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The chemical dmbi€ity of simulated nuclear waste glasses having merent water contents 
was studied. Results h m  the,product consistency test 0 showed that glass dissolution 
increased wih water content in the glass. This trend was not observed durhgMCG1 testing. This 
Werence was attn'buted to the merences in reactions between glass and water. In the PCT, the 
glass network dissolution controlled the eIemental releases, and water in the glass acceIefafed the 
reaction rate. On the other hand, alkali ion exchange with hydronium played an important role in 
the MCGl test. For the I&r, the amount of water introduced into a leached layer fiom ion- 
exchange was found to be much greater than that of initially incorporated water in the glass. 
Hence, the initial water content has no effect on glass dissolution as measured by the MCGl test 

INTRODUCTION 

. 

. *- . -  - 

Immobilization of radioactive nuclear waste materials uskg borosilicate-based glasses 
requires that the final glass CMSte form be chemically durable. Viication of waste streams 
involves mixing waste slurry with glass fiit and vitrifjling the mirdure at high temperature. In the 
process, waste glass is melted under an atmosphere containing water vapor and, hence, water enw 
into the molten glass is expected. The effect of water content on chemical durability of waste glass 
is unknown. It is known, for sodium-silicate.glass, that water in the network adversely affects glass 
chemical durabiLity [l]. This paper reports a systematic study of the effect of water content on the 
chemical durability of simulated nuclear waste glasses. 

Three simulated high-level nuclear waste glasses, provided by Pacific Northwest 
Laboratory (Richland, Washington) were used for this investigation. Table I summaim the glass 

. compositiom. The gIasses were separately remeIted at 1150°C under three water vapor pressures: 
93,355, and 760 mm€€g. The detailed procedures of meIting glass and determinin g water content 
m the glass are reported elsewhere [2]: 

,(a) Pacific Northwest Laboratory is operated for the U.S. Deparfment of Energv 
by Battelle Memorial Institute under contract DEAcO6-76RLO 1830. 
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Table I. Chemical Compositions of High-Level Simulated Nuclear Waste Glasses (MA) 

Oxide CVS2- 1 8 

53.53 

10.53 

2.3 1 
7.19 

3.85 

034 
0.83 
3.75 
11.25 
5.92. 

CVS2-52 

60.00 

8.17 

2.33 . 

7.20 

3.85 
0.09 

0.08 

7.88 

4.50 
5.90 

CVS2-74 
~ 

56.60 

7.81 

8.16 . 
334 
0.05 

032 
0.79 
7.13 . 

. 6.64 

9.16 

Glass dissolution in deionized water was e v d d  at 90°C ushgthe product consisteqcy 
test (Po and MCGl test methods [3,4]. For the PCT, the ratio of sample surfice ax& to .scjl&on 
volumey (SN), was 2000 m" and the test duration was 7 days.-For the MCGl tesf the SN ratio 
was 10 m-l, and the test dmtion was 28 days. Solution pH values befo? and after each test were 
measured using a 701A digital pWmV meter. 

After each test, concentmtions of sodium, boron, lithium, and SiliCOnwere measured using 
a Beckman Spectm-V DC plasma emission spectrometer. Each elemental release was calculated 
in t e p  of the normaIized elemental mass loss [3]: 

where C, (g/rr?) is the concentration of element i in the 0.45-p Btered solution, and g is the mass 
M o n  of element i in the unleached specimen. 

' 

(1) WA = WK3-m 9 Wd 

Figure 1 iLIustmtes the idiared spectra for three as-received glasses. An absorption peak 
at -3550 an-' is attriiuted to asymmetric v i i d o n  of hydroq4 [SI, and another peak at - 2700 cm-I 
is a combinafion band of B-0 vibrations [6,7J. Hence, water content in the glass is proportional 
to the htensily of the absorption peak at 3550 cm-' per unit of Specimen thickness. 

Figure 2(a-c) depicts hydroyl absorption htensi~versus specimen thickness for the three 
glasses melted under three k x k r  vapor pressures. It is apparent that the slopes of the lines increase 
with water vapor pressure. Knowing the hydroq4 absorbance (A) and the specimen thickness (d), 
the water concentration, Cy in each glass was calculated using Beeis law; A = Cd,  ere E is the 
extinction coefficient of hydroml previously determined for these glasses [2]. Table II Summarizes 
&r concentrations in the prepared glass samples. Under a given water vapor pressllre, it can be * 

seen that the water solubility of CVS2-18 was the highest, while that in cvS2-74 was the lowest 



. wavenumber (a:') 
Figure 1. FTlR .@&&a of CVS2-18, -52, and -74 &hated nuclear waste glasses, 
which are dispIaced upward, relative to WS2-74, for clarify. 
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Figure 2. Hydroxyl absohce  as a fimction of Specimen lhickness for WS2-18, -52, 
and -74 gIasses melted at 1150 "C under water vapor pressures as indicated. .. 

Table II. W a r  contents (MA) in the Glasses Melted under Various Water Vapor Pressures 
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For the PCT, the initial pH was about 8.5 for all solutions after the sample powder was 
immersed in water for about 30 min at room temperature. The pH of the deionized water was 5.0. 
After the 7-day test, the pH values were close to 10.0. Figure 3 (a,b) illusbates the normalized 
elemental mass losses versus water content for sodium and boron, qxctively. The error bars of 
the data measurements are less than the size of the symbols used here. Among the three glasses, 
CVS2-18 was more susceptible to water attack than CVS2-52; CVS2-74 was the most resistant to 
such an attack The general trend of Figure 3 indicates that glasses with higher water content 

glasses having the lowest and the highest water contents, the. increaseS are about 7 "/4 10 %, and 
38 % for CVS2-18, -52, and -74, nqxxtively. Similar trends we= also found for the releases of 
both lithium and silicon. 

exhibited a greater amolint of dissolution, comparing the releases of sodium and boron between 
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, , Figure 3. €" normalized elemental mass loss versus water content for 
CVS2-18, -52, and -74 simulated nuclear waste glasses. . 

For the M E 1  tesf after 28 days, the pH increased to about 9.0. Figure 4(a,b) illustraks 
the elemental releases of sodium and boron versus water concentdon, reqedively. Analogous 
to the PCT results, the elemental release of CVS2-18was the highest, while that of WS2-74 was 
the lowest However, the releas& appeared to be uuaf5fected by the water content in the glass. 'zhe 
same conclusion is true for the releases of both lithium and silicon. 

DISCUSSIONS 

The adverse effect of water content on glass chemical chtrabii was observed in the PCT, 
but not in the MCGl test Because of the great difference in the SN values for the two tests, the 
initial pH levels .were also very diffeqt For alkali-silicate glasses; glass reaction with water 
proceeds via ion exdung& network hydrolysis, and subsequentnetwork dissolution. Solution pH 
strongly influences which process dominates. 

where R' is the alkali ion, and (g) and (s) refer to glass and solution, qxztively. Reaction (2) 
increases the solution pH and at the same time produces siIonal p u p ,  Si-OH, in the'glass. 

At pH less than 8.5, ion exchauge controls glass corrosion according to [SI: 
Si-OR (g) + H20 (s) 3 3i-OH (g) + R' (s) + OH (s) (2) 
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increases the solution pH and at the same time produces silonal group, Si-OH or Si-O@@+)J in 
the glass. For the PCT, a massive ion exchange raised the solution pH to such a level that the glass 
network dissolution is expected almost fhm the beginning of the test [9,10]. ThereforeJ the releases 
were mainly controlled by the network dissolution. These processes can be d e s c r i i  in tern of 
,lice hydroq4 formed by reaction (2) attacking siloxane bonds at the waterlglass intefikce [8] 
according to: 

and then followed by the dissolution of the leached layer via the reaction of nonbndging oxygen 
(NBO), 53-0, with water [SI according to: 

Si-O-SiE (g) + OH (s) => ESi-OH'(g) + S i - 0 -  (g) 

- =Si-0 (g) + HzO (s) 3 Si-OH (s) + OH (s) 

. (3) 

(4) . 

. 

: 
' Surfkes of the PCT Sample powden, were examined using an optical microscope. No surface 

alternation was found, which indicated the dominating role of the network dissolution in the Pa. 
ThereforeJ the increase of gIass dissolution for the glasses having higher water content may be 
related 6 the f o d o n  of more NBOS, which in turn promotes reacton (4). 
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Figure 4. Mal normalized elemental mass loss Versus water .content 
for CVS2-18, -55'and -74 simulated nuclear waste glasks. . 

For the MCGl test, the initial solution pH was much lower and, hence, ion exchange was 
fivoored during the test [lo]. For &I ion exchangtxontmlled process, such as in the MCG 
1 test, it is expeded that a hydration layer will form on the specimen surf& and that the hydroxyl 
c o n d o n  in that layer will be high [lo]. After the MCGl test, hydration layers were observed 
for all samples. Hydroxyl concentration changes in the samples were examined using a Perkin- 

. Elmer FT1R-1800 spectrophotometer. An example is illustrated in Figure 5, showing FTlR spectra 
of a CVS2-18 monolith before and after the MCGl test A substantial in- in the hydroxyl 
absorption is evident (cf. spectra 2 and 1). The result supports the notion that ion exchange plays 
the dominant role in the MCGl test 

Figure 5 also shows spectra for the same sample (after MCGl) dehydrated at 300°C in 
ambient air for 1 and 16 4 respectively (cf. spectra 3 and 4). The dehydration spectra suggest ion 
exchange introducing both hydroxy and molecular water into the network. The former is strongly 
bonded to the network, which can be approximated by the differences in hydroxyl absorptions 

. 



in the network, which is approximated by the difEerence jn hydroxyl absorptons between spectrum 
2 and 3. The presence of the two types of water suggests aIkali ions exchanging with hydronium 
according to : 

kidiOG(5 and 6) have also been reported for soda-lime silicate glass by Schnatter et al. [ 113. 
Figure 5 demonstrates that @e amount of hydroxyl introduced into the leached layer during the 
MCGl test is much higher than that of water initially incorporated in the glass during melting. 
Therefore, the influence of the initial water content on.glass leaching must be minimal as observed 
in &e MCGl test 

=Si-0 R' (g) + 80' (s) 3 53-0 &O+(g) + R' (s) . (5)  
%i-0 &O+(g) 3 heating Si-OH (g) + H,O '?(gas) (6) 

1.20.. ' ' ' ' . ' . ' . ' ' ' 

h%veinuinh=r (an-l) 
.GOO0 3000 2000 

Figure 5.' FIB spectm of CVS2-18 monolith, showing the hydmyl absorbance 
changes before and after the MCGl test as well & during dehydration at 300 "C. 

chemical durabiity.of a glass depends in part on its network bond strength, which is 
affected by the presence of nonbridging oxygens, NBO. The extent of the HI30 effect not only 
depends on a total conceniration of alkali ions, but is also affected by ionic sirength or ionic 
potential of alkali ions. Sigel E121 reported that glass containing various amounts of NBO showed 
.different positions of dtia-violet 0 absorption edges, namely the W edge shifted h m  a lower 
wavelength to a higher one with increasing NBO. McsWain et al. [13] studied the UV edge 
changes for binary borate glasses. For a given.conCentration of alkali ion, they reported the UV 
edge shifted to a higher wavelength in the order K > Na > C$ in which their ionic potential 
increased in the order K < Na < Li. These results imply there may be a conelation between the 
W absorption edge and the glass chemical d u r a b i i  since both are affected by NBO. 

A quaIitative cornlation between the W edge and the chemical durabilitywas examined. 
Figure 6 illustrates spectra for CVS2-18, -52 and -74, glasses melted in 760 mmHg water vapor. 
The wavelength of W edge was found to increase in the order (362-74, CVS2-52, and CVS2-18, 
which appears to be well conelated with the trend of the glass elemental releases in water, 



CVS2-74 < CVS2-52 < CVS2- 18. For the same glass, it wds also found that the UV edge for .a 
sample having the lowest water content was slightly lower than that of a sample having the highest 
water content, suggesting that water creates additional NBOs. Based on this p r e m  
investigation, glass having a higher W edg,e appears to be more susceptiile to water attack 

Compared to the effect of water content on chemical durability, it is apparent that glass 
composition has a stronger influence. As expectd, the strength of the glass network changes with 
composition, which may be assessed by using a structural bond siren& (SBS) mode1 proposed by 
Feng and Barkatt [ 141; In the SBS model, the total bond energy can be determined h m  the glass 
composition. The more negative the value of the bond energy, the, higher the strength of the 
netw0.k and, hence, a greater resistance of that glass to water attack For the three glasses studied 
here, the total bond energies were calculated to be -3.24, -332, and -3.38 k d m o l  for CVS2-18, 
-52, and -74, respectively. comparison between the elemental releases with the total bond energy 
is in good agreement for these glasses. 

V l f  uv 
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. Figure 6. Optical spectra in a range h m  visible to ultra-violet for CVS2-18, -52, 
and -74 simulated nuclear waste glasses (specimen thicImess: 136.@). 

CONCLUSIONS 

Using the PCT method, water in the glass was shown to influence chemical durability of 
. simulated nuclear waste glasses. In contrast, such an effect was not detected using the MCGl test 
The discrepancy was. atixiiutql to the differences in reactions of glass with water. Network 
dissolution was found to be the dominant reaction in the PCT, and ion exchange in the MCGl test 
Overall, the chemical durability is principdy influenced by glass compsition. Finally, a 
correlation between $830 in glass and glass durabiity was explored using UV spectroscopy. 
Rehinary results suggested that a glass more susceptible to water attack ten& to have a higher 
TJV edge. 

. 
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