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ABSTRACT

A ceramic waste form (CWF) of glass bonded
sodalite is being developed as a waste form for the long-
term immobilization of fission products and transuranic
elements from the U.S. Department of Energy’s activities
on spent nuclear fuel conditioning. A durable waste form
was prepared by hot isostatic pressing (HIP) a mixture of
salt-loaded zeolite powders and glass frit. During HIP the
zeolite is converted to sodalite, and the resultant CWF is
been completed for durations of up to 182 days. Four
dissolution modes were identified: dissolution of free salt,
dissolution of the aluminosilicate matrix of sodalite and
the accompanying dissolution of occluded salt,
dissolution of the boroaluminosilicate matrix of the glass,
and ion exchange. Synergies inherent to the CWF were
identified by comparing the results of the tests with pure
glass and sodalite with those of the composite CWF.

INTRODUCTION

The Electrometallurgical Treatment Program at
Argonne National Laboratory (ANL) is developing a
ceramic waste form for immobilizing salt wastes
generated during conditioning processes for the U.S.
Department of Energy’s spent nuclear fuel that may not
be suitable for direct geologic disposal [1]. During
treatment, the fission products and transuranic elements
accumulate in molten LiC1-KCl electrolyte salt. To
immobilize the waste salt, the salt is first incorporated
into dehydrated zeolite 4A by blending them together at
500”C [2]. The salt-loaded zeolite is mixed with glass frit,
loaded into stainless steel canisters, cold pressed, and then
hot isostatically pressed (HIP) at 900°C. During hot
isostatic pressing, the zeolite converts to sodalite. The
resulting waste form is approximately 75 massO/i sodalite
and 25 mass% glass. Small amounts of other phases, such
as nepheline, halites, and rare earth oxides andlor
oxychlorides are present as small inclusions distributed
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comprised primarily of sodalite and glass with small
amounts of other phases. A mechanistic model of the
corrosion processes is being developed to support the
qualification of the CWF for disposal. The initial set of
characterization tests included two standard tests that
have been used extensively to characterize the corrosion
behavior of defense high-level waste (DHLW) glasses:
the Material Characterization Center-1 (MCC-1) Test and
the Product Consistency Test (PCT). PCT and MCC- 1
tests with the CWF, sodalite, and glass have
throughout the waste form [3]. Nepheline is an
aluminosilicate mineral generated during the
transformation of zeolite to sodalite. The halite phase may
be salt that is not sorbed by the zeolite during blending or
salt that is released from the zeolite but not incorporated
into the sodalite. The phase is referred to as free salt
because it is not fixed within the sodalite.

Sodalite was chosen as the basis for the CWF
because it is a naturally-occurring mineral that
immobilizes soluble salts. Natural sodalite is represented
by the formula NaGA16Si60zq*2NaC1. The NaCl is fixed
within the cages or cavities that comprise the sodalite’s
microstructure. The cages have a diameter of 0.62 nm and
an aperture of 0.22 nm. The cage is large enough to
accommodate the NaCl but the cage’s aperture is small
enough to inhibit the release of the salt [4]. (The ionic
diameter of the chloride ion is 0.36 urn, which is too large
to pass easily through the aperture.) Release of the Na+
and Cl- requires the prior dissolution of the
aluminosilicate framework.

The sodalite microstructure is also able to
accommodate and fix the waste salt, though in slightly
smaller amounts than natural sodalite [5]. Sodalite
prepared from the salt-loaded zeolite 4A contains the
equivalent of 1.9 MC1 (instead of 2), where M represents
a complicated mixture of cations (and different valencies
have been ignored). The glass is a durable, high-silica
glass whose function is to bind the sodalite crystals of the



CWF. The glass may also encapsulate small amounts of
free salt.

The glass-bonded sodalite ceramic waste form
(CWF) must meet the requirements set forth in the Waste
Acceptance System Requirements Document (WASRD)
for high-level waste (HLW). We designed a large matrix
of tests to determine the corrosion mechanism following
the methodology in the American Society of Testing
Materials Standard Practice Cl 174-9 [6]. The objective of
the testing program is to obtain information on corrosion
behavior that culminates in a mechanistic understanding
of CWF corrosion behavior and provides a method for
calculating the release rates of radionuclides in a disposal
system.

Standard tests such as the MCC-I and the PCT have
shown the glass-bonded sodalite is as durable as reference
HLW glasses [5]. Several features common to HLW glass
corrosion were also observed for the CWF. For example,
in MCC- 1 tests, dissolution rates are rapid initially and
then decrease with time for both HLW glasses and the
CWF. In PCTS, dissolved silicon concentrations approach
steady state values. These results suggest that the
corrosion processes are similar in both the glass-bonded
sodalite and the HL W glasses. Much of the literature
related to HLW glass corrosion is reported in terms of
silicon release. Both the glass phase and the sodalite
phase in the CWF contain relatively large concentrations
of Si. It is therefore important to understand the corrosion
behavior of the glass and sodalite as separate entities. In
this paper we report on the results of standard tests with
glass and sodalite and compare these results with those of
the CWF. This approach allows us to confirm that the
corrosion processes are similar, and to identify unique
corrosion processes and synergetic effects.

EXPERIMENTAL

The CWF was prepared by hot isostatic pressing a
mixture of salt-loaded zeolite 4A and glass frit. A “pure”
sodalite waste form was fabricated by hot isostatic
pressing salt-loaded zeolite 4A without any glass fiit. The
salt loading of the zeolite was the same for both the CWF
and the sodalite waste forms and was equivalent to 1.9 Cl
per unit cell. A “pure” glass waste form was fabricated
from the same type of glass frit used in the CWF. The
temperature and pressure profiles used in the HIP process
were the same for the three materials. Detailed
descriptions of the fabrication procedures are given
elsewhere [3, 7].

We prepared monolithic samples for MCC-1 tests
and crushed material for PCT. Details of the standard
procedures for preparing samples and conducting the tests
are given elsewhere [8, 9]. Modifications to the standard
procedures are given in detail elsewhere [5].

At the completion of each leach test, aliquots of the
hot leachates were taken for pH and chloride analysis.

The remaining leachate was filtered with a 0.45-~m pore

size cellulose acetate filter and the filtrate was acidified
with a few drops of high purity concentrated nitric acid
[8, 9]. The empty vessel was then rinsed three times to
remove any remaining leachate, refilled with
demineralized water, acidified with high purity,
concentrated nitric acid (1 YO of the water’s mass), and
heated overnight at 90°C. The resulting solution was
filtered as before and is referred to as the “acid strip
solution.” The leachate and acid strip solutions were
analyzed with inductively coupled plasma-mass
spectroscopy (ICP-MS). The pH and chloride
concentrations were measured with a pH electrode and a
chloride ion selective electrode, respectively. The data
were used to calculate the normalized elemental mass
10SS, NL(i): NL(i) = (Civ + C,,V,, - ebivb))fis, where ei
is the concentration of element i in the test solution with
volume V. Corresponding meanings are attached to C~S
and V,,, i n the acid strip, and C bi and Vb, in the
experimental blanks, C is the mass fraction of element i
calculated to be in the CWF, and S is the surface area in
m2. The value of fi was calculated ffom the compositions
of the salt, zeolite 4A and glass, which were determined
analytically, and the nominal concentrations of the three
constituents. The compositions, given in Table I, show
that the elements present in the highest concentrations,
e.g., Al, Si, Na, and K, are present in both the salt-loaded
zeolite and the glass. Boron, however, is present only in
the glass, while Cl, Li, and Cs are nominally present only
in the sodalite (after zeolite conversion). Mean NL values
are reported for replicates.

Table I. Compositions of the Glass-Bonded Sodalite
Ceramic Waste Form (CWF) and Its Constituents

Element CWF’ Zeolite Salt Glass
4A

B 1.50 NM2 NM 5.99

Al 13.6 18.8 NM 3.95

Si 19.9 18.7 NM 29.5

Li 0.44 NM 5.49 BDL2

Na 11.6 14.9 5.23 4.83

K 1.81 0.04 21.1 0.37

es 0.15 NM 1.82 NM

Sr 0.05 NM 0.54 0.02

Ba 0.08 NM 0.79 0.22

Rare 0.40 NM 4.93 NM
Earths
cl \ 4.77 I NM I 59.5 I NM

I ] 0.01 I NM I 0.12 I NM
CWF = Reference ceramic waste form, consisting of 25

mass% glass and 75 massO/Osalt-loaded zeolite. The latter
is comprised of 67 massO/i zeolite and 8 mass% salt. The
salt-loaded zeolite is converted to sodalite during HIP.
~NM = Not measured.

BDL = Below detection limit.



RESULTS

A. MCC-1 Test Results for Sodalite

Tests were conducted for 1, 3,28, and 182 days with
pure sodalite. Four tests were run for 3 days while two
tests were run for the other time periods. The NL values
were calculated and the mean of the NL values for the Al,
Si, and the alkali metals are plotted versus test duration in
Figure 1A. The releases were non-stoichiometric. The
order of release is Cs > K, Cl > Li, Na > Al, Si. For most
elements, the release rate (NL/d) is higher in the one-day
test than in the longer duration tests. The difference is
more pronounced for the alkaIi metals and chloride than
for Al and Si.

The uncertainty associated with the mean values of
the NL in Figure 1 is high for most of the elements. (Error
bars are not shown in Figure 1 for clarity.) The standard
deviation and the relative standard deviation (RSD,
standard deviation divided by the mean), were calculated
and are given in Table II. The high uncertainties preclude
determining the time dependence of the release over the
182-day test period. For example, the NL(CS) in the 3-day
MCC-I tests varied from 72 to 154 g/m2 and was 84 g/m2
in the 182-day tests. The corresponding data for NL(CI)
are 19 to 73 g/m2 in the 3-day tests and 58 g/m2 in the
182-day tests. The high uncertainties for Cl, Cs, K, and
Na are probably related to random distributions of free
salt.

Table II. Mean NL, Standard Deviation and Relative
Standard Deviation (RSD) for 4 Replicate 3-day MCC-1
Tests of “Pure” Sodalite

Element Mean NL Standard RSD

(d
2 Deviation ‘?/0

Li 5.2m 1.1 21
Na 11.0 3.3 30
Al 3.6 0.5 14
Si 4.2 1.0 24
K 50.0 23.8 48
Cs 109.6 40.8 37
cl 39.2 23.6 60

There are two sources of dissolved salt: free salt that
is not contained within the cage framework and occluded
salt fixed within the cages. The relative amounts of free
salt and occluded salt can be estimated in very short-term
MCC-I tests. Based on the chemical formula for sodalite,
the extent of sodalite corrosion is estimated from the
amount of dissolved Si in solution. Every mole of
dissolved Si will be accompanied by 0.32 moles of
dissolved chloride, if no other reactions are occurring.
Any dissolved chloride in excess of this ratio results from
the dissolution of free salt. For the 1-day MCC-1 tests,
the mean concentration of dissolved Si for sodalite is 3.2
mg/L, and the mean volume is 0.028 L. This is equivalent

to 3.3x10-6 moles of dissolved Si, and represents 0.1 9(o of
the total sodalite. The measured amount of dissolved
chloride is 31 and 34 mg/L, equivalent to 2.4x10-5 moles
of dissolved chloride. The number of moles of chloride
released into solution from the hydrolysis of the
aluminosilicate framework is 1.1 xl 0-6 moles. An upper
estimate is that about %VO of the chloride released in the
l-day MCC-1 tests results from the dissolution of free
salt.

The above calculation assumes that the sodalite cage
is completely dissolved. We believe that this is a
reasonable assumption because of the relatively large
number of cages in reacted layer. The reaction depth can
be estimated from the relationship between the NL and
the density of the material, i.e., NL = d x RD where d is
the density in gfm3 and RD is the reaction depth in m. For
sodalite, the density was measured as 2.33x1 Obg/m3. The
NL(Si) in the one day test is 1.9 g/m2 and the RD is 0.8
microns. Since the edge of the sodalite cage is 0.89 nm,
the reacted layer corresponds to about 900 layers of cages
[10].

The dissolved salt in the longer duration tests also
results primarily from the dissolution of free salt. The
evidence is indirect and is based on a comparison of the
NL for Cl and Si for the various test periods. The NL(C1)
do not vary appreciably in tests with durations of 1 to 182
days. However, the NL(Si) increases monotonically
nearly 7-fold, from 1.9 g/m2 in the one-day test to 14.7
g/m2 in the 182 day test, indicating further corrosion of
sodalite and dissolution of occluded salt. The release of
occluded salt must be a relatively small component of the
total dissolved salt for the test periods investigated.

B. MCC-1 Test Results for the CWF

Tests were conducted for 1, 3, 28, 91 and 182 days
with CWF samples. Replicate tests were run for each time
period. In Figure lB, the mean NL for the major elements
are plotted against test duration. The trends are the same
for the CWF and sodalite, i.e., releases are non-
stoichiometric and release rates are high initially and then
decrease with time. The order of release from the CWF is
Cl> Li, Na, Cs > Al, Si > K >B. A major difference in the
corrosion behavior of sodalite and the CWF is that the Cl,
Cs, and K releases are much higher from sodalite than
from the CWF. For example, the mean NL(CS) in the 3-
day tests is 7.4 g/m2 for the CWF and 110 g/m2 for
sodalite. One explanation for this difference is that the
free salts are disposed differently in the CWF and in
sodalite. In the sodalite, the free salts are distributed at the
grain boundaries of the sodalite crystallite and are
dissolved upon contact with water. In the CWF the free
salt becomes encapsulated by glass, which shields the salt
from water during the test. These results suggest that a
significant fraction of the Cs and K in the CWF are
present in the free salt in sodalite. A second explanation is
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that the inclusion of the glass enhances the conversion of
zeolite 4A to sodalite during the HIP and promotes the
incorporation of the larger cations into the sodalite. The
catalytic effect of glass on the zeolite to sodalite
transformation has been observed previously [11, 12].
The uncertainty in the NL data for the CWF was
measured from four replicate three-day MCC- 1 tests, as
shown in Table III. Compared to sodalite, the
uncertainties in the NL for the CWF are smaller for K, Cs,
Na, and Cl but higher for Li.

Table III. Mean NL, Standard Deviation and Relative
Standard Deviation (RSD) for 4 Replicate 3-day MCC-1
Tests of the CWF

~ Element I Mean NL I Standard I RSD
(g/m*) Deviation 0/0

Li 6.6 2.1 32

B 0.5 0.2 40

Na 8.7 0.6 7

Al 4.5 1.1 24

Si 3.5 0.9 26

K 1.7 0.1 6

Cs 7.4 0.6 8

c1 14.2 1.9 13

The NL for Al and Si are about the same for sodalite
and the CWF. However, the NL(B) has the lowest values,
as shown in Figure 1B. Boron release is used as a marker
for glass corrosion in the CWF. The low NL(B) indicates
that the corrosion rate of the glass phase is slower than
that of sodalite in the CWF.

C. MCC-I Results for Glass

The NL for B, Na, Al ,and Si are plotted in Figure
lC for the “pure glass.” (Data for Li, K, and Cs are not
included because these elements are either absent or
present only as a minor constituent in the glass.) In glass,
as in sodalite and the CWF, the greatest releases occur
within the first three days and are non-stoichiometric. The
order of release is B > Na > Al, Si. Glass corrosion, which
is usually measured by B release, is greater in the “pure”
glass than in the CWF. For the 1- and 182- day tests, the
NL(B) varies from 1.6 to 16.6 g/m2 for the glass and from
0.3 to 7.8 g/m2 for the CWF. The release of B from the
CWF is probably slowed due to the higher concentration
of dissolved Si, as shown in Table IV; dissolved silicon is
known to lower the dissolution rates of borosilicate
glasses [13].

The pH also affects the corrosion rates of sodalite,
glass and the CWF. The mean values of the pH
(measured at RT) for each time period in the MCC-1 test
solutions are given in Table IV. The pH of the test
solutions with the CWF are nearly constant whereas those
with sodalite and glass increase with time.

Table IV. Mean pH Values and Concentrations of
Dissolved Si in MCC-1 Test Solutions of Sodalite, the
CWF, and Glass

I Test Duration I 1 13 I 28 I 182

pH of Test Solutions

Sodalite 7.7 I 8.2 I 8.6 19.1

CWF 8.7 I 8.7 \ 8.9 18.8

EEEiaidDissolved Si Concentrations, m

~Glass 1 1.3 I 4.1 1 14.1 I 24.9

D. PCT Results for Sodalite

The same series of materials were tested following
the PCT procedure at a S/V of 2000 m-]. Under these
conditions, solutions become more concentrated and
dissolved Si concentrations may approach saturation. The
NL for the major elements are plotted versus test duration
in Figure 2A for sodalite. The order of release is Cs > K >
Cl> Na, Li > Al, Si. The order is the same as it was in the
MCC-1 tests. As in the MCC-1 tests, the exposed free salt
dissolves in the shortest time period. There is
considerable scatter in the data. Replicate PCT with
sodalite were not run because of the relatively small
amount of sample available for testing. Any time
dependence in the Cs, Na, K, and Cl releases is obscured
by the scatter. The Li release increases with time. The
NL(Li) with time varies from 0.13 g/m2 for the 7 and 28
day tests to 0.2 and 0.28 g/m2 for the 91 and 182 day tests,
respectively. The releases of Si and Al are very low and
do not vary appreciably with time.

The dissolved Si concentrations for the four time
periods are given in Table V. The mean is 9.3 f 2.1 mg/L,
which is lower than the dissolved Si concentration, 18.8
mg/L, in the 182-day MCC-1 tests. The mean pH
(measured at RT) of the test solutions is 8.5 t 0.2. The pH
in the PCT does not increase with time as it does in the
.MCC- 1 tests.

Table V. Mean pH Values and Concentrations of
Dissolved Silicon in PCT Solutions of Sodalite, the CWF,
and Glass
[ Test Duration I 7 I 28 i 91 I 182

(d) I
pH of Test Solutions

Sodalite 8.7 8.7 8.2 8.5

CWF 9.1 8.8 8.7 8.6

Glass 8.6 8.7 8.3 8.4

Dissolved Si Concentrations, mg/L

Sodalite 10.2 10.2 6.2 10.6

CWF 15.5 23.0 28.1 17.3

Glass 50.2 49.8 58.1 66.7
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E. PCT Results for CWF

The NL for various elements are plotted versus test
duration in Figure 2B for PCT conducted with the CWF.
Approximately the same amount of corrosion has
occurred for the CWF as for the sodalite as measured by
the NL(Si). However, the releases of Cs, Cl, and K are
lower from the CWF than from sodalite. The order of
release for the elements which do not show a marked time
dependence is Cl> Na, K >Al, Si. The NL for Cs, Li, and
B vary with time, and are discussed below in more detail.
The mean, standard deviation and relative standard
deviation for five repIicate 7’-day PCT are given in Table
VI. The RSD in the PCT are generally smaller than the
RSD in the MCC-1 tests because the crushed material
used in the PCT is more homogeneous, consisting of a
mixture of many samples. Less scatter in the NL allows a
determination of the time dependence of the NL.

Table VI. Mean NL, Standard Deviation and Relative
Standard Deviation (RSD) for 5 Replicate 7-day PCTS for
the CWF.

Element I Mean NL I Standard I RSD (%) 1
(9’ 2 Deviation

Li 0.3; 0.64 20
B 0.10 0.008 8

In Figure 2B, the NL(CS) decrease with time while
the NL(Li) increase. These time dependence are
considered to be real because the RSD in the replicate
tests is 20 YO or less and because the same trend in time
dependence is seen consistently in three other sets of tests.
For example, the decrease in NL(CS) with time is
observed not only in PCT at 2,000 m-] in demineralized
water but also in PCT at 20,000 m-l in demineralized
water and in PCT at SN of 2,000 and 20,000 m-] in EJ-13
water at 90°C. The NL for the Na and K show
considerable scatter over the four test periods while the
NL(C1) is nearly constant. The mean NL I standard
deviation for the 7-,28-, 91-, and 182-day tests are 1.22 t
0.02 for Cl, 0.32 f 0.04 for Na, and 0.24 f 0.05 for K.
The RSD for NL(C1) in the replicate 7-day PCT is higher
than in the series of tests from 7 to 182 days. The nearly
constant NL for Cl indicates that the dissolution of most
of the exposed free salt occurs within the first seven days
under PCT conditions.

The NL(B) also increases with time. B is considered
a marker for glass dissolution, since it is soluble and does
not form insoluble alteration phases [13, 14]. The
increasing NL(B) indicates continuous dissolution of the

glass phase. The NL(B) vary from 0.1 g/m2 in the 7-day
test and 1.1 g/m2 in the 182-day test. The NL for Si and
Al, however, are nearly constant and very low, compared
to NL(B). These data indicate that most of the Si and Al
released from the glass phase in the CWF are probably
forming alteration phases.

The mean pH for the four sets of tests is 8.8 ~ 0.2.
The dissolved Si concentrations vary from 15-28 mg/L,
somewhat higher than the mean dissolved Si
concentration (9.3 mg/L) in tests with pure sodalite.

F. PCT Results for Glass

The time dependence of the NL for the major
elements in glass is shown in Figure 2C. The order of
release in the PCT is the same as in the MCC-1, i.e., B >
Na > Si, Al. Noteworthy features of these data include

the following: 1. The NL(B) increase with time; 2. The
NL(Si) are nearly constant; and 3. The B release is greater
from pure glass than from the CWF for all test periods.
For the glass, the NL(B) in the 7 and 182 day PCT are 1.5
and 6.9 g/m2, respectively. For the CWF, the
corresponding NL(B). 0.1 and 1.1 g/m2. The
corresponding data for NL(Si) are 0.09 and 0.093 g/m2.
Since boron dissolution is used as a marker for glass
corrosion, the data indicate that the amount of glass
corroded increases with time. The nearly constant NL(Si)
and dissolved Si concentrations indicate that Si-bearing
alteration products are being formed.

The apparent volubility limit of dissolved Si for the
CWF can be estimated using a linear combination of the
mass fraction of the sodalite and glass phases and their
mean dissolved Si saturation concentrations. The mean Si
saturation values in the PCT for the sodalite and glass are
9.24 and 56.1 mg/L, respectively, and their corresponding
mass fractions in the CWF are 0.75 and 0.25. The
calculated value for the dissolved saturated Si for the
CWF is 20.9 mg/L, which is the same as the mean value
of the measured concentration, which is 20.9 mg/L. The
exact agreement is probably fortuitous but it does show
that some aspects of the corrosion behavior of the CWF
can be modeled by a linear combination of the corrosion
behavior of sodalite and glass phases in the CWF.

DISCUSSION

The objectives of this work are to identify the
dissolution processes that occur when the CWF and its
components are contacted with water and to obtain
qualitative information regarding their rates and
importance relative to one another. The dissolution
processes identified include free salt dissolution,
corrosion of the alumino-silicate matrix of sodalite and
the accompanying dissolution of occluded salt, corrosion
of the boroaluminosilicate matrix of the glass, and ion
exchange of the pure glass.
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The tests with the “pure” sodalite and glass provide
information on dissolution mechanisms that can be
attributed to each of these materials. In addition, the tests
showed that the sodalite phase is not single phase since it
also contains free salt. In the tests with sodalite, the
dissolution of both free and occluded salt dominates.

In short-term tests with pure sodalite, it is possible to
differentiate between dissolved free salt and occluded salt,
and thereby quantify the amount of free salt. In the one-
day MCC-1 tests with “pure” sodalite, the amount of
dissolved salt was far greater than the amount of salt that
could be accounted for by dissolution of the sodalite. We
estimated that about %yo of the dissolved chloride could
be attributed to the dissolution of free salt. It is not
possible to quantifi the relative amounts of free salt and
occluded salt in the dissolved salt in the PCT with sodalite
because the amount of Si in solution from sodalite
dissolution is probably reduced by the formation of Si-
containing alteration phases. However, the constancy of
the NL(C1) in the four test periods suggests that the
majority of the dissolved salt is from the free salt.
In the MCC-1 tests with sodalite, the releases of Si and Al
are 10-100 times smaller than the releases of Cs, K, and
Cl and only slightly smaller than the releases of Na and
Li. In PCT, similar trends are observed in the releases of
these elements. These data suggest that the larger cations
are not incorporated into the sodalite structure as well as
the smaller cations.

Glass corrosion has been studied extensively with
HLW glasses. [13, 14, and references therein]. Tests with
DHLW glasses show that ion exchange and network
dissolution by hydrolysis of silicon-oxygen bonds are two
dissolution processes that occur when glass is contacted
by water. The dissolution processes in the pure glass
waste form are similar to those in HLW glasses. Evidence
for the ion exchange reaction in the HLW glasses is the
early, rapid release of alkalis relative to other glass
components and an increase in pH due to the replacement
of M+ in the glass matrix for H+ in the water. Evidence for
ion exchange in the MCC-1 tests with the pure glass are
that the Na release exceeds that of Si and Al and the pH
of the test solutions increases over 2 pH units from the 1-
day to the182-day tests.

B release is used to monitor corrosion of the glass
network because it is a soluble species and does not form
insoluble alteration phases. The increasing NL(B)
indicates that glass corrosion is continuous under both
PCT and MCC-1 test conditions. The rates are high
initially and then start to slow after 28-91 days. The Si
release can not be used to monitor glass corrosion because
dissolved Si forms alteration phases. The ratio of the B
and Si release is usefid as a measure of alteration phase
formation. The NL(B)iNL(Si) is about 2 in the 182-day
MCC-1 tests. Under PCT conditions, the NL(B)/NL(Si) is
about 15 in the 7-day tests and almost 80 in the 182-day
tests. The higher NL(B)/NL(Si) ratio indicates that the Si

released from the glass forms alteration phases to a
greater extent under PCT conditions than MCC-1
conditions.

Another objective of this study with the three
materials is the identification of synergies inherent to the
composite CWF. The CWF contains less free salt than
sodalite. For one-day MCC-1 tests, the NL(C1) is 11.4
g/m2 for the CWF and 48.9 g/m2 for sodalite. One
explanation is that the glass binder ‘fixes’ some of the
salt. This explanation is based on results from scanning
electron microscopy-electron dispersive spectroscopy
which show small amounts of halite crystallite inclusions
in the glass phase. Another explanation for the smaller
amount of free salt in the CWF is that the glass promotes
the incorporation of salt into sodalite during the
conversion of zeoIite to sodalite [11, 12].
In addition to the lower release of Cl, the cation content of
the dissolved salt from CWF tests is different from that in
the sodalite tests. In particular, NL for Cs and K are much
smaller from the CWF than from sodalite. The reasons for
the different composition of the dissolved salt are
probably the same as those responsible for reducing the
free salt content in the CWF, i.e., encapsulation by glass
and a glass-catalyzed transformation from zeolite to
sodalite.

The Cs release from the CWF decreases with time in
the PCT, suggesting the formation of a Cs-containing
alteration phase. Since the Cs release from pure sodalite
does not show this marked time dependence, the decrease
in NL(CS) with time is another synergy. Cs may be
incorporated into a Si-containing phase that forms only
when the dissolved Si reaches a certain level, which
occurs in the test soIutions with CWF but not with
sodalite. The glass phase in the CWF is the probable
source of the Si required for alteration phase formation.
PCT data from the pure glass tests show that alteration
phase formation increases with time, as discussed above.

Another synergy is the smaller amount of glass
corrosion in the CWF compared to the pure glass. In
MCC-I tests, the NL(B) varies from 0.3 to 7.8 g/m2 with
the CWF and from 1.6 to 16.6 g/m2 with the pure glass for
test periods from 1 day to 182 days. Thus less glass
dissolves in tests with the CWF (after normalization) than
with the glass itself (after normalization). The
explanation was that the higher concentrations of
dissolved silicon in the CWF test solutions depressed
dissolution of the glass phase. (See Table IV.) However,
this explanation does not account for the PCT results for
dissolution of the “pure” glass and the glass phase in the
CWF. The corresponding NL(B) in PCT varies from 0.1
to 1.1 g/m2 for the CWF tests and from 1.5 to 6.9 g/m2
with the pure glass. Since larger amounts of dissolved Si
are present in the test solutions with the “pure” glass, the
reason for the smaller amounts (after normalization) of
dissolved glass in the CWF may be that the sodalite offers
a protective barrier to the glass.



CONCLUSIONS

The corrosion behaviors of “pure” sodalite, “pure”
glass and the composite CWF were investigated using
MCC-1 and PCT methods. Four dissolution modes were
identified: free salt dissolution, sodalite corrosion
accompanied by occluded salt dissolution, glass
corrosion, and ion exchange. Tests with the single phase
materials allowed identification of important dissolution
modes for each material. For example, the tests with pure
sodalite allowed the quantification of the relative amounts
of free salt and occluded salt in the dissolved salt. The
tests with pure glass showed the dissolution mechanisms
included ion exchange and hydrolysis of the silicate
network. In addition, a comparison of the B and Si
releases suggests that alteration phases were formed,
especially under PCT conditions, although in amounts too
Iow to detect. Important synergies observed for the CWF
compared to the pure materials were the following: (1) a
reduction in the amount of dissolved free salt, (2) a
change in the composition of the free salt, i.e., smaller
amounts of Cs and K were released from the CWF than
from sodalite, (3) decreasing NL(CS) with time (in PCT
only), suggesting the formation of Cs-containing
alteration phases, and (4) smaller releases of B, equivalent
to smaller amounts of glass corroded in the CWF
compared to pure glass (after normalization). These
synergies act to improve the durability of the CWF
relative to the pure sodalite and glass constituents.
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