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CORROSION TESTSTO DETERMINE TEMPERATURE AND pH
DEPENDENCIES OF THE DISSOLUTION RATES OF SODALITE, BINDER GLASS,
AND CERAMIC WASTE FORM

Seung-Young Jeong, Thomas H. FanningtéeR. Morss, and William L. Ebert
ABSTRACT

A glass bonded-sodalite eenic waste form (CWF) hasbn developed to immobilize salt
wastes from electrometallurgicakatment of sodium-bonded speniclear fuel. The CWF is a
composite of salt-loaded sodaldaad a binder glass formed aghitemperature (850-950°C) by hot
isostatic pressing (HIP) or msureless-consolidation @ processes. A waste form degradation
and radionuclide release model l@&en developed to support qualidiion of the CWF for disposal
in the proposed repository at Yucca Mountain. $&#xes of tests wereonducted in conjunction
with the development of that mddg(1) Static testsvere conducted to measuthe dissolution rate
of sodalite, HIP binder glassn@ HIP CWF at 40, 70, and 90°C in pH range 4.8-9.8 buffer solution.
The parameter values in the degradation model were calculated from the dissolution rates measured
by the static tests. (2) $iatests were anducted at 70°C in noncompleg tertiary amine pH
buffers to confirm that the dissolution rate measured with traditional buffers was not affected by the
complexation of metal ions. The results showed that the difference between dissolution rate
determined with noncomplexing buffand that determined with triéidnal buffers was negligible.

(3) Static tests wereoaducted in five buffer solutions ithe pH range 4.8-9.8 at 20°C with HIP
sodalite, HIP glass, and HIP CWF. The results showed that the model adequately predicts the
dissolution rate of these materials at 20°C. (4}iStests at 20 and 70%th CWF made by the

PC process indicated that the model parameters extracted from the results of tests with HIP CWF
could be applied to PC CWF. (5) The dissolu rates of a modified glass made with a
composition corresponding to 80 wt% glass and 20 sd#alite were measured at 70°C to evaluate

the sensitivity of the rate to the composition of binder glass in the CWF. The dissolution rates of
the modified binder glass were indistinguistealiom the rates of the binder glass. (6) The
dissolution rate of a simple fiveomponent glass (CSG) was measwaed0°C using static tests and
single-pass flow-through (SPFT@sts. Rates were similarrféhe two methods; however, the
measured rates are about 10X higher than ttes nrmeasured previousit Lawrence Livermore
National Laboratory (LLNL) for a glass havingetlsame composition using an SPFT test method.
Differences are attributed to effects of the soluflow rate on the gks dissolution rate and how

the specific surface area of crushed glass is etnaThis comparison indicates the need to
standardize the SPFT test procedure.



1. INTRODUCTION

A glass-bonded sodaliteeramic waste form (CWF) demgtation and radionuclide release
model has been developed agénne National Laboratory (ANL) toredict CWF dissolution rates
over long time periods and taport its qualification for disposah a proposed nuclear waste
repository at Yucca Mountain.

CWF has been developed to immobilize electrorefiner salt from electrometallurgical
processing of spent sodium-boddmetallic nuclear fuel [PEREIRA997]. The CWF is composed
of about 70 wt% salt-loaded sditie, 25 wt% glass binder, and siinamounts of halite and oxides.
The CWEF is prepared by first blending the zeofife with waste electrofmer salt at ~500°C to
occlude the salt within cages of the zeolite crysticla The salt-loaded zeolite is then mixed with
a commercial borosilicate glass frit (75 wt% salt-loaded zeolite and 25 wt% glass) and heated to
high temperature (850-915°C), at ialn temperature the salt-loadedolite transfans to sodalite,
Nag(AlSiO4)eCl,, and the melted glass encapsulates the sodalite. The CWF can be made using
either a HIP process or a pressess-consolidation (PQyocess. The PC process has been selected
for immobilizing electrochemically treated spent EBR Il fuels.

A degradation model has beervd®ped to support gliication of the CWF for disposal in
the federal high-level waste disposal systeme dissolution behavior adhe CWF is modeled by
the expression

rate = k-101"PY .e"FYRD. (1-Q/K) + Kong (1)

where
rate = the dissolution rate of the CWF,
ko, = the intrinsic rate constant,
n = the pH dependence,
E, = the activation energy,
Q = the ion activity product of the solution,
K = the apparent solubilitgroduct of the CWF, and
kiong = the dissolution rate at saturation.

Values of the parametersg, k), and E are determined under test carmhs where the value of Q is
maintained near zero, so that the value of the affinity term (1-Q/K) remains near 1. The dissolution
rate under conditions in which thelwa of the affinity term is neat is referred to as the forward

rate. This is the highest dissolution rate that can occur at a particular pH and temperature. The
value of the apparent solubiliroduct, K, is determined from p&riments in which the value of

the ion activity product approaches the value of Khis results in a decrease in the value of the
affinity term and the dissolution rate .k is included to account for tHeact that dissolution of the

binder glass does not cease when saturation (Q/kK=dghieved. Since saturation is not achieved,

kiong can be dropped from Equation 1.

The highly dilute solutions required to measure the forward rate and extract valugsfor k
and E can be maintained by condugidynamic tests in which thest solution is removed from
the reaction cell and replaced with fresh solutidn. the single-pass flow-through (SPFT) test
method, this is done by continuously pumping ttest solution through the reaction cell.
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Alternatively, static tests cabe conducted with sufficient solution volume that the solution
concentrations of dissolved giacomponents do not increase significantly during the test. Both the
static and SPFT tests can tenducted over a wide range il values and temperature&oth

static and SPFT testhave shortcomings. The SPFT tegjurees analysis of several solutions
(typically 6-10) at each of several flow ratesdgtermine the glass dissolution rate at each pH and
temperature. As will be shown, the rate measured in an SPFT test depends on the solution flow rate.
In both the SPFT and static test methods, a comise is required between the need to minimize

the effects of dissolved components on the disiem rate and the need to attain solution
concentrations that are high enough to enalkddysis. Although SPFT tests are commonly used to
measure model parameter values, we used the static test to determine the model parameter values
for hot isostatic pressing (HIP) of CWF. This because the static test method has been
standardized [ASTM-1998], whereas the SPFT teshaaehas not been stamdeed, and far fewer

tests and solution analyses argquieed to determine pareeter values using ¢hstatic test method

than using the SPFT test method. In short-termicstiasts, the value of the affinity term (1-Q/K)
remains near one and tharameter values are ragdletermined from testconducted at controlled
temperature and pHTests in which the value of the affinity term is significantly lower than 1 can

be identified by their daation from a linear trend.

The tests described in thispat were conducted tdetermine model pameter values and
confirm the applicability of the model parameter values in the rate expressions for waste forms
made by different process, wigightly different compositions, daemperatures outside the range
used to determine the model parameterse dik series of testwe described below.

1. A series of static tests 40, 70, and 90°C were conductedtriaditional buffer solutions to
determine the forward dissolution rates an@ravide separate moldgarameter values ¢kn
and E) for modeling the dissolution of sodalite, HIP binder glass, and HIP CWF. The
forward dissolution rates, terapature, and pH dependencereveised as components of a
CWEF degradation model to calculate the dissolution rate over long time periods in a nuclear
waste repository.

2.  Static tests withaglalite, HIP binder glass, and HIP CWFnhoncomplexing tertiary amine pH
buffers were carried out at 70t€ measure the forward dissotutirates at pH values between
5 and 9. These tests were deoeonfirm that the dissolutiorates measured with traditional
buffers were not affected by compléiwa of metal ions by the buffers.

3. A series of static tests wasnducted in five dilute buffer Bdions in the pH range of 4.8-9.8
at 20°C with sodalite, HIP bindeglass and HIP CWF. Thetes measured at 20°C were
compared with the rate calculated with the CWF degradation model. These tests were
conducted to confirm that thenodel adequately pdicts the dissolution rates at lower
temperatures.

4.  Although model paraner values were det@ined during waste form development using
materials made by HIP, a P@ocess has been developed aselected for the inventory
reduction phase for EBR Il wastd.ests and analyses have shavat the waste forms made
by HIP and PC are almost identical. The major difference is that the PC CWF has a slightly
higher porosity, and inclusion phases are mangormly distributed throughout the binder
glass in the PC CWEF than in the HIP CWF. The dissolution rates of PC binder glass and PC
CWF were measured in three buffeluions in the pH range 6-9.5 at 70°Chese rates were

3



compared with the dissolution rates of HIP CVWfieler the same conditiotss confirm that the
model parameters determined from tests With CWF could be applied to PC CWF.

5. The parameter values determined from tests with binder glass will be likely used to provide an
upper bound to the dissolution rate of the CVHtectron microscopy studies have shown that
the size of sodalite inclusions decreases itbcess time, and the concentrations of silicon
and aluminum in the binder glass near sodalite inclusions were higher than in binder glass
further removed from the sodalite. These obegons indicate thah small amount of the
sodalite dissolves into the binder glass during processing. In order to evaluate whether
changes in the binder glass composition duthdodissolution of smalkmounts of zeolite or
sodalite affect the dissolution rates of the binder glass, we prepared a modified glass with a
composition equivalent to a homogeneous mixture of 80 wt% glass and 20 wt% sodalite. A
series of static tests withadified glasses wereonducted in buffer solutions in the pH range
6.2-9.5 at 70°C to measure dissolution rates angpece with the rate measured with binder
glass.

6. Static tests and SPRe&sts in buffer solutions at 70°C meconducted with a simple five-
component glass to demonstrate the validityhef static test method to measure the forward
rate and model pameeters. Static tests weeconducted at low surface area to solution volume
(S/V) ratios and for short duratis to avoid solution feedbaeffects. The SPFT tests were
conducted at severaloflv rates to determine the gladssolution rate at each pH and
temperature. The importance is that the results of SPFT tests with this glass were used to
determine the temperature aptl dependence in the glasegradation model for Total
System Performance Assessment (TSPA) [TRWS]. A flow-through apparatus at ANL
has been constructed and used to repeat the measurements of dissolution rates with the simple
five component glass at sevepd values. It is expectedahthese tests will provide a link
between the static tests used to measure model parameters for the CWF with the SPFT tests
used to measure model parametessd in the TSPA glass model.

2. EXPERIMENTAL METHODS

2.1 STATIC TEST PROCEDURE

Static tests were onducted following the American Siety for Testing and Materials
standard test method C 1220 [ASTM98] in Teflon® containers with buffer solutions. Briefly,
tests are conducted by immersiagnonolithic sample with a known geometric surface area in a
volume of fluid such that the S/V ratio is 10'mThe test vessel is scaled and placed in a constant
temperature oven for a prescribed duration. At tiee @& the test, the test solution is analyzed for
dissolved components of the test specim@o achieve an S/V ratio of 10’ ma typical polished
wafer with total surface area of 2.00 Tmas placed in a buffer solution of volume 20.00 mL. The
Teflon vessels were placed in ecendary container that was galty filled with demineralized
water to provide nearly equal water vapor pressures inside and outside the vessel to minimize loss of
solution during the test. The secondary contaivees placed in a constamrperature oven for the
duration of the test. Figure lasdiagram of the static test.



Tests were conducted at 20da40°C for durations of 7, 14, 28, 56, and 91 days; at 70°C for
durations of 2, 3, 5, 7, and 10 days; and 90°C foater of 1, 2, 3, and 5 days. The tests at 20 and
40°C were run for longer durations to ensure fisdition concentrations ehatrix elements would
be high enough to measure. Tests at shortaetidus showed the effects of surface roughness and
tests at longer durations showed theefof the affinity term (1-Q/K).

Termination of the tests requitdaking aliquots for three alytical measurements. Two
aliquots were taken to measure ft¢ of the test solution. The pbf the first aliquot was measured
at the test temperature. The pH of the secomgi@liwvas measured at rodemperature. Mean pH
values at each temperature were calculated froom@dsurements of pH. The pH measurements at
test temperature were domemediately after termination by placinige vial in a water bath at the
test temperature. The roonmiperature measurements were deaeeral minutes tar; the filled
1.5-mL solution vials were sealed until measurement to minimize co@tamination. The
remaining test solution, aboB0 mL, was passed through a O&-pore-size filter, acidified and
submitted for inductively coupleplasma-atomic emission spectrdare(ICP-AES) or inductively
coupled plasma-mass spectraenglCP-MS) analysis.

The extent of dissolution for each test duration was calculated as the normalized mass loss
by dividing the concentration of silicon in solution by the S/V ratio used in the test and by the mass
fraction of Si in the glass:

NL(Si) = C(Si) / [(SIV)F(Si)] )

where
NL(Si) = normalized mass loss of element Si ,3/m
C(Si) = concentration of element Si in the test solution, mg/L,
S = surface area of material in the test, m
V = volume of solution in the test,rand
f(Si) = mass fraction of element Si in the material.

The normalized dissolution rate, NR (Si), g/t was determined as th@pé of a plot of NL(Si)
versus the test duration, t, as

NR(Si) =A NL(Si) /A t 3)

Individual regression fits for each material, teargiure, and pH were plotted to determine
the dissolution rate. The dissolution rates were used to calculate the parameters for modeling. The
solution was presumed not to affect the dissolutite @&a long as NR(Si) was constant. A decrease
in the value of NR(Si) as thesteduration increasesdicates that the buildup of silicon in solution
is slowing the glass dissolution. Tests in whible rate has clearly been affected by solution
feedback effects were elxided from the regression.

2.2 SINGLE-PASS FLOW-THROUGH TESTS

The SPFT tests were conductadcontinuously pumping a solution through a reaction cell
that contained the glass and collecting the efier analysis. The glass dissolution rate was

5



calculated from the steady-state solution concentration of Si and solution flow rate by using the
expression

NR(Si) = [CYSi) - (F/S°)] / f(Si) (4)

where
NR(Si) = normalized dissolution rate, gfa,
C°{Si) = steady-state concentaatiof Si in effluent, mg/L,
F = solution flow rate, mL/s,
S° = initial surface area of the crushed glass,and
f(Si) = mass fraction of Si in the glass.

In SPFT tests, different steady-state concentrations are attained at different solution flow
rates. This results in different values of the affinity term and different glass dissolution rates
occurring at different flow ratesThe dependence of the rate mead in SPFT tests on the solution
flow rate must be taken intaccount to determine the forwardea We conducted the tests at
several flow rates to measure the rate at segégally-state concentrations of Si, then plotted the
rate against the steadyat# concentration and extrapolatedz&vo concentration. The y-intercept
was taken to be therfward dissolution rate.

The SPFT tests were conducteiimerushed glass to provide a high surface area. The CSG
glass was crushed and sievedsolate the —40 +60 mesh (4R&k to 250um) size fraction. The
crushed glass was washed repeatedly with abselnémol to remove finesSome of the glass was
examined with a scanning electron microscope toyvall fines had beeremoved and the particles
were the expected size. The specific surface area of the crushed glass was calculated to be
0.0071 m/g by assuming the parkis were spheres haviagdiameter equal to 338n, which is the
arithmetic average of the sieve sizes. Thithes method recommendedr fstatic tests conducted
with crushed glass [ASTM-1999].

The SPFT apparatus was constructed using a variable speed peristaltic pump and
polyethylene tubing. Various pump speeds and tuliagieters were used to achieve a range of
flow rates, and different amounts giass were used to vary the surface area and achieve a range of
F/S° values. A modified polyethylene pipette Was used as a reaction cell. Polyethylene wool
was used to prevent sample from being flushenah filwe cell during the testTests were conducted
with between 1 and 3 g of glass. The glass ma@sconstrained within #hreaction cell, and the
solution flowed upward through the glass. eTreaction cell and was housed in a constant-
temperature oven set at 70°C.ppkoximately 1 m of tubing waslaced in the oven ahead of the
reaction cell to heat the solution to 70°C. Thernghexiting the reaction cell was kept as short as
possible so that the effluent solution could dmlected soon after it left the reaction cell to
minimize the time lag. Figure 2 is a diagram of the SPFT test apparatus designed at ANL.

Effluent solution was collected periodically in polyethylene solution bottles for analysis.
The mass of each sample aliquot #mel time it was collected were ustxdcalculate the flow rate.
The solutions were analyzed with an ICP-MS. All solutions collected at a particular pH,
temperature, and flow rate wes@alyzed in the same group to eliminate effects of the day-to-day
variability of the ICP-MS. Contiaests were conducteditiout glass to verify that interactions
between the buffers and theparatus were negligible.
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2.3 SAMPLE PREPARATION

Monoliths of salt-loaded sodalite were prepared from granular zeolite 4A containing up to
10% clay binder that had been blended with &itea electrorefiner salit 500°C and heated to
850-915°C in HIP. The binder glass and CWF werepared by HIP processing and by PC
processing. The HIP CWF was prepared by first blending the zeolite 4A with waste electrorefiner
salt at ~500°C to occlude the salt within cages efziolite crystal lattice The salt-loaded zeolite
is mixed with a commercial borosilicate glass (A6 wt% salt-loaded zeolite and 25 wt% glass)
and heated under pressure at high tempera@60-915°C), at which ¢h salt-loaded zeolite
transforms to sodalite, N@&ISiO4)sCl,, and the melted glass encapsulates the sodalite. The PC
binder glass was prepared frormunercial borosilicate glass heatatl915°C for 16 hours; the PC
CWF was prepared from the commercial bindesgland zeolite 4A load with simulated 300-
driver salt heated under the saomnditions. The CWF is compas of about 70 wt% salt-loaded
sodalite, 25 wt% binder glass, andadhamounts of halite and oxides.

Modified glass was batched from oxides andoaates to yield a composition equivalent to
a homogeneous mixture of 80 wt% glass and 20 wt% sodalite. This composition represents a likely
upper bound for the amount of zeoldad sodalite that may disselinto the binder glass during
processing. The oxide and carbonate reagents were thikeated in Pt/Rh crucibles to 500°C to
decompose carbonates, then heated to 1150°Chealddat this temperature for one hour. The
mixture was quenched toom temperature, but it was notedittthe glass was not homogeneous.
The material was crushed to —60ghgeremelted at 1500°C, poured i@tonold, cooled at a rate of
24°C/hour to 550°C, annealed for two hours at 55@i@ furnace-cooled to room temperature.
This resulted in a homogeneous glass.

A simple five-component borosilicate glassS@) was batched fromxides and carbonates
to yield a composition identical to that debed by Knauss et al. [KNAUSS-1990]. The oxide and
carbonate reagents were mixed, heated in Pt/itibdes to 500°C, held at 500°C for 30 min, heated
to 800°C and held overnight to decomposebonates, heated to 1150°C and held at this
temperature for one hour, quenchedroom temperature, and chesl to —-60 mesh. The crushed
glass was remelted at 1150°C, poured & mold, cooled at a raté 24°C/hour to 550°C, annealed
for two hours at 550°C, and furnace-cooled to rdemperature. This resulted in a homogeneous
glass.

Samples of CSG and modifieflasses were crushed to —16200 mesh to yield 0.5 g of
each glass for chemical analysis. These samples were dissolved and analyzed by standard
procedures. The compositions are shown in Table 1.

Cores were drilled with a dripress and a diamond-coring bit using absolute ethanol as
coolant. The circumferences (&%) of the cores were polished to 600 grit on a jig (attached to the
Buehler low-speed saw) that rotates the cores cbines were cut into wafers on a Buehler Isomet
low-speed saw with diamond wafering blades usirgphite ethanol as coolflubricant. The faces
of the wafers were polished &00 grit on a Metaserv 2000 gringmfisher. After polishing, all
wafers were examined using an optical microscopmsure that the surface finishes were uniform.
The dimensions of the polished wafers were muess using precision cakps. The pellets were
washed once with absolute ethanol in an ultrasbath. Water or ethanol-water mixtures washes
were not performed to avoid dissolving halite expoaethe surface. The pellets were dried in a
40°C oven overnight and stored in a desiccator.
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2.4 BUFFER SOLUTION PREPARTION AND PH MEASUREMENT

Buffer solutions having the compositions and yalues in Table 2 were prepared for use in
static tests. The buffer solutiomgere selected to minimize cheral interactions with components
of glass and sodalite. Concentrations were selected to maintain nearly constant ionic strength and
adequate buffering capacities toimain pH within 0.1 pH unit.

The pH was determined using an Orion Ross “spear-tipped” combination semi-micro
electrode attached to a Fisher Accumet ReseARIb0 meter. The combination electrode was
calibrated using buffer solutions maintained at the test temperatures with a constant-temperature
bath. Disposable 1.5-mL centrifuge tubes thad haprofile similar to tht of the spear-tipped
electrode were used so that #maount of buffer solution or tesblution necessary for measurement
was minimized. The centrifuge tubwvere held in a punched aluminum tray on the surface of the
bath.

The combination electrode was calibrated prior to use with standard commercial buffers
(Ricca Chemicals). These fiers are pH 4.00, 7.00 and 10.002&°C, and have NIST-traceable
pH values for temperatures 50°C. The 70°C and M @alues were det@ined by extrapolation.
The calibration and extrapdlan were confirmed with pHvalues provided by Bates
[BATES-1973]. The buffer composition and pHlwes are as shown in Table 2 for several
temperatures.

Standard Reference Materials (SRM) from the National Institute of Standards and
Technology (NIST) were used to keabuffer solutions to calibratedlpH electrode at temperatures
above 50.0°C. The NIST certificates [NIST-1991996, -1998] tabulate the certified pH values up
to 50.0°C. For pH values at higher temperatureS,;TNL991] was used. It is also advantageous to
use NIST standards because they are maceurate than standardmade by secondary
manufacturers. The NIST standard buffer 8ohs were prepared from NIST SRM potassium
dihydrogen phosphate (SRM 186-I-f), @i#um hydrogen phosphate (SRM 186-I-f),
NaB407#10H,0 (borax, SRM 187d), and potassiundiggen phthalate (SRM 185g).

Three noncomplexing buffers (MES, PIPPS, and TEEN) were selected from a set of "better"
buffers proposed by Rorabacher and Kandage [RORABACHER-1999]. The properties of
MES, PIPPS, and TEEN are given in Table 3.

These buffering systems have been shown to not to complex significantly with metal ions.
The new noncomplexing tertiary amine buffer gmunds used for the pH buffered static test
modification were: (1) 2-(N-m@holino)ethanesulfonic acid (MES)2) piperazine-N,N’-bis(3-
propanesulfonic acid) (PIPPS), and (3) NNNN'-tetraethylethylenediamine (TEEN).

In preliminary tests, it was &blished that there is significant decomposition of TEEN
within one day (pH change of 0.5 pH units or more) &C9®ut no significant decomposition of
MES, PIPPS, or TEEN at 70 over one week (pH change of 0.01Kuffers of less than 0.2 pH
units). Buffer solutions of MES, PIPPS, and TEEN and measured pH values at 25, 40, 70°C are
listed in Table 4.



3. CALCULATION OF TEMPERATURE AND pH DEPENDENCIES

3.1 STATIC TESTS IN TRADITIONAL BUFFER SOLUTIONS AT 40, 70, AND 90°C

A series of static tests imaditional buffer solutions (Tdb 2) at 40, 70, and 90°C were
conducted to measure forward disgion rates for sodalite, HIP bindglass, and HIP CWF and to
provide model paraeter values (kn, and E). The forward dissolution tes, temperature, and pH
dependence were used as compaeha CWF degradation model.

The concentration of Si in solution provides thest measure of mixtdissolution of glass-
bonded sodalite, since Si is a matructure element in both theags and sodalite. The measured
Si concentrations in solutiorfeom buffered static tests with eadmaterial (sodalite, binder glass,
and CWF) were used to calculate the normalireds loss of Si [NL(Si)], defined as Equation 2.
At each temperature and pH, the concentration of Si increased rapidly during the shortest test
durations, then increased at a slower but nelnyar rate for long test durations. The Si
concentrations and normalized mass losses desl lia Tables A.1-A.9 of Appendix A for each
material, temperature, and pH.

Normalized dissolution rate$\R(Si), were calculated biinear regression. Individual
regression fits for each materigémperature, and pH are shown in Figures 3 through 11. The
results of the regression fits are summarized in the boxes in each of the figures. The linear fit is
expressed as

y=m +nm - MO (5)

where m is the y-intercept and nis the slope; MO is the test dtion. The goodness of fit is given

as chi squared (Chisqg) and as tlkegression coefficient R. The slope gives the forward dissolution
rate. Some test results (outliers) were excluded from the regression fits; these are shown as open
symbols in the plots. The dissolution rates deteed from the slope of each regression fit are
summarized in Table 5. Dissolution rates asirection of pH are plotted at 40, 70, and 90°C for

each material with closed symbols in Figure 12.

3.2 STATIC TESTS IN NONCOMPLEXING BUFFER SOLUTIONS

Static tests withalalite, HIP binder glass, and HIP Gh noncomplexing tertiary amine
pH buffers were carried out at @ to confirm that the dissolutiomtes measured with traditional
buffers were not affected by complexation. Test results using noncomplexing pH buffer were
compared with the dissolution rates using traditional buffers. Figure 13 shows the values of NL(Si)
from sodalite, HIP binder glass, and HIP €Wih noncomplexing buffer solutions at °Td as
function of test duration Experimental data ansL(Si) results are compiled in Tables A.10, A.11,
and A.12 in Appendix A. Normalized dissolutioates were determingdom the slopes of each
linear regression fit for testsitlv sodalite, HIP glass, and HIBWF at temperature 70°C with
noncomplexing buffer solutions. These dissolutiates are included in Table 5. The dissolution
rates measured with the noncomplexing buffer solutkanfainction of pH are included in Figure 13.
The results show that the difference betwekssolution rates measured with noncomplexing
buffers and with traditional buffers is negligibleéFigures 12a and 12c show that the dissolution
behaviors of sodalitand the CWF are similar with botlatfitional and noncomplexing buffers.



3.3 MODEL PARAMETER VALUES

The dissolution behavior of the CWF isodeled by Equation 1. Long-term PCTs are
conducted to obtain values for K and,kand to provide insight intthe material behavior at
advanced stages of corrosion. The parameters K jgndake usually obtained from PCTs with
duration longer than one year. @sscribed above, shoterm MCC-1 tests wengsed to determine
the forward rate. In MCC-Zests conducted at low surfaceMolume ratios and short test
durations, the orthosilicic acid activity remains low and the valug@/K)-remains near one. Since
the test solutions are mémed far from saturation,.ky can be dropped from Equation 1. This
leaves

rate = k; = ko 1001"PH) . gEa/RT) 6)
When the logarithm of Equation 6teken, a linear expression is obtained:
log (k) = log k +n-pH — {E4/(RIN10)}. T* @

The values of) and E can be obtained by performing a lin@agression on the logarithm of the
normalized dissolution rates asumétion of pH and temperaturespectively. Linear regression

of the dissolution rates in Table 5 was performed using separate regression fits for the rates
measured acidic and alkaline buffers.

The pH and temperature dependence on the dissolution rates for each material was fit to the
function

|Og kf =Co+ C]_(pH-CpH) + Cz(l/T-CT) (8)

where Cop, C;, and C; represent regression coefficients. The constantand Cr represent the
average pH and average inverse terafure, respectively, of thetdaused in the regression. The
resulting coefficients and standaedors for each fit are shown in Table 6. Equation 8 is plotted in
Figure 12. for each material at 40, 70, &dC. The dissolutiorate parameters,kn, and g can

be determined by comparing Equatiowi8h Equation 7 to show that log k Co —Cy Cpn —C> Cr;

n =Cy; and E =C,RIn10. These parameters are shown in Table 7.

The dissolution rates measured for CWF reflect the simultaneous dissolution of sodalite and
binder glass phases. A comparison of Figures 12a and 12c shows similar dissolution behavior
between sodalite and the CWF. This is due to the forward dissolution rate of sodalite being higher
than that of the glass, and to the fact that sodalite composes approximately 70 wt% of the CWF.
Sodalite dissolves faster thamdber glass under these test cowdisi over much of the pH range
tested. However, because of the weak pH depmedef sodalite dissolutiogjass is predicted to
dissolve faster tharodalite above pH 9.

We point out that these tests were desigoesheasure the forward dissolution rate and the
effects of pH and temperature in the absence lotisn feedback effects, i.e., when the values of
the affinity term is one. Under actual disposal conditions, the affinity term will have a significant
effect on the CWF dissolution rate.
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In the Yucca Mountain disposaystem, the incoming groundwater can be assumed to be in
equilibrium with cristobalite (anajor constituent of the host roaek Yucca Mountain), and the value
of Q in Equation 1 will be set by the solubility ofistobalite. The solubility of sodalite is much
lower than that of cristobalite, suggesting that the affinity term (1-Q/K) in Equation 1 will tend
toward zero for the sodalite phase of the CWF. The binder glass is much more soluble than
cristobalite because the binderggas predicted to dissolve fastBan sodalite in tuff groundwater
under repository conditions. The mogarameter values measured floe binder glass are used to
model the CWF dissolution rate in repository calculations.

3.4 PREDICTABILITY OF RATE EXPRESSION

A series of static tests wecenducted using five buffer sdlons in the pH range of 4.8-10
at 20°C with sodalite, HIP binderagls, and HIP CWF. These testsre conducted toonfirm that
the model parameters derivedrfrdests at 40, 70, 90 °C could be used to predict the dissolution
rates at a lower temperature.

Values of NL(Si) for tests with sodalite, HIP binder glass, and HIP CWF as functions of test
duration are shown in Figures 14-16. Normalizesdalution rates [NR(Si)lvere obtained by linear
regression of the NL(Si). The NL(SI) results wesed in the linear regressions except for obvious
outliers. Outliers are shown apen circles in Figures 14-16.

For each material, the NR(Si)luas are plotted as a function of pH in Figure 17. As was
the case for the forward dissolution rate atZM,and 90°C, the NR(Si) from sodalite, HIP binder
glass, and HIP CWF at 20°C hawmegative slopes in acidic solutions and positive slopes in basic
solutions, with minima near neutral pH. The \aphkd lines in Figure 17 were obtained from the
regression fits for the dissolution rates of the HIP sodalite, binder glass, and CWF in acid and basic
regions from 40, 70, 90°C test results. The lowkshaped lines in Figure 17, representing 20°C
dissolution rates, were calculated from the rate expression in Equation 6 using the regression fits
derived from tests at hightamperatures. The reason for this deviation is not known.

The Si concentrations in several of the test solutions, in particular those from the binder
glass, were very low (near the ICP-MS detection limits). Analytical uncertainties and possible
contaminants from previously used test vessels or leakage from 20°C water bath increase the scatter
of the 20°C test results. Neueetess, the deviations of ti¢R(Si) from the V-shaped model
prediction lines in Figure 17 wermmnall. We note that the NR(Spints at pH 4.8 of sodalite and
CWEF are significantly higher than model prediction lines.

These results indicate that the model parameters measured for HIP CWF over the
temperature range of 40-90°C can be used tquadely predict the diskdion rate at 20°C.

3.5 EFFECT OF CWF CONSOLIDATION METHOD

Static tests wereonducted with PC binder ggs and PC CWF in three buffer solutions in
the pH range 6-10 at 20 and 70°C to confirm thatparameter valuestdemined from materials
made by HIP(i.e., the values Trable 6) could be afipd to materials madey PC. The PC binder
glass was prepared from comnialdorosilicate glass heated at 915°C for 16 hours; the PC CWF
was prepared from the commerciahdber glass and zeolite 4A loadedh simulatel 300-driver salt
heated under the same conditioi&tatic tests wereonducted using buffer solutions at pH 6.2, 8.2,
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and 9.5 at 70°C with PC bindgtass and CWF, and at pH 5.95, 8.37, and 9.81 at 20°C with PC
CWEF. Composition and measured pH values atiZD79°C for buffers used in the static test are
listed in Table 3.

The normalized Si mass losses from PC binglass and PC CWF dsanctions of test
duration are shown in Figures 18 and 19. Thenatized Si dissolution tas were obtained by
linear regression of the normalized Si mass losses. For each PC material, the dissolution rate values
are plotted as a function of pH and compared wiffsolution rates of Hihaterial in Figure 10.

The NR(SI) from binder glass ai@WVF prepared under HIP or ROnditions have negative slopes

in acidic solutions and positive slopes in basic solutions, with minima near neutral pH. The V-
shaped lines in Figure 20 were obtained by usipgrsge regression fits for the dissolution rates of
the HIP binder glass and CWF in acid and basgions. The pH dependence for the forward
dissolution rates of PC binder glaand CWF were indistinguishaldtfom those of HIP binder glass

and CWF at 20 and 70°C within the test uncertaifitigese results show that the model parameters
determined from the results of tests with HIP CWF can be applied to PC CWF.

3.6 EFFECT OF GLASS COMPOSITION

Electron microscopy studies of sodalite granules and the intergranular binder glass in HIP
CWF showed that the concentrations of silicon and aluminum in the binder glass within
~20 micrometers of the glaseerlite phase boundaries were gre#tan those in the unprocessed
binder glass. This may indicatieat small amounts of zeolite sodalite dissolved into the binder
glass during the consolidation. In order to evi@wehether changes in the binder glass composition
due to the dissolution of small aemts of zeolite or sotlte during processing affect the dissolution
rates of the binder glass, we prepared a modibieder glass to represent glass with dissolved
sodalite. Its dissolution rate was measured as a function of pH with buffered static tests at 70°C.
The preparation of the modifigdass is described in Section 2.

The static tests in the three noncomplexinffdrsolutions were condted to determine the
dissolution rates of the modified glass at 70°@ &snction of pH. The buffer solutions at 70°C had
pH values of 6.2, 8.2, and 9.5; the buffer compositemeslisted in Table 2. The NL(Si) from tests
with the modified glass as function of test alion are shown in Figure 21. The NR(Si) were
obtained by linear regression okthormalized Si mass losses as smawfFigure 22. In Figure 22,
the dissolution rates of the modified glasses were compared with the dissolution rates of HIP binder
glass. The V-shaped line in Figure 22 is from the model parameters derived from the dissolution
rates of the HIP binder glass 4@, 70, and 90°C. The NR(SIi) for the modified glass and its pH
dependence in the basic region wenasistent with those of thenaler glass at 70°C. These results
indicate that the dissolution rate of the glass inFC&djacent to sodalite domains is the same as the
dissolution rate of thanaltered binder glass.

3.7 STATIC TESTS AND SINGLE-PASS FLOW-THROUGH TEST WITH CSG GLASS

3.7.1 Static Test Method

Static tests in buffer solutiorsg 70°C were conducted withsanple five-component (Al, B,
Ca, Na, Si) borosilicate glass (CSB)demonstrate the validity ofdrstatic method to measure the
forward rate. The results of static tests will be compared with the forward dissolution rates
measured with flow-through tests previoualyLLNL [KNAUSS-1990] and recently at ANL (see
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Section 3.7.2). The importance of comparing stahd SPFT tests is that the results of flow-
through tests by LLNL were used to determine temperature and pH plendencies in the glass
degradation model for Total System Performance Assessment calculation for Site Characterization
of the Yucca Mountain disposal sgst [TRW-1998], whereas staticsteare used to measure these
dependencies for CWF.

Figure 23 shows the results sfatic tests condted with CSG glass at 70°C in buffer
solutions at pH 6.2, 7.3, 8.2, and 9.5. Each point repteghe results of separate test, and the
uncertainty bars are drawn at 15% of the measuake to account for andical uncertainty. The
regression lines drawn through tdata give the dissolution rates at the three pH values. As
discussed in following sections tifis report, we suspect that dissolution in the pH 9.5 tests beyond
about 5 days is slowed by the buildup of siligarthe solution, and those results were excluded
from the regression fit. The $iatests were conduaewith pH 9.4 buffer solution using shorter
durations (1- to 5-day) anldwer S/V ratios (10, 5, and 2.5 to measure forward rate without
feedback effects, as shown in Figure 24. As dtiagbe value of the affity term decreases as S/V
increases. A dissolution rate of 0.72 i) was measured in tests at S/V=10 and a rate of
1.33 g/(nfed) was measured in tests at S/V=23 (see Appendix A, Table A.20). The regression
lines in Figures 23 and 24 all have positive y-intercepts. This is probably a result of the slight
surface roughness.

3.7.2 Single-Pass Flow-Through Tests

Figure 25a shows silicon condeations in the aliquots frof8PFT tests conducted at pH 9.5
and different F/S° values. The set of data at ¢d&li represents the aliots of effluent solution
collected sequentially during the test. The aveftaye rate for each set dliquots in a test was
used to calculate the value of F/S° for that téldte steady-state Si concentration for each test was
determined as the average of the last fivgualis. The values of F/S°, Si concentration and
dissolution rate for pH 6.2, 7.3, 8.2, and 9.5 aredisteTable 3 A.21-23 in Appendix A. The
steady-state Si concentration and the valoe&/S° for pH 6.2, 7.3, 8.2 and 9.5 are listed in
Table A.24 in Appendix A. Higher concentratiowgre sometimes measuradthe first several
samples due to the dissolution bigh-energy sites (e.g., shagmds of glass shards). The
dissolution rate for each test was calculated using Equation 4. For example, the steady-state Si
concentration for the test conded at pH 9.5 and F/S° = 3.98 x /s was ¢{S) = 8.2 mg/L and
the mass fraction of Si in the CSG glass &)f€ 0.277. The dissolution rate is 1.04 §/m

Figure 25b shows the measured rate plotteainag the value of F/S°. The rate initially
increases with the value of F/S° and therels off at an F/S° value of about 1 x°1@/s. This is in
response to the value of the affinigrm increasing to about 1 asSFincreases. The point at which
the rate becomes constant correspdodbe affinity term becoming 1 and the glass dissolving at its
forward rate. Comparison of Figer@5a and 25b indicates that Sncentrations greater than about
8 mg/L are sufficient to slow the glass dissolutiate at 70°C and pH 9.5. This observation is used
later in the analysis of static tests.

Because of scatter in the data and experimental uncertainty, it is difficult to determine the
forward rate from the plot in Figure 25b. Instea#, have plotted the rateagainst the steady-state
silicon concentrations in Figure 26. The measuatels are linearly regressand the y-intercept (at
a silicon concentration of 0) gives the forward rate. The scatter in the experimental results at low
silicon concentrations has only a minor impact on determining the rate.
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3.7.3 Discussion

The dissolution rates measured at AdHing static leach tests (S/V = 2.5'mt pH 9.4 and
SIV = 10 m* at pH 6.2 7.3, and 8.2) and SPFT testscarapared with SPFT results of LLNL in
Figure 27. The rates measurethgsstatic test and SPFT testAfllL are the same at pH 6.2, 7.3,
and pH 9.4, but differ slightly at pH 8.2. As noteatlier, Si concentrations >8 mg/L appeared to
affect the dissolution rate in the SPFT tests. éngtatic tests, a Si coantration of 8 mg/L would
result in a NL(Si) value of about 3 g/m Static tests gpH 9.5 and S/V= 10 th conducted for
10 days resulted in Si concentrations that were >8 mg/L and NL(Si) that were %3 finthe
extreme case of fitting the line through only thead 3-day results at p#i5, the rate is about 0.90
g/(mPed), which is still significantlylower than the rate of 1.7 g/¢ml) measured with the ANL
SPFT tests. The Si concentration measurethén5-day test at ptd.4 in tests conducted at
SIV = 2.5 m" was 4.7 mg/L. Its dissolution rate was 1.3 gf{mwhich is similar to the ANL SPFT
result. This suggests that the results dicstasts conducted for hd 10 days with S/V=10 that
pH 9.5 and 70°C should not be used to determine tineafd rate. The conceations in all tests at
pH 8.2, 7.3, and 6.2 are <8 mg/L.

The results of SPFT tests with CSG glassmducted by Knauss et al. are included in
Figure 27. Their measured rates are significantly tdthen what we measured with either the static
or SPFT test methods. Differendesthe SPFT test results may ee to differences in how the
tests were conducteghd how the data were analyzed.usred glass of the —100 +200 mesh size
fraction was used in SPFT testsnducted by Knauss et al. and by uénauss et al. measured the
surface area of crushed CSG glass to be 48Fdm gas adsorption and used that value to calculate
the dissolution rate. For comparison, the geomstriface area calculated from the average patrticle
size (which was 10Qum) is 234 crfilg. From Equation 4, the callated rate is inversely
proportional to the surface area. The rates measyréhauss et al. would be about 2X higher if
they were calculated using the geometric surfaea eather than the gas adsorption surface area.
Nevertheless, the rates of Knausaletwvould still be about 10X lowehan the values we measured.

Additional experimentaldetails regarding the test rhetl used by Knauss et al. were
provided in a subsequent pap€NAUSS-1990]. Those conditions wecempared with our results
to evaluate possible contributioastest conditions to the difference in the results. The SPFT tests
of Knauss et al. were run with about 1 g ofsgland at flow rates up to 60 mL/day. Using the
geometric surface area of 234 %g) the typical F/S° value for those tests is about 3%ris. At
pH 10, the steady-state Si concentrations wabout 13 mg/L (from Table 9 in reference
[BATES-1992]). Our tests at pH 9.5 and F/S° 3.0%b@/s gave a steady-state Si concentration of
about 24 mg/L (see Figure 25a). The results gufe 25b indicate that $oncentrations greater
than about 8 mg/L are expected to decreaseglfies dissolution rate. This suggests that the
dissolution rates measured by Knauss et al. wereesldy feedback effects. However, it is stated
in [KNAUSS-1990] that doubling the flow rate aftsteady state was reacheéid not measurably
affect the dissolution rate. It is uncertain how much of the differences in SPFT test results are due
to experimental design, testemution, and data terpretation.

The American Society for Testing and Materials (ASTM) Nuclear Fuel Cycle subcommittee
C26.13 is working to standardize the SPFT testhod so that results obtained in different
laboratories can be comparededily. The SPFT tests discussedhis report wee conducted, in
part, to help develop a standardttprocedure, identify the test conditions that need to be tracked
and reported, and developtandard method for data analyaisd determinationf the dissolution
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rate. An inter-laboratory studyill be conducted in the near fuaito measure the precision of
SPFT tests.

4. CONCLUSIONS

Tests were conduatewith glass-bonded camic waste form (CWF) and its major
constituents, binder glass and sodalite, to provide parameter values for the degradation and
radionuclides release model thats been developed for evaluating the impact of the CWF on the
performance of the proposed repoy at Yucca Mountain. Static tests in traditional buffer
solutions at 40, 70, and 90°C wearenducted to determénmodel parameter values for dissolution
of sodalite, HIP binder glass, and HIP CWF.

The results of our tests halesl to the following findings:

¢ Within experimental uncertainty, the differences between dissolution rates determined with
noncomplexing buffers and those with traditibrauffers are negligible. Therefore, we
confirmed that the forward tes determined at 40, 70, and@Urom static tests with traditional
buffers are valid. Model paratee values were calculated using the dissolution rates measured
with traditional and noncomplexing buffers.

* The CWF degradation model ugiparameters measured for HIP CWF over the temperature
range of 40-90°C can adequatehedict the dissolution rate at 20°C. This was shown by the
results of a series of staticsts in five buffer solutions in éhpH range of 4.8-9.8 at 20°C with
sodalite, HIP glass, and HIP CWF.

* The CWF degradation model ugiparameters measured for HIP CWF can also be applied to PC
CWE. The pH and temperature dependences for PC glass and PC CWF are similar to those for
HIP glass and HIP CWF.

* The rate expression for dissolution of the binder glass is not sensitive to small or moderate
changes in the glass composition. The dissolution rates of a glass with a composition
corresponding to 80% binder glaasd 20% sodalite wernsistent with theissolution rates of
the binder glass at 70°C

¢ The same dissolution rate of a simple fo@mponent borosilicate ga (CSG) was measured
with the static and single-pa flow-through (SPFT) tests. @measured rates are about 10X
higher than the rates measured previoustyafglass having the same composition using SPFT
tests at LLNL. Differences are attributed to effects of the solution flow rate on the glass
dissolution rate and how the specific surface areausghed glass is estimated. This comparison
indicates the need to standardize the SPFT test procedure.
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Table 1. Chemical Compositimi CSG and Modified Glasses

Element CSG Glass Modified glass
(Wt%0) (Wt%)

Al Calc. Measured Calc. Measured
B 3.86 3.63 6.52 6.40
Ca 2.42 2.48 4.79 4.16
Cl 4.85 4.74 0.75 0.74
Cs -2 -- 1.27 0.18
K -- -- 0.04 0.02
Li -- -- 0.76 0.57
Na -- -- 0.12 0.10
Al 13.9 13.8 6.65 5.74
Si 27.7 26.9 26.9 28.0

®Not present in glass.

Table 2. Compositions and Measured pH Valie§raditional Buffer Solutions at Test

Temperatures
Buffer Composition 20°C 25°C 40°C 70°C 90°C
0.0095 m KHph + 0.0027 m LiCH 4.84 4.86 4.96 5.03 5.18
0.0038 m KHph + 0.0031 m LiOH 5.95 5.87 5.99 6.20 6.25
0.0100 m HN@+ 0.012 m TRIS 7.35 7.51 7.14 6.57 6.29
0.064 m HBO3 + 0.010 m LiOH 8.37 8.39 8.31 8.27 8.14
0.012 m HBO3 + 0.010 m LiOH 9.81 9.84 9.68 9.56 9.37

*KHph--potassium hydrogen phthalate
PTRIS--tris(hydroxymethyl) aminomethane

Table 3. Properties of MES, PIPPS, and TEEN Buffers

-log (acid dissociation constant)

Reagent Full Name [pK4], 25°C
MES  2-(N-morpholino)ethanesulfonic acid 16.06 £0.10
PIPPS Piperazine-N,N’-bis(3-propanesulfonic acid) 97 £ 0.01
TEEN N,N,N,N’-tetraethylethylenediamine pk9.88 + 0.06
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Table 4. Composition and Measured pH Values at 25, 40, a&if@0
Noncomplexing Buffers Used in Static Testing

Buffer Composition pH at 2& pH at 40°C pH at 70°C
0.0892 m MES + 0.0323 m LiOH 5.92 5.86 5.74
0.0019 m PIPPS + 0.0032 m LiOH 8.16 8.07 7.95
0.0909 m TEEN + 0.0165 m HNO 10.40 10.12 9.49

Table 5 Normalized Dissolution Rates NR(Si) (gdt) of HIP Sodalite, Binder Glass, and
Ceramic Waste Form (CWF) as a Function of pH at 40, 70, &lifdrraditional and
Noncomplexing Buffers.

40°C, Traditional Buffers

NR(Si), (g/nfed)

Buffer pH Sodalite Glass CWF
KHph®-LiOH 4.9 0.14+0.03 0.0027+0.0003 0.127+0.021
KHph-LiOH 6.0 0.062+0.010 0.00096+0.00006 0.041+0.004
TRIS-HNO; 6.8 — 0.00056+0.00008 —
TRIS-HNG;, 7.2 0.012+0.001 0.00060+0.00015 0.0074+0.0010

Boric acid-LiOH 7.8 - 0.0021+0.0003 -
Boric acid-LiOH 8.3 0.029+0.003 0.0055+0.0039 0.022+0.002
Boric acid-LiOH 8.3 0.030+0.001 0.0056+0.0012 0.020+0.005
Boric acid-LiOH 9.6 0.030+0.003 0.043+0.0044 0.023+0.005
70°C, Traditional and Noncomplexing Buffers
KHph-LiOH 4.9 1.02+0.29 - —
KHph-LiOH 5.1 - 0.025+0.001 1.39+0.15
MES-LiOH 5.7 0.33+0.09 0.0071+0.0009 0.26+0.03
KHph-LiOH 6.0 - 0.0093+0.0019 0.48+0.01
TRIS-HNG;, 6.4 0.48+0.08 — -
TRIS-HNG;, 7.2 0.109+0.031 0.016+0.002 0.19+0.03
PIPPS-LiOH 8.0 0.25+0.07 0.027+0.010 0.21+0.04
Boric acid-LiOH 8.3 0.234+0.13 0.22+0.004 0.40£0.03
Boric acid-LiOH 9.4 0.36+0.05 - -
TEEN-LiOH 9.5 0.33+0.04 0.33+0.08 0.34+0.04
Boric acid-LiOH 9.6 - 0.50+0.02 0.5040.03
90°C, Traditional Buffers
KHph-LiOH 5.1 2.620.6 0.088+0.020 1.82+0.43
KHph-LiOH 6.0 0.64+0.15 0.056+0.012 0.67+0.18
TRIS-HNG;, 7.0 0.38+0.20 0.056+0.006 0.69+0.11
Boric acid-LiOH 8.1 0.98+0.29 0.93+0.21 1.29+0.13
Boric acid-LiOH 9.2 1.22+0.35 1.47+0.37 1.53+0.16
LiOH 10.2 2.61£1.2 5.3£1.3 3.310.8

%Uncertainties shown are standard errors fromdinmegression of NL{Bvs. test duration.

’Replicate tests. KHph - potassilnydrogen phthalate; TRIS - tris(hydroxymethyl)aminomethane; MES -
2-(N-morpholino)ethanesulfonic aciBIPPS - piperazine-N,N’-bis(@opanesulfonic acid); TEEN -
N,N,N,N’-tetraethylethylenediamie.
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Table 6. Regression Raneters for Acid and Base ¢ Corresponding to Equation 8

‘Leg” Co G G Con Cr
Sodalite Acid -0.593+0.051 -0.418+0.060 -2911+297 6.040 0.002951
Base -0.736+0.028 0.208+0.029 -3587+162 8.485 0.002952
Binder Acid -2.019+0.065 -0.229+0.093 -3978+357 5.844 0.002955
Glass Base -1.211+0.062 0.630+0.064 -4544+348 8.450 0.002969
CWE Acid -0.596+0.074 -0.391+0.089 -3356+424 6.020 0.002951
Base -0.696+0.030 0.179+0.031 -4320+175 8.500 0.002952

% or sodalite and the CWF, measured dissolution rates in near-neutral pH are used in both the acid
and base leg regressiatsf For binder glass, only the pH = 6.8 results is used in both the acid and

base leg regression fits.

Table 7. Model Parameteie Acid and Base Legs

Material Leg log k n Ea
Sodalite Acid 10.52+0.95 -0.418+0.060 55.745.7
Base 8.09+0.54 0.208+0.029 68.7+3.1
Glass Acid 11.07+1.19 -0.23+0.09 76.2+6.8
Base 6.96+1.17 0.63+0.06 87.0+6.7
CWF Acid 11.66+1.37 -0.39+0.09 64.3+8.2
Base 10.53+0.58 0.179+0.03 82.7+3.4
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APPENDIX A. MCC-1 TEST DATA AND NORMALIZED MASS LOSSES (NL
FOR BUFFER TESTS

Table A.1. Results of §tic Tests on HIFSodalite in Buffer Solution at 40°C

Duration SIV Concentration NL (Si)
pH (d) (m™) (Mg SilL) (g/n)
4.9 7 10 16701 9.889
4.9 14 10 21990 13.051
4.9 28 10 27750 16.637
4.9 56 10 8580 5.002
4.9 91 10 38668 22.994
6.0 7 10 792 0.438
6.0 14 10 1126 0.638
6.0 28 10 4948 2.929
6.0 56 10 6581 3.902
6.0 91 10 9490 5.616
7.2 7 10 893 0.509
7.2 14 10 1267 0.732
7.2 28 10 1599 0.915
7.2 56 10 2209 1.280
7.2 91 10 2734 1.553
8.3 7 10 2837 1.232
8.3 14 10 3256 1.483
8.3 28 10 4726 2.267
8.3 56 10 5510 2.736
8.3 91 10 8423 3.731
9.6 7 10 1840 1.037
9.6 14 10 2353 1.343
9.6 28 10 3340 1.883
9.6 56 10 5065 2.917
9.6 91 10 6577 3.538
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Table A.2. Results of Sia Tests on HIP Binder Glags Buffer Solution at 40°C

Duration SIV Concentration NL (Si)
pH (d) (m?) (Mg Si/L) (g/n?)
4.9 7 10 372 0.062
4.9 14 10 335 0.049
4.9 28 10 449 0.076
4.9 56 10 586 0.123
4.9 91 10 988 0.242
6.0 7 10 219 0.054
6.0 14 10 237 0.060
6.0 28 10 297 0.079
6.0 56 10 252 0.063
6.0 91 10 460 0.117
6.8 7 10 173 0.007
6.8 14 10 173 0.013
6.8 28 10 208 0.024
6.8 56 10 238 0.035
7.2 7 10 173 0.052
7.2 14 10 173 0.068
7.2 28 10 208 0.075
7.2 56 10 238 0.057
7.2 91 10 198 0.076
7.8 7 10 3145 0.023
7.8 14 10 1449 0.039
7.8 28 10 2539 0.050
7.8 56 10 2109 0.129
8.3 7 10 1275 0.168
8.3 14 10 1556 0.263
8.3 28 10 2670 0.586
8.3 56 10 3145 0.747
8.3 91 10 7053 1.647
9.6 7 10 2109 0.678
9.6 14 10 3225 1.056
9.6 28 10 5612 1.836
9.6 56 10 8322 2.754
9.6 91 10 10137 3.210
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Table A.3. Results of 8tic Tests on HIP CWF in Buffer Solution at 40°C

Duration SV Concentration NL (Si)
pH (d) (m?) (Mg Si/L) (g/n?)
4.9 7 10 19599 9.759
4.9 14 10 20314 10.114
4.9 28 10 18400 9.142
4.9 28 10 20114 9.996
4.9 56 10 27662 13.794
4.9 91 10 39916 19.931
6.0 7 10 1045 0.495
6.0 14 10 1358 0.652
6.0 28 10 3727 1.841
6.0 28 10 3430 1.692
6.0 56 10 5404 2.683
6.0 91 10 7874 3.902
7.2 7 10 796 0.378
7.2 14 10 1036 0.498
7.2 28 10 1388 0.662
7.2 56 10 1503 0.720
7.2 91 10 2310 1.090
8.3 7 10 2141 0.684
8.3 14 10 3075 1.154
8.3 28 10 3812 1.444
8.3 56 10 4955 2.020
8.3 91 10 7511 2.672
9.6 7 10 1789 0.844
9.6 14 10 2463 1.183
9.6 28 10 4203 2.013
9.6 56 10 5082 2.455
9.6 91 10 6307 2.832

51



Table A.4. Results of 8tic Tests on HISodalite in Buffer Solution at 70°C

Duration SV Concentration NL (Si)
pH (d) (m?) (Mg Si/L) (g/n?)
4.9 3 10 13500 8.130
4.9 5 10 18900 11.383
4.9 9 10 29000 17.431
4.9 12 10 26700 16.672
6.4 3 10 5350 3.219
6.4 5 10 6730 4.045
6.4 9 10 11200 6.764
6.4 12 10 11800 7.208
7.2 3 10 3530 2.075
7.2 5 10 4590 2.712
7.2 9 10 5030 2.983
7.2 12 10 5360 3.171
8.3 3 10 5100 2.678
8.3 5 10 8430 4.680
8.3 9 10 9420 5.277
8.3 12 10 9070 5.067
9.6 3 10 5320 3.129
9.6 5 10 7300 4.308
9.6 9 10 8680 5.141
9.6 12 10 11100 6.597
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Table A.5. Results of Sia Tests on HIP Binder Glags Buffer Solution at 70°C

Duration SIV Concentration NL (Si)
pH (d) (m?) (Mg Si/L) (g/n?)
5.1 3 10 388 0.107
51 5 10 557 0.165
5.1 7 10 682 0.208
51 10 10 1140 0.344
6.0 3 10 252 0.061
6.0 5 10 375 0.092
6.0 7 10 349 0.095
6.0 10 10 448 0.127
7.2 3 10 443 0.075
7.2 5 10 519 0.101
7.2 7 10 410 0.064
7.2 10 10 766 0.185
8.3 3 10 4140 1.375
8.3 5 10 5390 1.801
8.3 7 10 6720 2.253
8.3 10 10 17900 6.055
9.6 3 10 8940 2.776
9.6 5 10 12100 3.851
9.6 7 10 14800 4,768
9.6 10 10 7890 2.416
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Table A.6. Results of 8tic Tests on HIP CWF in Buffer Solution at 70°C

Duration SV Concentration NL (Si)
pH (d) (m?) (Mg Si/L) (g/n?)
5.1 3 10 9610 4,766
51 5 10 17800 8.891
5.1 7 10 22600 11.336
5.1 10 10 29400 14.712
6.0 3 10 2760 1.361
6.0 5 10 4890 2.466
6.0 7 10 6630 3.327
6.0 10 10 9320 4.698
7.2 3 10 3070 1.440
7.2 5 10 4050 1.934
7.2 7 10 4580 2.200
7.2 10 10 4900 2.358
8.3 3 10 5080 2.514
8.3 5 10 6720 3.343
8.3 7 10 8690 4,337
8.3 10 10 10500 5.242
9.6 3 10 5390 2.405
9.6 5 10 7620 3.531
9.6 7 10 9320 4,412
9.6 10 10 9620 4,541
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Table A.7. Results of §tic Tests on HISodalite in Buffer Solution at 90°C

Duration SIV Concentration NL (Si)
pH (d) (m?) (Mg Si/L) (g/n?)
5.1 1 10 4890 2.941
51 2 10 12600 5.182
5.1 3 10 18700 11.533
51 5 10 23000 13.813
6.0 1 10 6680 4.023
6.0 2 10 8300 4,993
6.0 3 10 10100 6.079
6.0 5 10 11000 6.605
7.0 1 10 4820 2.896
7.0 2 10 7070 4.252
7.0 3 10 7600 4574
7.0 5 10 7790 4.682
8.1 1 10 6180 3.719
8.1 2 10 8810 5.299
8.1 3 10 12000 7.208
8.1 5 10 12800 7.690
9.2 1 10 6710 4.002
9.2 2 10 9470 5.696
9.2 3 10 13600 8.184
9.2 5 10 14700 8.835
10.2 1 10 16600 9.998
10.2 2 10 25000 14.649
10.2 3 10 25100 15.096
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Table A.8. Results of Sia Tests on HIP Binder Glags Buffer Solution at 90°C

Duration SIV Concentration NL (Si)
pH (d) (m?) (Mg Si/L) (g/n?)
5.1 1 10 220 0.075
51 2 10 380 0.129
5.1 3 10 760 0.252
51 5 10 560 0.190
6.0 1 10 460 0.157
6.0 2 10 660 0.225
6.0 3 10 1000 0.331
6.0 5 10 1090 0.376
7.0 1 10 200 0.068
7.0 2 10 400 0.136
7.0 3 10 620 0.211
7.0 5 10 860 0.292
8.1 1 10 5120 1.739
8.1 2 10 7400 2.516
8.1 3 10 13300 4,503
8.1 5 10 15600 5.301
9.2 1 10 12700 4.321
9.2 2 10 21100 7.173
9.2 3 10 26800 9.120
9.2 5 10 30800 10.470
10.2 1 10 38700 13.160
10.2 2 10 61100 20.775
10.2 3 10 69900 23.757
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Table A.9. Results of 8tic Tests on HIP CWF in Buffer Solution at 90°C

Duration SIV Concentration NL (Si)
pH (d) (m?) (Mg Si/L) (g/n?)
5.1 1 10 2830 1.428
51 2 10 9510 4.801
5.1 3 10 14400 7.261
51 5 10 17800 8.987
6.0 1 10 5630 2.846
6.0 2 10 7440 3.755
6.0 3 10 10100 5.096
6.0 5 10 10900 5.497
7.0 1 10 3660 1.849
7.0 2 10 5550 2.801
7.0 3 10 7520 3.807
7.0 5 10 9130 4.614
8.1 1 10 5360 2.704
8.1 2 10 8560 4.319
8.1 3 10 11800 5.955
8.1 5 10 15700 7.909
9.2 1 10 8520 4,221
9.2 2 10 12000 6.055
9.2 3 10 16500 8.101
9.2 5 10 19000 10.334
10.2 1 10 21700 10.955
10.2 2 10 30900 15.599
10.2 3 10 34700 17.497
10.2 5 10 53900 27.182
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Table A.10. Results of Staficests on Sodalite in Nonconeging Buffer Solution at 70°C

Duration SIV Concentration NL (Si)
pH (d) (m?) (Mg Si/L) (g/n")
5.74 2 10 3.3 1.984
5.74 3 10 4.26 2.563
5.74 5 10 5.44 3.279
5.93 7 10 4.67 2.8
5.74 10 10 8.47 5.109
7.95 2 10 2.88 1.73
7.95 3 10 3.74 2.254
7.95 5 10 5.16 3.114
7.51 7 10 6.22 3.749
7.95 10 10 6.11 3.68
9.49 2 10 2.92 1.724
9.49 3 10 3.14 1.855
9.49 5 10 5.53 3.153
9.36 7 10 5.92 3.399
9.49 10 10 7.33 4,252
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Table A.11. Results of Stafiests on HIP Binder Glass in Nawoplexing Buffer Solution at 70°C

Duration SIV Concentration NL (Si)
pH (d) (m?) (Mg Si/L) (g/n")
5.74 2 10 0.17 0.051
5.74 3 10 0.16 0.048
5.74 5 10 0.2 0.061
5.93 7 10 0.26 0.083
5.74 10 10 0.32 0.103
7.95 2 10 0.83 0.281
7.95 3 10 0.88 0.298
7.95 5 10 1.22 0.41
7.51 7 10 0.85 0.318
7.95 10 10 1.57 0.531
9.49 2 10 2.98 0.996
9.49 3 10 6.09 2.059
9.49 5 10 9.57 3.175
9.36 7 10 9.47 3.107
9.49 10 10 11.8 3.9

Table A.12. Results of Stafieests on HIP CWF in Noncomplexing Buffer Solution at 70°C

Duration SIV Concentration NL (Si)
pH (d) (m™) (Mg SilL) (g/n)
5.74 2 10 2.4 1.205
5.74 3 10 3.5 1.765
574 5 10 3.78 1.681
5.93 7 10 5.45 2.76
5.74 10 10 6.62 3.357
7.95 2 10 2.83 1.442
7.95 3 10 4.26 2.155
7.95 5 10 4.3 2.127
7.51 7 10 4.75 2.387
7.95 10 10 6.69 3.387
9.49 2 10 3.58 1.778
9.49 3 10 5.11 2.558
9.49 5 10 7 3.401
9.36 7 10 7.63 3.715
9.49 10 10 9.58 4,706
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Table A.13. Results of &iic Tests on &alite in Buffer Solution at 20°C

Duration SIV Concentration NL (Si)
pH (d) (m?) (Mg Si/L) (g/n?)
4.8 7 10 16500 8.74
4.8 14 10 27900 14.83
4.8 28 10 34900 18.58
4.8 56 10 40200 21.39
4.8 91 10 47500 25.30
6.1 7 10 378 0.17
6.1 14 10 673 0.33
6.1 28 10 699 0.34
6.1 56 10 934 0.47
6.1 91 10 1260 0.64
7.3 7 10 183 0.06
7.3 14 10 317 0.13
7.3 28 10 280 0.12
7.3 56 10 332 0.12
7.3 91 10 448 0.18
8.3 7 10 465 0.02
8.3 14 10 1440 0.54
8.3 28 10 1280 0.46
8.3 56 10 1510 0.58
8.3 91 10 2000 0.84
9.1 7 10 424 0.18
9.1 14 10 1050 0.51
9.1 28 10 863 0.41
9.1 56 10 1060 0.50
9.1 91 10 1420 0.69
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Table A.14. Results of Sta Tests on HIP Binder Glags Buffer Solution at 20°C

Duration SIV Concentration NL (Si)
pH (d) (m?) (Mg Si/L) (g/n?)
4.8 7 10 105 -0.01
4.8 14 10 235 0.03
4.8 28 10 182 0.01
4.8 56 10 234 0.01
4.8 91 10 253 0.02
6.1 7 10 49 0.00
6.1 14 10 99 0.01
6.1 28 10 84 0.01
6.1 56 10 98 0.01
6.1 91 10 189 0.04
7.3 7 10 60 0.00
7.3 14 10 101 0.02
7.3 28 10 76 0.01
7.3 56 10 93 0.00
7.3 91 10 182 0.02
8.3 7 10 253 -0.02
8.3 14 10 677 0.08
8.3 28 10 702 0.09
8.3 56 10 696 0.09
8.3 91 10 1020 0.20
9.1 7 10 238 0.05
9.1 14 10 621 0.18
9.1 28 10 697 0.21
9.1 56 10 1220 0.37
9.1 91 10 1970 0.62
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Table A.15. Results of &iic Tests on HIP CWF in Buffer Solution at 20°C

Duration SIV Concentration NL (Si)
pH (d) (m?) (Mg Si/L) (g/n?)
4.8 7 10 14100 7.01
4.8 14 10 23400 11.68
4.8 28 10 32900 16.45
4.8 56 10 38700 19.35
4.8 91 10 43300 21.66
6.1 7 10 287 0.11
6.1 14 10 541 0.24
6.1 28 10 626 0.28
6.1 56 10 1480 0.71
6.1 91 10 2290 1.12
7.3 7 10 173 0.05
7.3 14 10 292 0.11
7.3 28 10 226 0.08
7.3 56 10 365 0.13
7.3 91 10 523 0.21
8.3 7 10 481 0.03
8.3 14 10 1110 0.34
8.3 28 10 980 0.28
8.3 56 10 1410 0.49
8.3 91 10 1910 0.75
9.1 7 10 585 0.25
9.1 14 10 982 0.45
9.1 28 10 746 0.33
9.1 56 10 1170 0.52
9.1 91 10 1370 0.62
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Table A.16. Results of Sta Tests on PC Binder GlassBuffer Solution at 70°C

Duration SIV Concentration NL (Si)
pH (d) (m) (Mg Si/L) (g/n?)
6.2 2 10 2460 1.22
6.2 3 10 4290 2.14
6.2 5 10 5890 2.94
6.2 7 10 7720 3.86
6.2 10 10 8700 4.36
8.2 2 10 1910 0.88
8.2 3 10 3500 1.68
8.2 5 10 4840 2.36
8.2 7 10 5210 2.54
8.2 10 10 5980 2.93
9.5 2 10 3090 1.53
9.5 3 10 5270 2.63
9.5 5 10 5610 2.80
9.5 7 10 7770 3.88
9.5 10 10 10400 5.19

Table A.17. Results of Static Tests PC CWF in Buffer Solution at 70°C

Duration SV Concentration NL (Si)
pH (d) (m) (lg SilL) (g/n)
6.2 2 10 258 0.07
6.2 3 10 340 0.10
6.2 5 10 534 0.17
6.2 7 10 462 0.14
6.2 10 10 822 0.27
8.2 2 10 2570 0.82
8.2 3 10 3610 1.17
8.2 5 10 4850 1.59
8.2 7 10 5680 1.87
8.2 10 10 7100 2.35
9.5 2 10 6040 2.03
9.5 3 10 6540 2.20
9.5 5 10 8440 2.85
9.5 7 10 11400 3.85
9.5 10 10 13400 4,52
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Table A.18. Results of Sta Tests on Modified Glass in Buffer Solution at 70°C

Duration SIV Concentration NL (Si)
pH (d) (m?) (Mg Si/L) (g/n?)
6.2 2 10 140 0.04
6.2 3 10 179 0.05
6.2 5 10 208 0.06
6.2 7 10 199 0.06
6.2 10 10 258 0.09
8.2 2 10 1390 0.44
8.2 3 10 1750 0.57
8.2 5 10 1910 0.63
8.2 7 10 2820 0.95
8.2 10 10 3750 1.28
9.5 2 10 3310 1.17
9.5 3 10 4130 1.46
9.5 5 10 5830 2.07
9.5 7 10 7100 2.52
9.5 10 10 8050 2.85

Table A.19. Results of &tiic Tests on CSG Glass Buffer Solution at 70°C

Concentration (i) NL (i)
Duration| S/V (ug /L) (g/n?)
pH (d) (m? Si Al Na Ca Si Al Na | Ca
6.2 2 10 209 30 1190 | 479 | 0.06 | 0.05 | 2.24 | 3.48
6.2 3 10 310 389 | 1700 | 664 | 0.09 | 0.07 | 3.29 | 5.37
6.2 5 10 304 414 | 1790 | 646 | 0.09 | 0.08 | 3.48 | 5.19
6.2 7 10 442 77.3 | 2630 | 961 | 0.14 | 0.17 | 5.22 | 8.42
6.2 10 10 480 63.3 | 2960 | 1050 | 0.16 | 0.14 | 5.99 | 9.33
7.3 2 10 284 159 | 719 298 | 0.06 | 0.01 | 0.61 | 0.20
7.3 3 10 327 30.6 | 773 333 | 0.07 | 0.02 | 0.66 | 0.28
7.3 5 10 393 37.4 | 1060 | 288 | 0.10 | 0.04 | 0.92 | 0.18
7.3 7 10 609 67.1 | 1260 | 490 | 0.18 | 0.12 | 1.10 | 0.60
7.3 10 10 639 853 | 1390 | 397 | 0.19 | 0.16 | 1.22 | 041
8.2 2 10 1490 252 804 672 | 045 | 054 | 1.22 | 5.46
8.2 3 10 2430 378 | 1300 | 669 | 0.77 | 0.86 | 2.25 | 5.43
8.2 5 10 3040 | 475 | 1650 | 811 | 0.98 | 1.11 | 2.98 | 6.88
8.2 7 10 3860 599 | 2020 | 1020 | 1.26 | 1.42 | 3.74 | 9.03
8.2 10 10 4950 769 | 2600 | 1370 | 1.62 | 1.84 | 5.11 | 12.62
9.5 2 10 5670 882 | 3030 | 1200 | 1.91 | 0.57 | 5.96 | 10.87
9.5 3 10 8230 | 1260 | 4410 | 1710 | 2.78 | 1.53 | 8.82 | 16.10
9.5 5 10 10500 | 1580 | 5780 | 2090 | 3.55 | 2.34 | 11.66| 20.00
9.5 7 10 13400 | 2040 | 7210 | 2670 | 4.53 | 3.50 | 14.62| 25.95
9.5 10 10 17400 | 2570 | 9350 | 3340 | 5.88 | 6.39 | 19.17 | 32.82
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Table A.20. Results of Statfiltests on CSG Glass with Three/RRatiosat pH 9.4 Buffer Solution

and 70°C
Concentration (i) NL (i)
Duration (ug /L) (g/n?)
SIV, m* (d) Si Al Na Ca Si Al Na Ca
1 2450 492 1610 338 3.44 4.74 5.33 1.91
2 2370 789 1310 502 |3.31 7.78 4.24 3.24
2.5 3 3310 511 1800 686 |4.76 5.02 6.12 4.84
4 3960 582 2070 823 |5.61 5.65 6.97 5.86
5 4710 700 2530 976 |6.68 6.85 |8.62 7.10
1 2180 1100 1130 412 1.52 5.07 1.81 1.25
2 4330 870 2330 923 | 3.07 3.89 |3.97 3.34
5 3 6460 1050 3530 1350 |4.61 4.82 6.14 5.08
4 6270 1510 3380 1250 | 4.47 7.17 5.86 4.67
5 6940 1560 3740 1410 | 4.96 7.43 6.51 5.33
1 2180 648 2060 861 0.75 1.19 1.74 1.54
2 4330 1000 3580 1400 | 1.53 2.10 3.11 2.64
10 3 6460 1440 4980 1930 | 2.30 3.22 4.37 3.73
4 6270 1500 5450 2230 |2.23 3.38 4.79 4.34
5 6940 1460 5040 2140 | 2.47 3.27 4.42 4.15
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Table A.21. Results of SPFT Tests in 12 Buffer at Different Nominal F/S°

Aliquot No. | F/S*,mis  C(Si), ppm  NR, g/fi) | F/S*,mis  C(Si), ppm /P'HE; 9
Series 1 Series 4
1 3.31x 10 0.0665 0.0732 997xf0  0.428 0.0142
2 3.29 x 16 0.0755 0.0824 991xf0 0.329 0.0108
3 3.27 x 10 0.0695 0.0755 993x 0 0.272 0.0090
4 3.26 x 10 0.0655 0.0710 991xF0  0.266 0.0087
5 3.25x 10 0.0645 0.0697 987xF0  0.275 0.0090
6 3.27 x 16 0.0515 0.0560 956 x F0  0.271 0.0086
7 3.26 x 10 0.0675 0.0730 893x 0  0.270 0.0080
Series 2 Series 5
1 1.86 x 1P 0.0955 0.0590 4.60 x o 1.30 0.0199
2 1.71 x 10 0.0955 0.0542 457xT0  0.850 0.0129
3 1.83 x 10 0.0995 0.0607 458xT0  0.746 0.0114
4 1.84 x 10 0.0705 0.0432 458xF0  0.604 0.0092
5 1.83 x 10 0.0655 0.0399 458xT0  0.602 0.0092
6 1.85 x 10 0.0545 0.0335 451xF0 0534 0.0080
7 1.83 x 10 0.0585 0.0356 446 xT0  0.551 0.0082
Series 3 Series 6
1 4.03 x 10 0.153 0.0204 2.90 x o 3.30 0.0318
2 4.01 x 16 0.121 0.0160 2.90 x 10 2.07 0.0200
3 4.02 x 10 0.111 0.0147 2.90 x o 1.50 0.0145
4 4.00 x 16 0.109 0.0144 2.89 x 10 1.34 0.0129
5 3.95x 10 0.110 0.0144 2.89 x 0 1.12 0.0108
6 4.03x 16 0.0915 0.0123 2.84 x T0 1.00 0.0095
7 4.00 x 10 0.0975 0.0129 287xF0  0.888 0.0085
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Table A.22. Results of SPFT Tests in PR Buffer at Different Nominal F/S°

Aliquot No. | F/S*,mis  C(Si), ppm  NR, g/fi) | F/S*,mis  C(Si), ppm /P'HE; 9
Series 1 Series 4
1 6.53 x 10 0.161 0.0349 4.44 x 18 2.73 0.0402
2 6.64 x 10’ 0.093 0.0205 4.24 x 18 3.58 0.0504
3 6.48 x 10’ 0.079 0.0170 4.26 x 18 1.78 0.0252
4 6.53 x 10’ 0.073 0.0158 4.76 x 18 1.58 0.0250
5 6.64 x 10’ 0.070 0.0154 437 x 18 1.74 0.0253
6 6.64 x 10’ 0.069 0.0152 4.37 x 18 1.58 0.0229
7 6.48 x 10’ 0.077 0.0166 4.22 x 18 1.53 0.0215
8 6.56 x 10’ 0.061 0.0133 437 x 18 1.70 0.0247
Series 2 Series 5
1 4.25 x 10’ 0.361 0.123 2.99 x 18 3.53 0.0351
2 4.18 x 10 0.204 0.0359 287 x 18 2.51 0.0239
3 4.18 x 10/ 0.162 0.0278 2.92x 18 2.11 0.0205
4 4.25 x 10 0.131 0.0233 3.05x 18 1.97 0.0200
5 4.31 x 10 0.140 0.0239 3.14x 18 1.87 0.0195
6 4.31 x 10 0.135 0.0254 3.16 x 18 1.96 0.0206
7 4.25 x 10/ 0.138 0.0241 3.11x 18 1.88 0.0194
8 4.27 x 10/ 0.128 0.0238 3.09x 18 1.95 0.0200
Series 3 Series 6
1 9.82 x 10° 3.78 0.123 2.92 x 18 3.81 0.0369
2 9.48 x 10° 1.140 0.0359 2.64x 18 2.80 0.0245
3 9.83 x 10° 0.850 0.0278 2.81x 18 2.38 0.0222
4 9.72 x 10° 0.720 0.0233 2.85x 18 2.19 0.0207
5 9.91 x 10° 0.725 0.0239 2.90 x 18 2.05 0.0197
6 9.82 x 10° 0.779 0.0254 2.95x 18 2.12 0.0208
7 9.70 x 1¢ 0.747 0.0241 291 x 18 2.14 0.0207
8 9.82 x 10° 0.730 0.0238 2.92x 18 2.17 0.0210
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Table A.23. Results of SPFT Tests in 12 Buffer at Different Nominal F/S°

Aliquot No. | F/S*,mis  C(Si), ppm  NR, g/fi) | FIS*,mis  C(Si), ppm /P'HE; 9
Series 1 Series 4
1 3.30 x 10 0.502 0.552 9.77 x 10 5.47 0.178
2 3.30 x 10 0.547 0.600 9.79 x 10 4.88 0.159
3 3.28 x 10 0.465 0.507 9.80 x 10 5.43 0.177
4 3.27 x 1¢ 0.447 0.486 9.46 x 10 5.21 0.164
5 3.27 x 10 0.384 0.417 9.74 x 10 5.31 0.172
6 3.29x 10 0.369 0.403 9.98 x 10 4.52 0.150
7 3.29x 10 0.444 0.485 9.83 x 10 4.27 0.140
8 3.29 x 10 0.339 0.371 9.81 x 10 4.70 0.153
Series 2 Series 5
1 1.87 x 10° 0.580 0.361 4.17 x 10 8.65 0.120
2 1.87 x 16 0.541 0.337 4.26 x 10 8.25 0.117
3 1.86 x 10 0.554 0.342 4.31 x 10 8.51 0.122
4 1.84 x 16 0.553 0.339 4.45 x 10 8.10 0.120
5 1.87 x 10 0.580 0.360 4.40 x 10 7.99 0.117
6 1.85x 10 0.511 0.315 4.62 x 10 7.84 0.121
7 1.87 x 1@ 0.531 0.329 4.47 x 10 7.74 0.115
8 1.86 x 10 0.546 0.338 4.44 x 10 7.59 0.112
Series 3 Series 6
1 4.05 x 10’ 1.75 0.236 2.73x 10 10.0 0.091
2 4.03 x 10 1.69 0.226 2.86x 10 10.1 0.096
3 4.01 x 10 1.81 0.241 2.86 x 1D 9.82 0.093
4 3.97 x 10 1.68 0.222 2.80 x 1O 9.40 0.088
5 4.02 x 10 1.80 0.240 2.86 x 1D 10.6 0.101
6 4.02 x 10 1.61 0.215 2.89 x 1D 10.1 0.098
7 4.03 x 10 1.65 0.221 2.89 x 1D 10.3 0.099
8 4.02 x 10 1.59 0.212 2.87 x 10 9.70 0.0926
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Table A.24. Results of SPFT Tests in 13 Buffer at Different Nominal F/S°

Aliquot No.| F/S°, m/s C(Si),ppm NR, g/@w) | F/S°, m/is  C(Si), ppm g/?rr?-'d)

Series 1 Series 5

1 7.07 x 10 0.607 1.42 8.35 x 10 18.5 0.514

2 6.89 x 1¢ 0.509 1.16 8.28 x 1D 18.0 0.496

3 7.12 x 1@ 0.686 1.62 8.34 x 10 17.6 0.489

4 6.95 x 1¢ 0.627 1.44 8.37 x 10 21.4 0.596

5 6.99 x 1¢ 0.529 1.23 8.37 x 10 18.1 0.504

6 7.11x 1¢ 0.481 1.13 8.69 x 1D 17.7 0.512

7 6.99 x 10 0.591 1.37 8.73x 10 17.4 0.506

8 7.03x 1¢ 0.575 1.34 8.71 x 10 18.5 0.537

9 7.03x 1¢ 0.569 1.33 8.76 x 10 18.6 0.543

10 6.99 x 10 0.595 1.38 8.71 x 10 19.2 0.557
Series 2 Series 6

1 3.31x 10 1.78 1.96 4.46 x 1O 22.9 0.340

2 3.30 x 1¢ 2.51 2.76 4.38 x 19 21.3 0.311

3 3.34x 10 1.57 1.75 4.41 x 1 21.5 0.315

4 3.31x 1¢ 1.85 2.04 4.36 x 19 23.2 0.337

5 3.27x 10 1.88 2.05 4.34x 10 22.8 0.330

6 3.30 x 1¢ 1.75 1.92 453 x 19 23.5 0.354

7 3.29x 10 1.68 1.84 454 x 1 22.9 0.346

8 3.29 x 1¢ 1.75 1.92 450 x 1 23.8 0.356

9 3.28 x 10 1.59 1.74 453 x 10 23.3 0.351

10 3.29 x 10 1.79 1.96 4.49 x 1% 23.2 0.347
Series 3 Series 7

1 1.86 x 10° 3.04 1.89 2.94 x 19 23.9 0.234

2 1.86 x 10 2.88 1.78 2.81 x 10 23.2 0.217

3 1.84 x 10 2.58 1.58 2.92 x 19 23.4 0.227

4 1.84 x 16 2.97 1.82 2.87 x 1® 23.9 0.229

5 1.84 x 10 2.96 1.81 2.94 x 19 24.7 0.242

6 1.85x 10 2.96 1.82 2.98 x 1® 23.2 0.230

7 1.85x 10 2.80 1.72 3.00 x 1® 23.9 0.239

8 1.85x 16 2.65 1.63 2.92 x 1® 25.0 0.243

9 1.84 x 10 2.84 1.74 2.98 x 19 25.1 0.249

10 1.85x 10 2.81 1.73 2.98 x 1® 24.7 0.245
Series 4

1 4.03 x 10 9.39 1.26

2 4.02 x 10 8.83 1.18

3 4.05 x 10 8.70 1.17

4 4.03 x 10 8.32 1.11

5 4.01 x 10 8.59 1.15

6 4.01x 10 8.26 1.10

7 4.00 x 10 8.38 1.12

8 3.98 x 10 8.63 1.14

9 3.95 x 10 7.60 1.00

10 3.96 x 10 8.08 1.06
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Table A.25. Steady-State Si Contrations and Dissolution Rates

Series F/S°, m/s C*(Si), ppm NR, g/(nfsd)

pH 6.2

1 3.26 x 10 0.0623 0.0674

2 1.84 x 1C¢ 0.0623 0.0380

3 3.99 x 10 0.102 0.0135

4 9.57 x 16 0.270 0.00859

5 453 x 10 0.572 0.00862

6 2.87 x 1¢ 1.09 0.0104
pH 7.3

1 6.58 x 10’ 0.0693 0.0151

2 4.28 x 10/ 0.135 0.0193

3 9.81 x 10° 0.745 0.0243

4 4.33x 1¢° 1.64 0.0236

5 3.12x 10 1.92 0.0199

6 2.92 x 10 2.12 0.0206
pH 8.2

1 3.28 x 1¢ 0.397 0.432

2 1.86 x 10 0.544 0.336

3 4.01 x 10 1.67 0.222

4 9.76 x 10 4.80 0.156

5 4.48 x 16 7.85 0.117

6 2.86 x 10 10.0 0.0956
pH 9.5

1 7.03x 10 0.562 1.31

2 3.29x 10 1.72 1.88

3 1.85x 10 2.82 1.73

4 3.98 x 10 8.19 1.08

5 8.72 x 1¢ 18.3 0.531

6 452 x 10 23.4 0.351

7 2.97 x 1¢ 24.4 0.241
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