(XRD). Although this method is not very
sensitive, requiring 10 vol% or more crys-
tallinity to produce a diffraction pattern,
the resultsin Figure 24 clearly show the
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Figure 23. Optical Photos of LAWABP1 Glass Samples $4 and S9 After 190 d of Reaction
in PUF Test at 99°C and 2 mL/d Flow Rate

higher concentration of crystalline phases near

samples SO and S11. Overlapping peak positions

associated with a number of Na-aluminosilicate l ) )

phases makes quantitative pattern matching with

an individual phase difficult. However, the pat-

N IR JJ._I.I.LJ bl

terns are consistent with the presence of
herschelite [(Na,K)AISI ,04-3H,0], analcime
[NaAlSi ;O H,0], and kaolinite [Al ;S ,05(OH) 4] .

SEM analyses of sample S9 reveals grains

coated with an alteration layer (see highlighted

areain Figure 25a) and several crystalline altera- | i | lu 1
tion phases. Energy dispersive spectroscopy L | | N
(EDS) showsthat Phase 1 is amixed Na-K alumi- ol ||| L bt e
nosilicate and the crystal morphology clearly | |
identifiesit as herschelite. EDS analysis of

Phase 2 showsiit to be a pure Na-aluminosilicate Figure 24. XRD Analyses of PUF Reacted
and the crystal morphology is consistent with LAWABPL Glass Samples

analcime. Phase 3 comprises the bulk of the alteration layer on the glass. EDS analysisindicates

that the phase is enriched in Fe, Mg, Zn, and Ti and is most likely a nontronitic clay.
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Figure 25. SEM Photos of Reacted LAWABPL Glass Grains From Sample SO
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Figure 27. Aluminosilicate
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Figure 26. Kaolinite Crystals

Found on PUF Reacted Phase Shown in Cross-Section
LAWABP1 Glass Sample S11 in PUF Reacted LAWABP1
Sample S1

Embedded in the clay layer are also small crystals with plate-like morphology (see inset of
Figure 25b). This phase wasisolated in sample S11 as shown in Figure 26. The morphology of
the phase and EDS analysis identify it as kaolinite [Al ;S ,05(OH) 4], which was conclusively
confirmed by the selected area el ectron diffraction in the TEM. TEM anal yses also identified
anatase (TiO,) and sauconite [Nag sZns(Si,Al)s010(0OH).-4H,0)] in sample S11.

Although the XRD analyses showed no crystalline phases in sample S1 (taken from near the
top of the column), SEM analyses showed that small amounts of crystalline phases were present

at isolated locations. EDS analyses showed these phases to be a Na-aluminosilicate compound.
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Asisshown in Figure 27, the mode of attack in this region appears highly localized in contrast
with the morphology in the other samples, which had more uniform corrosion layers of approxi-

mately constant thickness.

3.3.2.3 LAWA4 Glass
The PUF test with LAWA44 glass remainsin progress at the time this report was drafted.

Consequently, no reacted solid phase analyses are yet available.
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4.0 ADVANCED COMPUTATIONAL MODELING

In FYQO0, a set of reactive chemical transport cal culations was conducted with the Subsurface
Transport Over Reactive Multiphases (STORM) code to evaluate the long-term performance of
LAWABP1 glass in aremote handled (RH) trench conceptual design for the disposal system
[30]. Both 1-D and 2-D simulations were conducted out to time periods in excess of 20,000 y.
However, the RH trench design implemented several features that were not anticipated during
early development and testing of STORM. In particular, the incorporation of multiple layers of
waste packages and backfill (sand) with dramatically different hydraulic and chemical properties
generated multiple sharp interfaces where water content and solute concentrations changed by
several orders of magnitude across one or two grid nodes. The inversion algorithm (Gauss-
Siedel) used to solve the non-linear partial differential equations (PDE) in STORM requires a
strongly positive-definite matrix to achieve rapid convergence. This condition was violated in
several of the simulations and so exceedingly long times (months) were sometimes required to

conduct full 2-D simulations.

To address these computational issues for future PAs, improvements in execution speed and
more robust numerical methods are needed in STORM. Also, the STORM code is fundamen-
tally based on principles derived from continuum mechanics to model flow and transport proc-
essesin porous media. However, the vitrified waste will be in the form of large glass blocks
riddled with stress fractures. In STORM, the fractured blocks are treated as a continuum repre-
sented as an equivalent porous medium where the repeating fractures behave as large pores.
However, this approximation breaks down once the fracture network becomes sufficiently
sparse. A model is needed that is capable of handling flow and transport in both discrete frac-
tures and porous media. Finally, the code must be adapted for operation on today’s parallel
processing computers. Linear speedup with the number of addressable processorsis possible
with highly efficient parallelized algorithms.

41 LATTICE BOLTZMANN OVERVIEW

Because several alternatives exist for decreasing the execution time of STORM, a modeling
study was conducted with a new computational tool developed at PNNL thatis based on a“lat-

tice-Boltzmann” (LB) method for solving reactive chemical transport equations. The LB method
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takes a different approach to modeling fluid systems than conventional flow solvers. The spatial
domain is discretized into a finite number of lattice sites, where each lattice site has alocal parti-
cle distribution with values for density, pressure, flow, etc. The particle distributions define a set
of displacement vectors connecting each lattice site to adjacent sites. Similar distributions are
created for energy and chemical species. The solution method consists of a streaming stage and
acollision stage for each time step. During the streaming stage, each lattice site transmits distri-
bution information with adjacent neighbor sites. The incoming information is then relaxed to-
ward an equilibrium distribution, which is determined by local conditions. This procedureis

repeated for the specified number of time steps.

The advantages of this procedure center on the fact that no global solution methods are re-
quired for determining field variables. Each lattice site only requires information from adjacent
sites. This makes the LB method inherently parallelizable and makes it possible to simulate
complex geometries, include fracture networks, in great detail. Pore scale geometries consisting

of millions of lattice nodes are typical.

4.2 LB MODEL DEVELOPMENT

A framework LB model developed at PNNL was fully parallelized for operation on the
EMSL massively parallel IBM NWMPPL (247 GFLOPS). A preliminary reactive chemical
transport capability was added to the code using the Kinetic-Equilibrium Module (KEMOD)
chemistry program developed by Prof. George Y eh at Penn State University. KEMOD provides
for both kinetic and equilibrium controlled dissol ution/precipitation reactions, ion exchange, ad-

sorption, and oxidation-reduction reactions.

The modified LB/KEMOD program was tested for simple bulk systems using sample input
provided for the KEMOD computer program. Timing runs were performed to assess speedup
performance as a function of the number of parallel processors. The resulting performance curve
ispresented in Figure 28 for a uniform 16x16 node system and 100 time steps. The reaction set
models the precipitation of calcium carbonate and involves three primary agueous components,
six agueous complexes, and two solid precipitates. The runs were performed on a 14-processor
SGI PowerChallenge. The results indicate nearly linear speedup (half the time for double the

processors) for this system. The run times do not include the time for input and problem setup,

38



which is afixed overhead of a couple of

seconds for each run. The speedup per-

formance for more complicated systems 100

will depend on several factors, including

the rate of convergence for the chemistry

solution at different locationsin the sys-

Run Time (cpu sec)

tem. However, these preliminary results
are very encouraging.

A methodology was also established

for obtaining a three-dimensional porous 10 - ]

media geometry model from x-ray micro- 1 ' 10

tomography (XMT) datafor use in lattice Number of Processors
Figure 28. Speedup Performance of the

Boltzmann simulations. A seriesof two- | B/K EMOD Computer Program for a Simple
dimensional images produced by the x-ray Model System

(XMT) are digitized and geometry information between planesis obtained by interpolation. This
capability will allow usto import in situ pore geometry data directly into the model from PUF

columns for simulations of these experiments.

4.3 ARTIFICIAL FRACTURE NETWORK

A LB/KEMOD simulation was performed in asimple two-dimensional fracture network to
demonstrate the capabilities of the code for modeling reactive transport phenomena in fractured
glass blocks. A 4 cm x 4 cm square block was discretized into a400 x 400 grid of lattice points.
The fractures were 0.1 cm. wide and occupy approximately 7.5% of the total volume. The sys-
tem was initialized by allowing a 10°® mol/n+ solution of calcium carbonate to come to equilib-
rium, resulting in a concentration of 1.4 x 10" mol/nt of Cain solution and 8.6 x 10" mol/nt of
CaCO; precipitate. Theinlet solution was held at equilibrium to provide a constant source
boundary condition. A Na’-H" ion-exchange reaction was mimicked by injecting a small con-
stant flux of NaOH aong the fracture surfaces.
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Figure29. LB/KEMOD Simulation of pH and Flow Field in Artificial Fracture Network. Inset
shows detailed flow solution at the bottom fracture junction

Figure 30. Predicted Concentration (mol/m Figure 31. Predicted Total Aqueous Concen

of Calcite LB/KEMOD Simulation of Artifi- tration (mol/nt) of Cain LB/KEMOD Simu-
cial Fracture Network lation of Artificial Fracture Network
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Figure 29 shows the calculated solution flow path and pH distribution after 2.2 hr of ssimula-
tion time. The maximum fluid velocity was approximately 0.005 cm/s. The code provides a
very fine level of detail regarding fluid flow in the fracture network. As expected, the injection
of NaOH along the solution flow path raises the solution pH from the inlet value of 9.9 to an av-
erage exit value of 10.1. Because the solubility of CaCO; decreases with increasing pH, a
CaCO; precipitation front devel ops in the fracture network, as shown in Figure 30. Thisinturn
causes the total agueous concentration of Cato decrease from an inlet concentration of 1.4 x 10
mol/m?to an exit value of 1.15 x 107 mol/m®. Although this example problem is very simple, it

does illustrate the unique computational capabilities that are possible with the LB method.

44 FUTURE DEVELOPMENT

Based on the encouraging results obtained so far, additional LB model development activities
are planned for FY01. Additional modifications will be made to handle irreversible reactions,
which are required for modeling glass dissolution, and improvements will be made to the
KEMOD time stepping procedure. We will also investigate methods to increase the accuracy of
the LB method by embedding a more detailed lattice subgrid in those regions where more
resolution isrequired. For example, multiphase flow systems typically only require greater
resolution in the regions surrounding the interface. A significant portion of this work would be
the passing of information between the lattice subgrid and the primary lattice through
interpolation. In FY 00, we began to evaluate methods for incorporating lattice subgrids into the
lattice Boltzmann program. Aniinitial implementation of an adaptive mesh al gorithm has been
achieved using an adaptive mesh toolkit developed at NASA, Gaithersburg. We plan to investi-
gate whether or not the adaptive mesh refinement routines in NWGrid can be used instead to get
better results.
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5.0 CONCLUSION

A large number of experimental studieswith LAW glasses that are prototypical of those ex-
pected to be eventually produced at Hanford were completed in FY00. Over 200 SPFT experi-
ments were completed with LAWABPL glass, which were used to generate the kinetic rate law
parameters and Naion-exchange rate needed to conduct long-term performance analyses using
the STORM code. PUF experiments with 5 prototypic LAW glasses were also performed. The
performance of these next generation LAW glasses in the PUF test (and other accelerated tests)
has improved dramatically from earlier glass compositions that were being developed by BNFL,
Inc. No autocatalytic corrosion rate accel erations were observed in tests that were conducted for
over 1 year. Excellent performance was also observed for one glass (HLP-31) with a 15% higher
NayO loading than previously tested glasses. Improvements in the glass performance have been
adirect result of the better scientific understanding about how key glass components (Al, Fe, Zr,
Ti, La) impact long-termglass behavior, devel oped under this program and others (EM SP), and
the rapid feedback on product performance now available with advanced test methods such as
PUF and vapor hydration tests.

Initial development and testing of a parallelized |attice-Boltzmann method for solving reac-
tive chemical transport problems in complex geometries was completed. The results showed lin-
ear speedup behavior with number of processors for asimple test problem. Additional
development and testing of the model on more realistic and complex ILAW disposal problemsis
planned for FY01.
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APPENDI X
Table Al. SPFT Experimental Conditions and Dissolution rates of LAWABPL Glass

Temp mass flow rate surface Buffer rate log rate
Expt. # Description (°C) pH (9 (mL/d) area(m?g) # (gm?d?)(gm?d?’) Notes

1 forwardrate 90 9.03 0.50 100 0.020 5 195E-01 -0.71 1
2 90 9.03 051 100 0.020 5 191E-01 -0.72

40 90 9.00 0.50 100 0.020 5 158E-01 -0.80 1
41 90 9.00 0.50 100 0.020 5 141E-01 -0.85

42 90 9.18 0.50 30 1.29E-03 5 224E-01 -0.65 2
43 90 9.18 0.50 30 1.26E-03 5 245E-01 -0.61

9 g/s study 90 9.18 0.52 80 0.020 5 145E-01 -084 13
10 90 9.19 0.50 70 0.020 5 123E-01 -091

11 90 9.08 0.50 60 0.020 5 115E-01 -0.94

12 90 9.08 051 50 0.020 5 132E-01 -0.88

13 90 9.13 0.52 40 0.020 5 955E-02 -1.02

14 90 9.13 051 30 0.020 5 983E-02 -1.03

15 90 9.19 0.50 20 0.020 5 6.92E-02 -1.16

16 90 9.19 051 10 0.020 5 363E-02 -144

3 forwardrate 70 911 0.53 100 0.020 5 646E-02 -1.19 1
4 70 9.11 0.52 100 0.020 5 550E-02 -1.26

92 /s study 70 9.00 0.52 20 0.020 5 427E-02 -1.37 1
93 70 9.00 0.52 30 0.020 5 513E-02 -1.29

94 70 9.00 0.52 40 0.020 5 575E-02 -1.24

95 70 9.00 051 50 0.020 5 6.92E-02 -1.16

96 70 9.00 0.52 60 0.020 5 7.24E-02 -1.14

97 70 9.00 0.52 80 0.020 5 832E-02 -1.08

1. Glass specimenin <100, >200 mesh size fraction; specific surface area by geometric calculation.
2. Glasscoupons, ~10x10x1.5mm dimensions.
3. g/sistheflow-through rate, q (m/s), divided by the surface area, s ().
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Table A2. SPFT Experimental Conditions and Dissolution rates of LAWABPL Glass

Temp mass flow rate surface Buffer rate log rate
Expt. # Description  (°C) pH (@ (mL/d) area(m®g) # (gm?d?) (g m?d?) Notes

68 /s study 40 8.96 1.02 60 0.020 5 427E-03 -2.37 1
69 40 8.96 0.76 60 0.020 5 398E-03 -240

70 40 8.96 051 60 0.020 5 447E-03 -2.35

71 40 8.93 0.25 60 0.020 5 550E-03 -2.26

72 40 8.93 1.01 40 0.020 5 389E-03 -241

73 40 8.93 101 30 0.020 5 372E-03 -243

74 40 8.91 1.01 60 0.020 5 372E-03 -243

75 40 8.91 0.75 60 0.020 5 6.46E-03 -2.19

76 40 8.91 051 60 0.020 5 7.94E-03 -2.10

77 40 8.90 0.25 60 0.020 5

78 40 8.90 101 40 0.020 5 427E-03 -2.37

79 40 8.90 1.02 30 0.020 5 407E-03 -2.39

146 /s study 23 9.03 0.50 5 0.020 5 172E-03 -2.76 1
147 23 9.03 051 10 0.020 5 211E-03 -2.68

148 23 9.03 051 15 0.020 5 224E-03 -2.65

149 23 9.03 051 20 0.020 5 122E-03 -291

150 23 9.03 051 25 0.020 5

151 23 9.03 051 30 0.020 5

134  pH sweep 90 219 051 80 0.020 1 204E+00 0.31 1
135 90 3.78 051 80 0.020 2

136 90 6.83 051 80 0.020 3 355E-01 -045

137 90 8.07 0.52 80 0.020 4 126E-01 -0.90

138 90 10.00 051 80 0.020 6 372E-01 -0.43

139 90 11.06 052 80 0.020 7 155E+00 0.19

140 90 219 051 80 0.020 1 263E+00 042

141 90 3.78 0.50 80 0.020 2

142 90 6.83 0.50 80 0.020 3 288E-01 -0.54

143 90 8.07 051 80 0.020 4 126E-01 -0.9

144 90 10.00 052 80 0.020 6 479E-01 -0.32

145 90 11.06 051 80 0.020 7 1.78E+00 0.25

1. Glass specimenin <100, >200 mesh size fraction; specific surface area by geometric calculation.
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Table A3. SPFT Experimental Conditions and Dissolution rates of LAWABPL Glass

Temp mass flow rate surface Buffer rate log rate
Expt. # Description  (°C) pH (@ (mL/d) area(m®g) # (gm?d?) (gm?d?’) Notes

118  pH sweep 70 211 0.50 60 0.020 1 170E+00 0.23 1
119 70 3.76 0.50 60 0.020 2 T741E-02 -1.13
120 70 7.09 0.52 60 0.020 3 525E-02 -1.28
121 70 8.06 051 60 0.020 4 331E-02 -148
122 70 10.01 050 60 0.020 6 123E-01 -091
123 70 1099 051 60 0.020 7 7.94E-01 -0.10
124 70 211 051 60 0.020 1 245E+00 0.39
125 70 3.76 051 60 0.020 2 813E-02 -1.09
126 70 7.09 051 60 0.020 3 513E-02 -1.29
127 70 8.06 051 60 0.020 4  324E-02 -1.49
128 70 10.01 050 60 0.020 6 158E-01 -0.80
129 70 1099 051 60 0.020 7 T7.94E-01 -0.10
102  pH sweep 40 2.15 051 40 0.020 1 129E+00 0.11 1
103 40 3.68 051 40 0.020 2 138E-02 -1.86
164 40 6.96 1.00 14 0.020 3 355E-03 -245
105 40 7.99 0.50 40 0.020 4  6.92E-03 -2.16
106 40 9.62 0.50 40 0.020 6 178E-02 -1.75
107 40 11.07 051 40 0.020 7 129E-01 -0.89
108 40 215 051 40 0.020 1 112E+00 0.05
109 40 3.68 0.50 40 0.020 2 120E-02 -1.92
170 40 6.96 1.00 14 0.020 3 3.16E-03 -2.50
111 40 7.99 0.50 40 0.020 4 7.08E-03 -215
112 40 9.62 0.52 40 0.020 6 135E-02 -1.87
113 40 11.07 050 40 0.020 7 7.94E-02 -1.10

1. Glass specimen in <100, >200 mesh size fraction; specific surface area by geometric calculation.
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Table A4. SPFT Experimental Conditions and Dissolution rates of LAWABPL Glass

Temp mass flow rate surface Buffer rate log rate
Expt. # Description  (°C) pH (@ (mL/d) area(m®g) # (gm?d?) (g m?d?) Notes

176  pH sweep 23 213 0.50 20 0.020 1 102E+00 0.01 1
177 23 213 0.51 20 0.020 1 6.92E-01 -0.16
178 23 2.13 0.50 20 0.020 1 832E-01 -0.08
179 23 6.78 0.51 20 0.020 3 1.23E-03 -291
180 23 6.78 0.51 20 0.020 3 117E-03 -2.93
181 23 6.78 0.51 20 0.020 3 145E-03 -2.84
182 23 9.04 0.50 20 0.020 5 1.05E-03 -2.98
183 23 9.04 0.50 20 0.020 5 1.35E-03 -2.87
184 23 9.04 0.50 20 0.020 5 955E-04 -3.02
193 23 8.08 1.01 20 0.020 4
194 23 8.08 1.01 20 0.020 4
195 23 8.08 1.00 20 0.020 4
196 23 1004 101 20 0.020 6 3.24E-03 -2.49
197 23 1004 1.01 20 0.020 6 288E-03 -254
198 23 1004 101 20 0.020 6 295E-03 -253
199 23 11.05 1.00 20 0.020 7 229E-02 -1.64
200 23 11.05 1.01 20 0.020 7 229E-02 -1.64
201 23 11.05 1.00 20 0.020 7 240E-02 -1.62
Q/K study
152 1.56E-04 90 8.95 0.51 80 0.020 5 170E-01 -077 14
153  8.71E-04 0 8.95 0.51 80 0.020 5 1.05E-01 -0.98
154  1.66E-03 90 9.04 0.50 80 0.020 5 G575E-02 -1.24
155  2.45E-03 90 9.09 0.51 80 0.020 5 1.26E-01 -0.90
156  3.20E-03 90 9.05 0.51 80 0.020 5 1.26E-01 -0.90
157  3.77E-03 90 8.97 0.52 80 0.020 5 132E-01 -0.88
158 1.71E-04 90 8.95 0.50 80 0.020 5 1.86E-01 -0.73
159  9.59E-04 90 8.95 0.51 80 0.020 5 1.02E-01 -0.99
160 1.76E-03 90 9.04 0.51 80 0.020 5 7.41E-02 -1.13
161  2.49E-03 90 9.09 0.51 80 0.020 5 1.07E-01 -0.97
162  3.33E-03 90 9.05 0.50 80 0.020 5 1.38E-01 -0.86
163  4.05E-03 90 8.97 0.51 80 0.020 5 151E-01 -0.82
185  3.72E-03 90 9.03 0.58 20 0.020 5 151E-01 -0.82
186  2.83E-03 90 9.03 0.59 40 0.020 5 155E-01 -081
187 1.80E-03 90 9.03 0.58 60 0.020 5 1.29E-01 -0.89
188  8.81E-04 90 9.03 0.59 80 0.020 5 9.33E-02 -1.03
189  3.61E-03 90 9.08 0.59 20 0.020 5 1.20E-01 -0.92
190  3.45E-03 90 9.08 0.58 40 0.020 5 135E-01 -0.87
191  2.74E-03 90 9.08 0.59 60 0.020 5 1.29E-01 -0.89
192 2.42E-03 90 9.08 0.59 80 0.020 5 1.62E-01 -0.79

1. Glass specimenin <100, >200 mesh size fraction; specific surface area by geometric calculation.
4. Average concentrations of Si (mol L-1) in effluent samples are listed under “ Q/K”.
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Table A5. SPFT Experimental Conditions and Dissolution rates of LAWABPL Glass

Temp mass flow rate surface Buffer rate log rate
Expt. # Description  (°C) pH (@ (mL/d) area(m®g) # (gm?d?) (g m?d?) Notes
Q/K study
98 3.77E-04 70 9.02 0.52 50 0.020 5 6.33E-02 -120 14
99 3.66E-04 70 9.02 0.51 60 0.020 5 6.34E-02 -1.20
100 6.96E-04 70 9.12 0.52 50 0.020 5 542E-02 -1.27
101 6.80E-04 70 9.12 0.52 60 0.020 5 5.29E-02 -1.28
114 1.07E-03 70 9.05 0.51 50 0.020 5 3.72E-02 -143 1
115 1.07E-03 70 9.05 0.51 60 0.020 5 3.89E-02 -141
116 7.35E-04 70 9.05 0.51 50 0.020 5 251E-02 -1.60
117 7.42E-04 70 9.05 0.51 60 0.020 5 269E-02 -157
130 1.67E-03 70 9.29 0.50 60 0.020 5 2.04E-02 -1.69 1
131 1.68E-03 70 9.29 0.50 60 0.020 5 240E-02 -162
132 1.95E-03 70 9.29 0.50 60 0.020 5 2.09E-02 -1.68
133 1.94E-03 70 9.29 0.51 60 0.020 5 2.04E-02 -1.69
206 4.56E-03 70 9.03 0.51 60 0.020 5 251E-02 -1.60
207 4.58E-03 70 9.03 0.51 60 0.020 5 234E-02 -163
Q/K study
17 3.40E-05 40 9.10 0.50 30 0.020 5 7.94E-03 -210 1
18 3.69E-04 40 9.09 0.50 30 0.020 5 5.13E-03 -2.29
19 7.24E-04 40 9.08 0.51 30 0.020 5 3.72E-03 -243
20 1.43E-03 40 9.04 0.52 30 0.020 5 1.66E-03 -2.78
21 2.10E-03 40 8.72 0.50 30 0.020 5 1.95E-03 -271
22 2.77E-03 40 9.08 0.51 30 0.020 5 1.95E-03 -271
23 3.27E-05 40 9.07 0.50 30 0.020 5 8.71E-03 -2.06
24 3.97E-04 40 9.06 0.51 30 0.020 5 4.07E-03 -2.39
25 7.06E-04 40 9.04 0.50 30 0.020 5 3.39E-03 -247
26 1.43E-03 40 9.06 0.50 30 0.020 5 2.34E-03 -2.63
27 2.08E-03 40 9.06 0.50 30 0.020 5 1.35E-03 -2.87
28 2.64E-03 40 9.09 0.50 30 0.020 5 1.00E-03 -3.00
E24 2.26E-03 40 8.00 1.00 10 0.020 4 195E-03 -2.71 1
Al-sweep
5 O uM Al 40 9.05 0.51 30 0.020 5 191E-02 -1.72 1
6 20 uM Al 40 9.03 0.50 30 0.020 5 117602 -1.93
7 35 UM Al 40 9.04 0.52 30 0.020 5 977E-03 -201
8 50 uM Al 40 9.01 0.51 30 0.020 5 8.13E-03 -2.09
1. Glass specimen in <100, >200 mesh size fraction; specific surface area by geometric calculation.
4. Average concentrationsof Si (mol L-1) in effluent samples are listed under “ Q/K”.
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Table A6. SPFT Experimental Conditions and Dissolution rates of LAWABPL Glass

Temp mass flow rate surface Buffer rate  log rate
Expt. #  Description (°C)  pH (@ (mL/d) area(m?g) # (gm?d?)(gm?d?)Notes
Al/Si sweep
80 0S OuM Al 0 886 051 80 0.020 5 257E-01 -059 15
81 0S 40puM Al 90 897 051 80 0.020 5 219E-01 -0.66
82 0S 75uM Al 0 896 0.50 80 0.020 5 224E-01 -0.65
83 0Si 100 uM Al 90 896 051 80 0.020 5 200E-01 -0.70
84  40% S 0puM Al 90 8.88 0.50 80 0.020 5 832E-02 -1.08
85 40% S 40puM Al 90 8.89 0.50 80 0.020 5 112E-01 -0.95
86 40% S 75uM Al 90 888 051 80 0.020 5 117E-01 -0.93
87 40% S 100 uM Al 90 887 051 80 0.020 5 148E-01 -0.83
88 60% S 0uM Al 0 9.07 0.0 80 0.020 5 115E-01 -0.94
89 60%S 40puM Al 90 912 051 80 0.020 5 138E-01 -0.86
0 60%Si 75uM Al 90 9.06 051 80 0.020 5 132E-01 -0.88
91 60% S 100 uM Al 90 9.05 051 80 0.020 5 1.29E-01 -0.89
Al/Si sweep
56 0Si, 0uM Al 70 9.02 050 60 0.020 5 102E-01 -099 1,5
57 0Si, 35uM Al 70 893 0.50 60 0.020 5 7.76E-02 -1.11
58 0Si, 60 uM Al 70 888 051 60 0.020 5 955E-02 -1.02
59 0Si, 90 uM Al 70 897 051 60 0.020 5 832E-02 -1.08
60 40%S,0uM Al 70 888 051 60 0.020 5 240E-02 -1.62
61 40%Si,35uM Al 70 9.09 050 60 0.020 5 155E-02 -1.81
62 40% Si, 60 uM Al 70 9.06 0.50 60 0.020 5 813E-03 -2.09
63 40%Si, 0uM Al 70 9.04 050 60 0.020 5 132E-02 -1.88
64 60%S,0uM Al 70 887 0.50 60 0.020 5 269E-02 -157
65 60%Si,35uM Al 70 9.05 051 60 0.020 5 245E-02 -1.61
66 60% Si, 60 uM Al 70 9.06 051 60 0.020 5 214E-02 -1.67
67 60%Si,90uM Al 70 9.02 050 60 0.020 5 275E-02 -1.56

1. Glass specimenin <100, >200 mesh size fraction; specific surface area by geometric calculation.
5. Si concentration as percentage of saturation value with respect to amorphous silica.
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Table A7. SPFT Experimental Conditions and Dissolution rates of LAWABPL Glass

Temp mass flow rate surface Buffer rate log rate
Expt. #  Description (°C) pH (@ (mL/d) area(m®g) # (gm?d?)(gm?d?)Notes
Al/Si sweep

44 0Si, 0 uM Al 40 9.00 1.00 30 0.020 5 871E-03 -206 15
45 0Si, 20 uM Al 40 9.00 1.00 30 0.020 5 479E-03 -2.32

46 0Si, 35uM Al 40 9.00 101 30 0.020 5 479E-03 -2.32

47 0Si, 50 uM Al 40 9.00 1.02 30 0.020 5 479E-03 -2.32

48 40%S,0uM Al 40 9.00 1.02 30 0.020 5 479E-03 -2.32

49 40%S,20puM Al 40 9.00 1.01 30 0.020 5 479E-03 -2.32

50 40%S,35uM Al 40 9.00 1.00 30 0.020 5 479E-03 -2.32

51 40%S,50uM Al 40 9.00 1.02 30 0.020 5 479E-03 -2.32

52 60%S,0upM Al 40 9.00 101 30 0.020 5 479E-03 -2.32

53 60%Si,20uM Al 40 9.00 1.00 30 0.020 5 479E-03 -2.32

54 60%S,35uM Al 40 9.00 1.01 30 0.020 5 479E-03 -2.32

55 60%S,50uM Al 40 9.00 1.00 30 0.020 5 479E-03 -2.32

202 50 ppm humic 90 9.03 051 80 0.020 5 185E-01 -0.73 1
203 50 ppm humic 90 9.03 0.50 80 0.020 5 173E-01 -0.76

204 0 ppm humic 90 9.05 0.50 80 0.020 5 155E-01 -0.81

205 0 ppm humic 90 9.05 0.1 80 0.020 5 149E-01 -0.83

1. Glass specimenin <100, >200 mesh size fraction; specific surface area by geometric calculation
5. Si concentration as percentage of saturation value with respect to amorphous silica.
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