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SOLUTION EXCHANGE CORROSION TESTING WITH THE GLASS-ZEOLITE CERAMIC
WASTE FORM IN DEMINERALIZED WATER AT 90”C

L. J. Simpson, C. W. Vander Kooi, and V. N. Zyryanov
Chemical Technology Division
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9700 South Cass Avenue
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ABSTRACT
A ceramic waste form of glass-bonded zeolite is being developed for the long-term disposition

of fission products and transuranic elements in wastes from the U.S. Department of Energy’s spent .
nuclear fuel conditioning activities. Solution exchange corrosion tests were performed on the
ceramic waste form and its potential base constituents of glass, zeolite 5A, and sodalite as part of
an effort to qualify the ceramic waste form for acceptance into the Civilian Radioactive Waste
Management System. Solution exchange tests were performed at 90”C by replacing 80 to 90% of .
the Ieachate with fresh demineralized water after set time intervals. The results from these tests “
provide information about corrosion mechanisms and the ability of the ceramic waste form and its .
constituent materials to retain waste components. The results from solution exchange tests indicate
that radionuclides will be preferentially retained in the zeolites without the glass matrix and in the
ceramic waste form, with respect to cations like Li, K, and Na. Release results have been
compared for simulated waste from candidate ceramic waste forms with zeolite 5A and its
constituent materials to determine the corrosion behavior of each component.

INTRODUCTION
The Electrometallurgical Treatment Program at Argonne National Laboratory (ANL) is

developing conditioning processes for the potential treatment of a diverse inventory of U.S.
Department of Energy’s (DOE’s) spent nuclear fuel that may not be amenable to direct geologic
disposal [I]. The Electrometallurgical Treatment Program uses molten anhydrous LiC1-KCl salt in
an electrorefining process that accumulates Rb, Cs, Sr, Ba, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Ru, Pd,
and Ag fission products and transuranics. The anode residue, which contains the metal hulls and
noble metal fission products, will be incorporated into a metal waste form [2]. Fission products
that accumulate in the salt will be loaded into zeolites through an ion exchange and salt occlusion
process [1]. This salt-loaded zeolite material will be mixed with glass frit, packed into Type 304
stainless steel canisters, and hot isostatically pressed to produce the ceramic waste form of glass-
bonded zeolite (Table I) [3-7].

The materials used in this independent evaluation of the glass-zeolite ceramic waste form
include Bayer glass 57, nonradioactive salt-loaded zeolite 5A, salt:loaded sodalite, and “baseline”
ceramic waste form samples with equal amounts by mass of salt-loaded zeolite 5A and glass 57
(Table I). The samples used in these experiments were provided by the Ceramic Waste Form
Development Group of the ANL Electrometallurgical Treatment Program [5,6].



Table L Nominal Elemental Compositions in Mass% of the Glass 57, Salt-Loaded Zeolite 5A,
Salt-Loaded Sodalite, and Ceramic Waste Form with Zeolite 5A.
Elements Li B Na Al Si Cl K Ca Y Sr Cs Ba La Ce Nd O

Glass57 4.9 5.0 3.8 29 0.5 0.8 0.01 56
SLZ 1.4 4.3 15 16 13 5.4 7.5 0.01 0.05 0.4 0.1 0.07 0.2 0.5 36

SLS 0.66 15 17 18 6.1 2.5 0.01 0.02 0.2 0.07 0.03 0.1 0.2 40

CWF 0.7 2.5 4.6 9.5 22 6.4 2.9 4.2 0.01 0.03 0.2 0.07 0.04 0.1 0.2 46

SLZ salt-loadedzeolite5A; SLS: salt-loadedsodalit~ CWE ceramicwasteform with zeolite5A.

To be accepted into the DOE Civilian Radioactive Waste Management System, the ceramic
waste form must be reviewed and deemed “acceptable” based on the requirements set forth in the
Waste Acceptance System Requirements Document (WASRD) for spent nuclear fuel and high-
Ievel waste [8,9]. We have started qualification testing of the ceramic waste form to meet the
WASRD requirements by following the testing methodology outlined in the American Society for
Testing and Materials (ASTM) document Cl 174-91 [10], which will be used to identifj corrosion
mechanisms and develop a database that may be used for predictive modeling. The ultimate goal
of qualification testing is to provide appropriate information such that the effects of the ceramic
waste form behavior and radionuclide release on the overall repository performance can be
determined. Glass corrosion, zeolite corrosion, ion-exchange effects, and zeolite partition
coefllcient effects are a few of the processes that need to be investigated to understand the totrd
corrosion behavior of the ceramic waste form.

The most important consequence of ceramic waste form corrosion is the release of
radionuclides. Since the vast majority of the radionuclides in the ceramic waste form should be
contained withki the zeolites, groundwater accessibility to the zeolites and zeolite corrosion and
ion exchange mechanisms will control the radionuclide release. A conceptual model of ceramic
waste form corrosion was developed based on test results obtained over the past two years [3-7].

Some salt may have been released from the zeolites during the hot isostatic pressing process
and resides in the waste form as free salt. Therefore, upon initial contact of the ceramic waste
form by an aqueous solution, accessible free salt is quickly released. Over the next few weeks,
some of the alkali metals and chloride may be preferentially released (as compared to the alkaline
earth and rare earth elements) from the zeolites at the exposed surface regions [3-7]. However,
since the zeolitic material is dispersed throughout the entire glass matrix, the glass provides a
barrier between the Ieachant and the vast majority of the zeolites.

Additional zeolites become exposed to the Ieachant and additional ions are released from the
zeolites as the glass corrodes, more fractures form or become interconnected, or as the Ieachant
traverses through interconnected zeolites. Within a month, in tests conducted at 90”C in
demineralized water, the overall corrosion behavior of the baseline ceramic waste form is governed
primarily by glass dissolution. It should be noted that the chemical processes associated with the
dissolution of the glass part of the waste form may play less of a role for the reference ceramic
waste form material, being produced for the Experimental Breeder Reactor II (EBR-11) Spent Fuel
Treatment Demonstration Project, which will have only 25 mass% glass as compared to the
baseline material used in these tests that contains 50 mass% glass.

Solution exchange tests have been designed and performed to help identify the relative effects
of free salt content, glass and zeolite matrix dissolution, zeolite ion exchange and preferential
release, volubility, and water flux [3,4,7] on the release of radionuclides from the ceramic waste
form. Where as solution exchange tests are usually used to study diffusion-controlled reactions
[11], the tests performed here were used to study the release mechanisms. For example, solution



exchange removes the effect of the initial pulse of released free salts. To aid in interpreting the
results of the tests with the ceramic waste form, separate tests were performed with the constituent
materials of the waste material, namely glass 57 and salt-loaded zeolite 5A. Also, solution
exchange tests were performed with salt-loaded sodalite material, which will be the main
crystalline phase used in the EBR-11 demonstration waste form [5]. Once ceramic waste form
samples with sodalite become available, solution exchange tests will be performed with this
material.

The results from solution exchange tests with nonradioactive salt-loaded zeolite 5A and
sodalite, glass 57, and crushed baseline ceramic waste form samples will be discussed here. The
primary goal of this investigation is to provide information about the release mechanisms of
specific radionuclides and the corrosion behavior of the ceramic waste form to supplement
previous observations from materials characterization and product consistency tests [3-7].

EXPERIMENTAL METHODS AND DEVELOPMENT
The ceramic waste form samples were cut from their hot isostaticrdly pressed containers with

a coring drill; ethanol was used as a coolant. Samples were crushed and sieved (-100 to +200
mesh; 75 to 150 pm) according to the product consistency test protocols [9], except that ethanol
was used in place of demineralized water for rinsing fines from the crushed material [3,4,9]. This
change was imposed to limit alkali metal and chloride loss from the ceramic waste form material
during sample preparation. Analysis of ethanol rinse solutions indicates that less than 1% of the
total salt in the crushed ceramic waste form material was released during the rinsing process to
remove fines [7].

Salt-loaded zeolite 5A samples has been prepared by blending 21 g of simulated waste salt “
with 79 g of zeolite 5A in an argon atmosphere at 500”C. The salt-loaded sodrdite sample was
made with 90 g of zeolite 4A mixed with 10 g of simulated salt at 500°C, then converted to sodalite
by increasing the temperature to 900”C. The glass 57 material, procured directly from Bayer, had
an average particle diameter of approximately 40 pm.

Solution exchange tests were initiated with the baseline ceramic waste form and with its
constituent materials in demineralized water to investigate the release of specific components. In
each test approximately 80 to 90% of the Ieachate was exchanged with an equal amount of fresh
demineralized water after 1 and 4 hr, and 1,3,7, 14,28, and 56 d. The removed leachate was
analyzed for anion and cation content. The tests all maintained pH values between 8 and 9 after
the initial solution exchange at 1 hr (Fig. 1).

The tests were performed in Teflon vessels at 90”C. The solution volumes used in the tests
were adjusted to the geometric surface areas of the samples to provide a sample surface area to
Ieachant volume ratio (WV) of 2000 m-’ for the tests with each material. Demineralized water was
used as the Ieachant in these tests. The surface areas were estimated for the samples based on
density (-220Q kg/m3 for the zeolite and -2500 kg/m3 for the glass) and mean diameters. The
surface areas were determined purely by geometry; no attempt was made to account for surface
roughness, fractures, or internal surfaces of the zeolites.

Leachate analyses were performed with a Fison Instruments Plasma Quad inductively coupled
plasma mass spectrometer (ICP/MS) for the elemental cation analysis, ion chromatography (IC)
for anion analysis, and a Brinkmann 605 pH meter. The Ieachate cation and anion analyses are
accurate to within &10% for elements present above the level of quantitation. The pH
measurements are accurate to within 30.05 pH units. The analyses were performed at room
temperature, and the solutions collected for cation analysis were passed through a 0.45 pm filter to
ensure complete separation from test material and were acidified to prevent precipitate formation.
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The Ieachate analyses provide information about the amount of a specific element in the
solution. The Ieachate results are reported as normalized concentration (NCi, g/m3) or cumulative
“elemental release percent” (ER1%),defined as NCi = Ci / ~ and ERi% = (100 Ci V,)/ (M fJ, where
Ci is the Ieachate concentration of element i (mg/L), { is the mass fraction of element i in the
sample, VI is the leachant volume, and M is the initial sample mass. The NCi provides a measure
of the amount of material that dissolved, based on the release of a particular element during each
interval. Cumulative ERi% adds the ERi% results for each replacement interval to provide a
measure of the total sample mass that has reacted.

RESULTS AND DISCUSSION
The NCi results of the solution exchange tests with the baseline ceramic waste form samples in

demineralized water at 90”C are plotted as a function of time for several elements found in the
leachate (Fig. 2). Since boron is only present in the glass phase, the normalized boron
concentration in solution is indicative of the extent to which the gkus has corroded [12]. In the
solutions removed after 1 and 4 hr, the release of alkali metals and Cl is greater than the release of
boron. ‘Ilk is consistent with accessible free salt being released very quickly. The normalized
concentration of Li, Na, K, and Cl in solution being greater than or equal to that of boron in the
solution exchange tests after 1 hr (Fig. 1) suggests that the occluded salt is being released from the
zeolite 5A particles that are exposed to the Ieachant. After the 4 hr solution exchange time, the
normalized concentration of all the elements was the same as or less than the normalized
concentration of boron. This is consistent with the glass providing a barrier between the Ieachate
and the unexposed zeolites, Thus, the glass must corrode or crack before additional zeolites are
contacted and additional material can be released to solution. The fact that the normalized
concentration of all the elements become nearly constant after the fourth solution exchange at
seven days is consistent with the corrosion of the baseline ceramic waste form becoming governed
by the volubility limited dissolution of specific solution species [3-7]. For silicate-based glasses,
the orthosilicic acid concentration controls the rate of glass reaction with water [12]. Similarly, the
orthosilicic acid concentration appears to control the rate of dissolution of the glass matrix in the
ceramic waste form [7].

For the sake of clarity, data for several elements were not included in the plots. Unless
otherwise stated, the elements within specific chemical groups behave in a similar fashion. For
example, Li is plotted in Fig. 2 to 5 but is representative of the alkali metals Li, Na, and K, Sr is
used to represent the alkaline earths (Sr and Ba were always very close); and Nd or Ce is used to
represent the rare earth elements (i.e. La, Ce, Pr, Nd, Sm, and Eu).

The release of rare earth elemen~ from the baseline ceramic waste form in tests at 90°C in
demineralized water follows the same trends as the glass corrosion described above, but the
normalized concentration is always one to two orders of magnitude lower than the normalized
concentration of Si or Boron [3-7]. In these tests, the normalized concentration of the alkaline
earth elements was also low. However, the normalized concentration of the alkaline earth
elements was significantly higher than that of the rare earth elements in the initial three solution
exchange tests, but the same or somewhat lower in the final four solution exchange tests (compare
the release of the representative elements of Sr with that of Ce and Nd in Fig. 2). This suggests
that significantly more alkaline earth elements may be present as free salts than the rare earth
elements, but the alkaline earth elements are probably held in the zeolite 5A structure better.

The zeolite 5A material’s preferential retention of alkaline earth elements over rare earth
elements is also observed in solution exchange tests with the salt-loaded zeolite 5A material
without the glass binder (compare the release of the representative elements of Sr with that of Ce
and Nd in Fig. 3). The normalized concentration of alkaline earth elements in solution is two
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orders of magnitude lower than the normalized concentration of Si and Al after the 1 d solution
exchange. This is probably due to the dissolution rates being lower for the specific phases that
contain the alkaline earth elements. Except for the free salt released during the 1 hr solution
exchange test, the alkaline earth elements should be contained in the zeolite 5A structure. The
presence of Si and Al in the leachates indicates that the zeolite structure is corroding. So either the
specific zeolites or phases that contain alkaline earths are more corrosion resistant than are the
zeolites without alkaline earths, or else the alkaline earths are being ion exchanged into uncorroded
zeolites if and when they are released due to dissolution of the zeolite matrix [3,4].

The results displayed in Fig. 3 indicate a preferential release of alkali metals and Cl from the
zeolite 5A. The cumulative ERi% values were slightly greater than 100% for some alkali metals,
probabiy because of cumulative and systematic uncertainties in the measured concentrations
involving spectral analytical interferences and perhaps contamination. The data indicate that
approximately 10W?Oof Li, Na, K, and Cl is released to solution from the zeolite 5A material by
the 14 d solution exchange test. The rare earth elements and Y are released, but with normalized
concentration values an order of magnitude lower than that of Si and Al; this suggests that some
preferential retention of the rare earth elements and Y by the zeolite 5A occurred. These
observations are consistent with previously reported results from modified product consistency
tests that used only the salt-loaded zeolites without the glass binder [3-5]. The release and
adsorption of specific elements to and from the Ieachate was explained by the preferential
exchange of ions between the zeolite and the leachant [3,4]. In this previous work with salt-loaded
zeolites [3-5], the release order was correlated with ionic radius and charge.

The elemental release from sodalite without the glass binder in demineralized water at 90°C
(Fig. 4) is significantly different from that of zeolite 5A. After the 1 hr solution exchange tests, in
which the accessible free salt was removed, the release of all the elements was lower than the
release of Si to solution. This indicates that sodalite matrix dissolution must occur before any of
the radionuclides can be released to solution. The release order of the alkali metals from the
sodalite is Li > Na > K. Furthermore, as was observed in solution exchange tests with the zeolite
5A, alkali metals are released to a greater extent than the alkaline earth or rare earth elements.
However, the release of the alkaline earth elements exceeded that of the rare earth elements from
the sodalite material with the release of Ce being significantly lower than that of the other rare
earth elements (F& 4). Since Ce is often used as a surrogate for Pu, the lower Ce release observed
from the sodalite material suggests that the release of Pu from sodalite might also be low.

The incongruent release of Cs, alkaline earth elements, and rare earth elements in solution
exchange tests with sodalite and demineralized water at 90°C indicates that sodalite or other phases
that may contain these elements are more corrosion resistant than is the sodalite with the alkali
metal salts. In the appropriate condhions, the corrosion resistance of a phase may be associated
with the volubility of the specific phase. This suggests that the corrosion of the phases that contain
alkaline earth and rare earth elements may be volubility controlled [13].

The salt-loaded zeolite 5A and sodalite have cubic morphologies with edge lengths of up to 4
pm. Thus, the salt-loaded zeolite and sodalite powders used in these solution exchange tests have
extremely high surface areas that are not representative of the actual material to be disposed and
the results are not directly comparable with tests conducted with materials of different sizes. The
results from solution exchange tests with 4 ~ powders provide information about the relative
release rates and mechanisms of different salt-loaded zeolite 5A and sodalite components.

The effects of particle size can be observed by comparing the cumulative ERi90data in Fig. 3
through 5. For these solution exchange tests, the initial S/V ratio of 2000 m“’required significantly
less sample to be used in the tests where the particle size of the material was smaller and, thus, the
ratio of sample surface area to sample volume of the material was larger. Even if the corrosion
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mechanisms and rates are the same, the corrosion results could be affected by the diminishing
availability of material. This is demonstrated by the cumulative ER,% data in Fig. 3 and 4, where
the dissolution of most of the zeolitic material had occurred by the 28 and 56 d tests. Similarly,
while only 15% of the glass from the ceramic waste form samples, with an average particle size of
110 pm, had corroded after 56 days (as given by the boron release), approximately 35% of the
material in the tests with glass 57 (average particle size -40 pm) had corroded (Fig. 5). The
smaller amounts of material used in some tests enhance the effects of diminishing particle sizes
and sample availability, which may significantly affect the test results.

CONCLUSIONS
The ceramic waste forms two-component structure of salt-loaded zeolite in a glass matrix

incorporates a relatively large amount of diverse fission products and waste materials associated
with DOE’s nuclear fuel conditioning activities. The solution exchange tests discussed in this
paper provided a substantial amount of information about the corrosion and release mechanisms of
specific elements from the different components in the ceramic waste form. Release of free salts,
preferential release of elements, ion exchange, and matrix dissolution were all distinguishable with
the solution exchange procedure used for these tests.

In general, singly charged ions are preferentially released, relative to the divaIent and trivalent
ions in demineralized water, from the salt-loaded zeolite 5A by itself or in the glass matrix of the
ceramic waste form. The order of cation release from the salt-loaded zeolites is affected by the
volubility and zeolite 5A retention preference of specific ions. After an initial release of free sal~
the results from the solution exchange tests with srdt-loaded sodalite indicate hat dissolution of tie .
sodalite matrix must occur before occluded and ion-exchanged elements, includlng fission
products, are released to solution. Furthermore, in the solution exchange tests with sodalite, phases
that contain Ce were more corrosion resistant than phases that contained other rare earth elements; -
these in turn were more corrosion resistant than phases that contained alkaline earth elements
followed by sodalites that contained alkali metals. The order of corrosion resistance is probably
related to the volubility of the phases that contain the different elements.
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Fig. 1. Leachate pH measurements for solution exchange tests with the ceramic waste form and
constituent materials in demineralized water at 90”C. pH values measured at room temperature.
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Fig. 2. Leachate NC, measurements for solution exchange tests with the ceramic waste form in
demineralized water at 90”C.
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Fig. 3. Cumulative ERi% values for solution exchange tests with salt-loaded zeolite 5A material
without the glass binder in demineralized water at 90°C.
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Fig. 4. Cumulative ER,% values for solution exchange tests with salt-loaded sodalite material
without the glass binder in demineralized water at 90°C.
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Fig. 5. Cumulative ERI% values for solution exchange tests with glass 57 (- 40 pm diameter
average) and boron values for the ceramic waste form material (CWF B in legend, -110 pm
diameter average) in demineralized water at 90”C.
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