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RESULTS OF DRIP TESTS ON SLUDGE-BASED AND
ACTINIDE.DOPED GLASSES

J. K. Bates and E. C. Buck
Argonne National Laboratory

9700 South Cass Avenue
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ABSTRACT test) 1 to monitor the release of radionuclides
from the waste form and to study physical inter-

The reaction of three different types of actions that are important under unsaturated
simulated nuclear waste glasses is being conditions.
evaluated using a test method that slowly drips
water onto a glass/metal assembly. The tests Four sets of drip tests are being applied to
have been in progress for up to eight years and nuclear waste glasses with compositions
are being performed with as-cast and glass aged representative of those that might be produced
by reaction with water vapor. Results are by the Defense Waste Processing Facility
presented for the cumulative release of Np, Pu, (DWPF) and the West Valley Demonstration
and Am as a function of time; also reported are Project (WVDP). This paper provides a status
the paniculate species that have been detected update on the tests, presents selected results, and
suspended in solution. A significant difference indicates areas where the test components and
is noted in the suspended species depending on solutions can be used to address additional
the glass composition, and on whether the glass issues relevant to near-field repository
is aged. With as-cast glass, the radioactivity is performance. Summarized in this paper are
associated with the suspended panicles, while results from tests performed on the sludge-based
with the aged glass, the solution has a high DWPF glass termed 200R, actinide-doped
initial anion content, and the transuranic DWPF glass termed 165, and actinide-doped
elements appear to be dissolved in solution, WVDP glass termed ATM-10. Glasses 165 and
since they pass through filters with small pore ATM-10 are being tested using the standard drip
sizes. Examples are given of possible tests to test proce-dure and have been in progress for 6
evaluate the interaction between these test and 8 years, respectively. Results from the 165
solutions and potential engineered barrier tests through 1.2 years have been reported
components, previously, 2 while for ATM -10 glass, only a

description of alpha-bearing phases identified in
I. INTRODUCTION the reacted glass and tes_solution has been

The conditions anticipated for the proposed rep°rted'3

repository localted in the unsaturated zone of the Tests with 200R glass are being conducted
tuff beds of Yucca Mountain, Nevada, are such using a modified version of the drip test
that large amounts of flowing water are not procedure. The major modification is to include
expected to contact the waste package or effects of simultaneously aging both the glass
accumulate in large amounts in contact with the and metal components to make the results more
waste form. For this reason, the Yucca Moun- relevant to an actual storage environment. Thetain Site Characterization Project (YMP) has
developed an Unsaturated Test Method (drip aging is due to contact with humid air, whichwill likely occur prior to conu_ct of the waste



form by liquid water, and the effect of aging is glass that has been poured into Pt/Au molds and
to alter the physical state of both the glass and retains its smooth, shinny, glassy appearance
metal components of the test. The tests with prior to testing. The composition of these
200R glass have been in progress for nearly glasses is given in Table 2. Testing of glass in
2.5 years. 4 this condition represents the scenario whereby

the container and pour canister are breached at a
The objectives of each set of tests are to time after liquid water has penetrated the waste

provide (1) data that describe the release of package environment and liquid water
radionuclides from a specifically designed waste immediately passes through one breach,
package under strictly controlled test conditions contacts and reacts with the glass, and passes
and (2) information concerning synergistic out through a second breach. This scenalio is
effects that may occur between waste package unlikely; nevertheless, it represents a bounding
components. Radionuclide release is evaluated condition with as-cast glass, and the results will
as to the rate per surface area of glass contacted, form a basis for comparison with tests done with
as well as the amount dissolved in solution and aged components.
the fraction associated with particles suspended
in solution. Tests with 200R glass are also being done

with both the glass and 304L type stainless steel
II. EXPERIMENTAL aged by contact with water vapor at 200°C.

This reaction temperature accelerated vapor
The Unsaturated Test Method (slowly hydration or aging of the glass such that the

dripping water onto a glass/metal assembly outer surface of the glass was transformed into
suspended in an enclosed test vessel at 90°C) an altered layer covered with stable crystalline
has been described in detail previously. 1 The phases. Figure 1 shows both the top surface of
standard test matrix consists of batch and the metal/glass assembly and a cross section of

the reacted glass. Two degrees of hydrationcontinuous tests. In the batch ,node, after a
specific test is terminated, the solution, glass, aging were obtained by reacting the glass
and metal components of the test are analyzed, samples for two and four weeks. Two tests (one
In the continuous mode, at a specified time, the batch and one continuous) are being done with
glass and 304L type stainless steel retaining the four-week hydrated glass, and three tests
holder are transferred to another test vessel and (one batch and two continuous) are being done
the test continues, while the solution in the with the two-week hydrated glass. The results
original vessel is analyzed. The status of the of these tests can be compared to the tests done
tests, including sampling periods performed to on as-cast 200R glass.
date, is given in Table 1. As is apparent, the
sampling intervals have been varied to allow for The hydration of glass in a vapor
different amounts of liquid to be collected. The environment is not only a process that can be
additional liquid allows for new analytical used to age the glass in the laboratory, but also a
methods to be applied to the solution analysis, process that likely will occur in the repository.
and the flexibility allows extra liquid to be Glass aging could occur in a steam environment
retained to perform additional solution/ if containment breach occurs before the
engineered barrier system (EBS) testing to be temperature of the waste package cools below
performed as is consistent with perfor-mance 95°C. It could also occur in a vapor environ-
assessment needs. The most recent sampling for ment if a breach occurs at a temperature below
the long-term tests with 165 and ATM- 10 ~95°C prior to ingress of liquid water. The
glasses has just been performed after about latter case is the expected environment for the
3.5 years of injection, while the tests with 200R unsaturated repository; thus, the present tests are
glass have been sampled on a more regular being done to induce a degree of vapor
basis, with about 30 weeks elapsing between hydration aging that likely will occur in the
sampling intervals. For reference, about 5 mL repository. At this time, the exact degree of
of solution is collected after one year of testing, aging imparted to the glass by using theaccelerated test conditions is not known because

Tests with 165, ATM-10, and 200R glasses the relationship between the vapor hydration
are being performed using as-cast glass; that is, rate and temperature has not been established



for 200R glass. However, based on the conditions. The release of actinides from the
simJLlarityin composition and observed reaction glass and the form in which the actinides are
products between 200R glass and the DWPF released will be the focus of the results
glass 131, for which vapor reaction kinetics presented below. In the discussion, "release" is
have been reported, 5 it is estimated that reaction defined as an element no longer being direx:tly
at 200°C for 14 days would be equivalent to associated with the glass or the reacted layer
reaction with vapor at 95°C for 50 years, associated with the glass. If an element is

detected in solution (either dissolved or
It is important to note that vapor hydration associated with colloids or particulate species),

in glass is not expected to occur to a significant or is associated with the 304L type stainless
extent in an unsaturated environment at Yucca steel components of the test, the element is
Mountain for temperatures much above 95°C, considered released from the glass. It is
because the relative humidity levels (RH) drop important to note, however, that at this time
as the temperature increases, and the thin film of release cannot be equated to transport into the
water that must exist on the glass surface to near-field region, because the characteristics of
promote the reaction in vapor is not the EBS system and the related hydrology have
maintained. 6 Reaction at 2000C under 100% not been fully defined.
RH conditions was done solely to accelerate the
reaction. Based on the evidence obtained with
131 glass, such acceleration of vapor hydration A. 165 Glass
can be done between temperatures of 200 and
75°C without altering the mechanism of reaction The initial results with 165 glass (through
or the structure of the reacted layer. 5 Thus, the 65.5 weeks) 2 indicated that interaction between
reacted layer formed on the 200R glass is the 304L type stainless steel and the glass had
believed to be representative of what would led to the formation of metal silicate phases on
form at lower temperatures, such as 95°C. the surface of the glass, and that the metal

components and the steel had attained a rusted

At each sampling period, the solutions were appearance. Additionally, the normalized
analyzed for cations, anions, total and organic release of the actinide elements U, Np, Pu, and
carbon, pH, and radioelements. Additionally, Am did not vary by more than 50% from the
the test solutions were wicked through normalized release of B and Li, which are
perforated carbon grids so that the particulate generally used to measure the extent of glass
material suspended in solution could be reaction. This suggests that the glass reaction
collected for TEM analysis, which is used to process formed a reacted layer that spalled from
identify the composition and crystallinity of the the surface of the glass, carrying any actinide
particles. Aliquots of solution were also passed elements that were retained within the layer
through filters of varying pore size to determine away from the glass. The formation of metal
the size distribution of the potentially silicate phases simply facilitated the reaction.
radionuclide-bearing colloids. Additional evidence for this type of reaction was

provided by analyses of the reacted surfaces of
III. RESULTS AND DISCUSSION non-actinide-containing 165 glass that was also

reacted using the drip test method. 7
Although the tests have been ongoing for up

to eight years, because of the long sampling Updated release results for Np, Pu, and Am
interval (-3.5 years) for the 165 and ATM-10 are shown in Figure 2, which extends the
glasses and other issues, the long-term results actinide release values through the 221.5-week
for these glasses have not been reported sampling period. Results for the next 3.5-year
previously. For 200R glass, data are being period are not yet available. These results do
reported as analyses are completed, 4 but a not include the actinides associated with the
complete compilation of all data has not been steel retainer for the test glass, but do include an
presented. In the following section, selected acid strip of the test vessel. The results are
results from each set of tests are presented to presented in terms of the mass of actinide
highlight trends and to illustrate differences that released from the glass. Although variations are
result from different glass compositions and test observed in released actinide associated with



individual sampling periods, the overall trends contains little phosphorus, which is a major
of release and consistency of data are apparent, element in brockite.

While the data analysis from the just- While the results from the latest sampling
completed sampling period is not complete, period for ATM-10 glass are not yet available,
several points can be made. The extent of metal for the first time in this test series significant
degradation, as observed visually, did not reaction of the stainless steel was ob,,_ervedin
change much from the previous sampling one of the triplicate tests. This could affect the
period, but the solution did contain colloidal release pattern of radioactivity to solution.
material, suggesting that glass/metal interaction
is still occurring. Examples of colloidal phases C..2.00R Glass
trapped on the TEM holey carbon grids are
shown in Figure 3. Here axe shown The results.of the solution analyses for 200R
iron/chromium silicate phases, as well as clay tests are shown in Tables 3 and 4 for the fLrSt
type phases. These phases were suspended in two test periods (30 and 60 weeks). There is a
solution, as the aliquot taken for colloid analysis significant difference in the reaction and
was extracted from the middle of solution that subsequent solution composition for the aged
had remained undismrbea for 3.5 years, and as-cast glass. The solution pH values for
Sequential filtrations were done on these tests theaged glass are consistently in the 11.0 to
solutions, which will allow actinide distribution 11.5 range, while the as-cast glass solutions
as a function of particulate size to be measured, have pHs of about 8. Differences in the anion,
but analysis of the individual particles 3 should cation, carbon, and radioelement release to
allow the distribution of actinides between solutions are also significant.
particles to be determined.

Major glass cations, such as Li, B, Na, and
B. ATM- 10 Glass Si, are detected in solution at levels several

hundred times greater for the aged glass than for
The only results from the ATM- 10 tests as-cast glass. This probably reflects that not all

presented to date were those that described the of the major elements are incorporated into
technique for isolating and identifying actinide- stable alteration products as the glass is aged
bearing colloidal species. These results and forms a hydrated layer; thus, they are
indicated that for Pu/Am in solution, the vast readily rinsed from the surface during initial
majority was associated with colloidal species contact with liquid water (Fig. la). In fact, the
as opposed to being dissolved in solution. 3 The amount of the major elements in solution after

the second sampling period is usually less thanmajor Pu/Am-bearing phase was identified as
brockite (ideally [Ca,Th](PO4)oH20). In the first, even though the sampling period was
Figure 4, the cumulative mass of Np and Am twice as long. While normalized release values
released from the glass is presented through could be calculated using the rationale
166 weeks. These data do not reflect the employed in analyzing the long-term test results
actinide fraction associated with the metal of drip tests on 165 glass, 2 at this time, more
retainer, since those tests are still ongoing. As meaningful results regarding solution chemistry
was done for the 165 glass tests, analyses of the and its effects on radioactive distribution are
tests components from the terminated tests have provided by presenting the elemental
not yet been performed (these analyses are now concentrations, as given in Tables 3 and 4.
in progress), so a complete description of the
reaction process is not available. However, The anion release results indicate perhaps
based on the major phase identified in solution, the most striking and significant difference in
brockite, and on visual observation of the metal the solution chemistries between the two test
test components up to the last sampling period, types. Anion concentrations in starting glasses
it is clear that different phases form, and that the are generally not reported because they are
major actinide-bearing phase(s) differs for the minor components (<0.1 wt %), are difficult to
165 and ATM-10 tests. This difference, in part, determine, and are thought to have little effect
can be attributed to the difference in on glass reactivity when present in low levels.
composition in the glass, where the 165 glass However, the potential for anions to complex



radionuclides 8 adds significance to their hydration on the available surface area for
concentrations in the leachates. As is presented reaction (see Fig. lb) must be determined.
in Table 3, the concentrations of SO4 =, CI', and

Some indication of the types of colloids in
HPO4 = in the leachates from the aged-glass the as-cast glass leachates is obtained by
tests are in the 200 to 10,000 ppm range, which examining the particles that were isolated on the
is significantly larger than in the starting EJ-13 perforated carbon grid. The solutions from the
water or in the leachates from the as-cast glass as-cast tests wicked easily through the grid and
tests, produced good samples for analysis. The

solutions from the aged-glass reaction had a
There is also a marked difference in the large salt content and could not be wicked

organic carbon content between the test types, effectively through the grids, which were rinsed
as measured by both carbon and anion analyses, with deionized water in the hope that some
The increase in organic carbon in the aged-glass particles may remain on the grid.leachates is due to increased concentration of

formate (CHO2") and oxalate (C204=). Both The terminated 55-week test is typical of the
species are known to complex actinides in as-cast glass samples and shows evidence of
solution 8 and thus have the potential for eight different particulate phases: a smectite-
affecting the solubility of the transuranic type clay, Mg silicate, Ti oxide phase, Al-rich
elements in solution, phases, two types of K-Al-silicate phases, a

Mn-Fe phase, and a Mg-K-Al-silicate phase.
The measured amount of actinides in All tests show the presence of Mn-rich clay

solution is given in Table 5. The values minerals suspended in solution (Fig. 5).
presented are order of magnitude levels,
provided to indicate differences between release The Mn-Fe phase is of particular interest.
from the two test types. Alpha and gamma Oxides of Fe and Mn are typical constituents of
spectroscopy on the original leachates were many clays andare formed by the oxidation of
initially used to measure the levels; however, Mn 2+ contained in low-temperature solutions or
owing to the salt content in the aged samples, in hypergene minerals. Birnessite (ideally
they were augmented by separation methods for Na4Mn 14027"9H20) is a mhaeral commonly
the latter sampling periods. The actinide found in soils and consists of alternately stacked
content in the solutions has both truly dissolved sheets of MnO6 octahedra linked through
and particulate fractions. The truly dissolved oxygen ions and water molecules that occupy
fraction passes through the final filter, which the interlayers. The phase was identified in
nominally has a pore size of 50/_. While all of leached layers of a 131 glass. 9 The major clay
the material measured in solution was phase, which is possibly a saponite, revealed a
suspended in solution (the aliquots were taken double diffraction ring for the hk lines. Electron
from the middle of the test solutions), it is diffraction of colloids from these tests shows a
possible that over time the larger particles may steady progress in complexity and crystaUinity.
settle out of solution and not be transportable.
Thus, it is important to know the size IV. CONCLUSIONS
distribution of the particles. The general trend

noted in the filtration experiments is that greater Although the data analyses are not
than 90% of the transuranic component completed for all the sampling periods, several
measured in the as-cast solutions was filtered by trends have been established. For the tests done
either the 5- or l-l.tm filters, while it is estimated with as-cast glasses, the glass/water reaction
that more than 75% of the actinides in the aged results in layers and secondary phases forming
glass solutions are truly dissolved in solution. on the surface of the glass, which are released
Thus, for the aged glass, the release of from the glass during contact with slowly
plutonium is generally several orders of dripping water. The reaction products, which
magnitude greater than from the as-cast glass, are dependent on the starting glass composition,
and the plutonium is also dissolved in solution, for the most part retain Pu and Am within their
To be comparable with the results presented for structure and remain suspended in solution for
the as-cast glasses tested, the effect of vapor the duration of the test periods. The distribution
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Fig.Ia.A photographtakenfroma
videotapeofthetopsurfaceoftheaged200R
glass and 304L type stainless steel after
106weeksofexposuretodrippingwater
conditions.The glasssurfaceiscoveredwith
alterationphasesthatformastheglassreactsin
vapor,whilethemetalsurfaceacquiresa
discoloring(notdistinguishableinthe
photograph)duetotheheattreatment.Notethat
thecentralportionofthereactedglasssurface
wherethedripcontactstheglasssurfacehas
degraded.

Fig.lb.A transmissionelectronmicrograph
ofacrosssectionofaportionofthevapor-
hydratedglasslayer.Thislayer,althoughnot
physicallyattachedtotheglass(notshown)ona
micro-scale,remainedsurroundingtheglassat
thebeginningoftesting.The outersurfaceof
thelayeristotheleftofthemicrograph,andthe
totalthicknessshown isabout150gin.

Fig. 2. The cumulative mass of (a) Np,
(b) Pu, and (c) Am released from the drip tests
done on 165 glass through 221.5 weeks of
testing. The tests are done in triplicate, and the
results from each test are shown for each
element.

Fig. 3. Photomicrographs of (a) iron/
chromium silicate and (b) clay phases isolated
from the latest test period in the tests performed
with 165 glass.

Fig. 4. The cumulative mass of (a) Np and
(b) Am released from the drip tests on ATM-10
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Table 1. Status of Drip Tests Being Performed with 200R, 165, and ATM- 10 Glass

Glass Termination

T3_e' • Sampling Periods (wee0 for Continuous Tests a Periods (weeks)H ii i i i ii ii

200R 18 37 30 30 30 Ongoing 55 114
cast).....

200R 18 37 30 30 30 Ongoing 55 114
(aged) ....

165 6.5 13 19.5 26 32.5 39 13 26
45.5 52 65 78 91 104 ' 39 52
117 130 143 156 169 182
221.5 Ongoingi i ii

ATM-10 6:5 13 19.5 26 32.5 39 13 26
45.5 52 65 78 91 104 39 52
130 166 221.5 Ongoing,, , ,,



_ Table 2. Composition of Glasses Used in Testing

Oxide, wt %
Formula 165 Glass a ! ATM-10 Glass b 200R Glass c

i i i i, i ,=,, ,,i i i i i

A1203 4.08 6.65 5.9
Am203 3.9E-4 0.0064 ....d
B203 6.76 0.17 .... 9.7
BaO 0.'06 0.045 ........ 0.02 ....
CaO 1.62 0.60 0.9
CeO2 <0'.05 ..... 0.072
Cr203 <0.01 0.253 0.3
cS20 0.072 0,062
Cu' 0.1 .........
Fe203 _ 11.74 11.5 9.0

iiii ii ii ill ii

K NA d 3.33 3.5
La203 <0.05 0.025 0.06 ......
Li20 ' 4.18 ..... 2.88 ..... 3.4

MgO 0.70 ...... 1.15.... 1.6
MnO2 2_/9 '1.29 1.6
M003 <0.01 ' 0.01 .........ii

Na20 10.85 11).5 15.0
Nd203 <0.05 0.168 0.1
Ni0 .... 0.85 0.296 0.9
NpO2 0.008 0.021 d
P205 ' 0.29 2.34
Pb 0.03
PuO2 0!'22 0.0081 d

iiii i i i

RhO2 0.012
iii iii iii i

RuO2 0.061
, t ,,, , ,, ,

SO3 0,31
i

SiO2 52.86 45,8 45.5
iiiijIE iiii i i iiiii

St02 O.11 0.025 0.01
Tc207 <{)._) 1 0.0{131 d
ThO2 3.29
TiO2 0.14 0.858 0.08
U02 0.92 0.527 1.8....
Y203 (1.017

, i

ZnO 0.04 0.02
Z_O2 ' 0.66 0.247 " 0.06

a165glasscompositiontakenfromJ.K.BatesandT.J.Gerding,....
ArgonneNationalLaboratoryReportANL-89/24(1989).

bG.D.Maupin,W. M. Bown, andJ.L.Daniel,PacificNorthwest
LaboratoryReportPNL-5577-10(1988).

cj.K.Batesetal,ArgonneNationalLaboratoryReportANL-93/13
(11993).

dTo be analyzed.

' ' ...... ' ' ' ' '11 .... ' ' 'lnl ' ' '



Table 3. Results of H, Carbon, and Anions in Leachates from the Dri Tests with 200R Glass

Carbon (ppm) Anions (ppm)
Test Sampling
No.b Period pH Organic Inorganic F- CHO2- CI- NO2- NO3" HPO4 = SO4 = C204 =

8 1 7.97 3 3 4.6 <0.5 7.5 5.2 3.3 <1 i04 2.8
2 8.26 2 5 7.6 a 14 15 2.5 <1 38 11

9 1 8.12 2 4 9.3 <0.5 9.4 9.0 4.0 <1 10 <0.7
2 7.94 3 3 8.5 a 20 23 4.3 <1 60 . 11

10 1 8.60 4 5
2 8.55 3 7 5.3 a 5.2 6.7 2.4 <1 18 10

6 terminated 8.45 2 7 5.7 a 10 13 1.9 <1 81 7.8

2 1 11.28 29 4 167 <15 <25 193 5660 <50
2 11.27 22 1 11 a 71 <15 42 169 781 56

4 1 11.37 21 4 211 <15 <25 397 9870 <50
2 11.13 23 2 11 a 47 <15 40 168 815 60

5 1 11.33 35 0 256 <15 <25 334 8840 66
2 11.43 19 1 13 a 36 <15 44 197 886 <50

1 terminated 11.09 25 3 29 a 58 <15 74 286 2376 59 .__

aThe F- and CHO2- peaks were not resolved; thus, the values reported for F- include a factor due to CHO2-. Because the
starting concentration of F- in the EJ- 13 water is --3 ppm, the contribution due to CHO2" is significant.

bTests 1, 2, 4, and 5 used aged glass, and tests 6, 8, 9, and 10 used as-cast glass.



Table 4. Total Elemental Release a to Solution (ppm) in Drip Tests
with 200R Glass

Test Sampling
No.b Period B Li Na Si

8 1 2 9 160 60
2 33 17 410 70

9 1 3 6 27 10
2 29 8 220 20

10 1 81 21 300 100
2 60 28 700 190

6 terminated 96 52 800 200

2 1 42000 2400 85000 2200
2 22000 1600 61000 12600

4 1 39000 2200 82000 2800
2 19000 1200 50000 5700

5 1 33000 1600 64000 24100
2 70000 1400 70000 2000

1 terminated 53000 3400 15100 4800
, ,

aThe amount of each cation in the leachate as reported has not been
corrected for the amount in the EJ-13 water.

bTests 1, 2, 4, and 5 used aged glass, and tests 6, 8, 9, and 10 used
as-cast glass.



Table 5. Preliminary, Actinide Release a (ppm) from Drip Tests with 200R Glass

Sampling
Test No. Period 238pu/241Amb 239pu 244Cm

mHIN

mm m_m

8 1 2E-8 2E-7 2E-9
2 5E- 10 2E 11

9 1 1E-8 1E-7 9E- 10
2 NDC ND ND

10 1 2E-8 _.d 6E-10
2 2E-8 -- 5E-10

6 terminated 4E-9 -- 7E- 11

2 1 3E-7 -- 9E-10
2 1E-9 ....

4 1 1E-7 ....
2 4E-9 ....

5 1 1E-6 -- 2E-10
2 2E-9 ....

1 terminated 4E-9 -- 2E- 11

aReported values are based on alpha spectroscopy of original test solution.
Because of attenuation of the spectra for samples 2, 4, 5, and 1, the data are
only order-of-magnitude estimates. Additional analyses are being performed to
improve these values. Concentration of all material detected in solution is
reported, including both truly dissolved and suspended fractions.

bThe 238Pu and 241 Am alpha energies were not resolved; thus, all values are
reported as being produced by 238Pu. Additional analyses may be able to
distinguish between the 238pu and 241 Am fractions.

CND = none detected.

dlf a value is left blank, attenuation of the alpha spectra obscured the peak
of interest.
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