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Introduction 

Radioactive wastes on the Hanford Site (Southeastern Washington) are 
going to be permanently disposed of by incorporation into a durable glass. 
These wastes will be separated into low- and high-level portions, and then 
vitrified. 

The low-level waste (LLW) is water soluble. Its vitrifiable part (other than 
off-gas) contains approximately 80 wt% Na20, the rest being AI2O3, P2O5, 
K2O, and minor components. The challenge is to formulate durable LLW 
glasses with as high Na20 content as possible by optimizing the additions of 
SiC>2, AI2O3, B2O3, CaO, and Zr02- This task will not be simple, considering 
the non-linear and interactive nature of glass properties as a function of 
composition. Once developed, the LLW glass, being similar in composition 
to commercial glasses, is unlikely to cause major processing problems, such 
as crystallization or molten salt segregation. For example, inexpensive 
LLW glass can be produced in a high-capacity Joule-heated melter with a 
cold cap to minimize volatilization. 

The high-level waste (HLW) consists of water-insoluble sludge (Fe2C>3, 
AI2O3, ZrC>2, Cr2C>3, NiO, arid others) and a substantial water-soluble residue 
(Na2<3) [1,2]. Most of the water-insoluble components are refractory; i.e., 
their melting points are above the glass melting temperature. With regard 
to product acceptability, the maximum loading of Hanford HLW in the glass 
is limited by product durability, not by radiolytic heat generation. 
However, this maximum may not be achievable because of technological 
constraints imposed by melter feed rheology, frit properties, and glass 
melter limits [3]. These restrictions are discussed in this paper. 

Melter Feed Constraints 
The melter feed consists of waste; a mix of glass formers and modifiers; 
recycle; and additives, typically destroyed during melting, that adjust 
rheology, enhance melting rate, and attune glass redox. In general, feed 
homogenization, rheology, and melting rate are affected by the form of the 
melter feed, whether slurry or calcine, and its associated chemistry. To 
facilitate processing, the mix of glass formers and modifiers is often 
premelted into a frit. 
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Calcination of wastes or melter feeds is required for electric induction 
melters [4]. This technology requires an addition of refractory materials to 
the calcinor for wastes with a significant alkaline component. Slurry feeds 
are both rheology-sensitive and Theologically complex. A typical slurry 
feed consists of an aqueous solution, colloids, and solid particles, small 
particles from the waste and large particles from the additives or frit [5]. 
The melting process is facilitated by reducing the water content in the 
feed, while maintaining acceptable rheology. Preferably, rheological 
control is attained by pH adjustment rather than by surfactants, which are 
rendered ineffective by the heterogeneity of the waste [5]. Ideally, the 
feed conditioning chemicals should be gasified in the melter, and thus 
should not impose any constraints on the glass composition. 

Feed rheology also affects the formation of the cold cap in a continuous 
melter. A cold cap requires that the slurry feed is easily spreadable [6] 
and does not demix [7]. A uniform coverage of melt by the cold cap 
maximizes melter performance and minimizes volatilization [8]. An easy 
spreadability of the cold cap over the melt and the slurry over the cold cap 
is necessary because the feeding system has a limited number of nozzles 
(usually one). Demixing can cause segregation and accumulation of 
refractory components in the cold cap, which hardens and increases in 
volume [9]. To avoid such a destabilization of the melting process, 
segregation of the water-soluble components through water evaporation 
must be prevented. Other mechanisms of demixing, such as segregation of 
primary molten salts through drainage, are unlikely to operate in the 
waste feed cold cap [7]. Limits imposed by cold cap processes are not well 
understood [10] and, unfortunately, are neglected by current research. 

Frit Constraints 
The purpose of using frit in feed preparation instead of chemicals is to ease 
feed processing and melting. Although mixing of solid materials is 
routinely managed in the glass industry, frit is favored by nuclear waste 
glass makers. Presumably, fritting eases melting reactions by carbonate 
decomposition and water removal from the vitrifying chemicals. However, 
like cullet [11,12], frit introduces a high-viscosity melt early in the 
vitrification process, which decreases the melting rate by obstructing the 
gas escape and retarding the dissolution of refractory components. With a 
few exceptions [13,14], the overall effect of frit on melting has never been 
thoroughly investigated. For slurry rheology, frit may cause other 
technological problems. Frit tends to release alkali oxides into the solution, 
which results in a pH increase [14] and, in turn, an increase of the slurry 
yield stress. At pH>8, the solubility limit of silicic acid increases with 



increasing pH [15]. Consequently, frit releases more silica, which may 
coagulate if the slurry pH is corrected by an acid or if the slurry is locally 
overheated and concentrated by boiling. As a result, the slurry yield 
stress would sharply increase. To prevent a substantial release of alkalis 
and dissolution of frit in the slurry, frit is expected to possess high 
durability [14]. 

The glass forming and modifying additives for alkaline wastes (Hanford 
LLW), i. e., Si02, AI2O3 with small additions of B2O3, CaO, or Z1O2, do not 
contain a sufficient fraction of fluxes (alkalis). Therefore, frit is unlikely to 
be used for LLW glass. For refractory wastes (Hanford HLW), an optimized 
frit consists mainly of S1O2 and smaller fractions of B2O3 and L12O [2,16,17]. 
Such a frit is not only highly refractory (consisting mostly of SiC>2), it is also 
phase separated because alkali borosilicate compositions with low alkali 
content fall within the miscibility gap [18]. Leaching of the alkali-rich 
phase from a phase-separated frit creates serious rheological problems 
such as described above. 

Frit can be made less refractory by adding Na20, CaO, and MgO. Addition 
of Na20 also directs the frit composition out of the miscibility gap. 
However, Na20, 'CaO, and MgO decrease the durability of the waste glass. 
This drawback can be compensated partly by adding more silica at the 
expense of waste loading. Waste loading must be decreased also when CaO 
and MgO are used, because these components tend to decrease liquidus 
temperature [19]. Generally, maximum waste loading restricts the 
composition range of the frit. Since any requirements imposed on frit 
properties demand changes in frit composition, the waste loading is 
inevitably reduced if such requirements are to be met [3]. Alternatively, 
division of glass forming and modifying additives into a satisfactory frit 
and remaining raw materials (such as highly reactive silica [20]) may 
provide an acceptable solution [3]. 

Melter Constraints 
Melter constraints are determined by the temperature of operation, 
residence time, energy source, and the ratio of atmosphere-exposed melt 
surface area to melt volume. The large variety of waste glass melters [21] 
offers a wide range and combination of these parameters. Temperature of 
operation imposes constraints on glass viscosity. For example, melters 
with Inconel electrodes or impellers [22] cannot operate at temperatures 
exceeding 1150°C throughout the campaign. Therefore, glasses require 
additional B2O3 and R2O (R=Na,Li) to reduce viscosity [23]. Waste loading 
and product durability decrease as a result. Melters possessing long 
residence times (for example, a Joule-heated continuous melter) limit the 



liquidus temperature to avoid sedimentation of solids. Reduction of 
liquidus temperature by alkali addition [19,24] usually results in lower 
waste loading, product durability, or both. Electric melters are subject to 
electrode corrosion, often due to reactions with minor waste components 
[25]. Gas-heated melters generate combustion gases, which must be 
treated. Melters with high melt surface area (for example, flame-heated 
fluidized-feed melters, such as cyclone melters [26]), are susceptible to 
volatilization. In brief, melter-imposed limitations in glass viscosity, 
liquidus temperature, corrosivity, and volatility impose restrictions on the 
glass composition and, in turn, impact glass durability and waste loading. 

Hanford HLW contains a substantial fraction of refractory components 
along with 5 to 25 wt% Na20 [1]. If this type of waste, containing Fe203, 
AhOa, ZrC>2, Cr2C>3, NiO, RuOi, Na20, etc., is vitrified, three thresholds are 
typically identified as the waste loading increases. These thresholds mark 
four phases in the product morphology and quality. At low waste loadings, 
the glass does not contain other solids except RuC>2 and reduced noble 
metals (Rh, Pd) [27]. The first threshold is marked by the formation of 
spinel from Fe2C>3, O2O3, and NiO. An increasing amount of spinel 
precipitates as the waste loading increases; the amount precipitated 
depends on the iron content in the glass and other components that either 
promote (MgO) or hinder (Na20) spinel formation [19]. Precipitation of 
crystals other than spinel, such as Zr02 or ZrSiCU, mark the second 
threshold [19,28]. Although a large fraction of these crystalline phases can 
precipitate, the product durability may not be affected [17]. Exceptions are 
silica and aluminosilicates, the presence of which may lead to a substantial 
decrease in the product durability. Above the second threshold, the 
product contains increasingly less glass phase as more and more refractory 
components precipitate or remain undissolved. The third and final 
threshold is reached when sufficient Na20 accumulates in the glass phase, 
causing its structural deterioration, which is indicated by a rapid decrease 
in the product durability [17]. This is the ultimate limit for the waste 
loading and a challenge to vitrification technology. 

Not only refractory and alkali components affect glass processability and 
durability; small fractions of some troublesome components may also limit 
waste loading. Sulfates [29], phosphates [30], chromates [31], molybdates 
[32], halides [33], and other molten salts tend to form immiscible liquid 
phases in molten silicate and borosilicate glasses. These phases are 
generally water soluble and may extract radionuclides from the glass 
during vitrification. The extent of phase separation can be reduced by 
carefully adjusting the acidity/basicity and redox of the melt [34,35]. 
Alternatively, three options exist to remove troublesome components: the 



waste can be pretreated, which may be expensive and increase the total 
amount of the waste; the molten salts may be dispersed within the durable 
glass matrix [36]; or the separated salts may be drained separately from 
the melter [37]. 

For predominantly refractory wastes, then, the optimal waste form 
(characterized by maximum waste loading and acceptable resistance 
against dissolution) may consist of a mixture of refractory crystals 
embedded in a durable glass [38]. Recently, this approach has produced 
durable waste forms with waste loadings between 70 and 75% [17]. Such a 
product can be produced either in a periodic vitrification facility [4,21], or 
in a continuous-high-temperature, short-residence-time melter [21]. In 
the latter case, the high temperature minimizes the concentration of 
durability-reducing components required as fluxes for low operating 
temperatures [17]; the short residence time or periodic discharge avoids 
the accumulation of solids in the melter [21]. 

From a melter technology viewpoint, alkaline wastes are much easier to 
vitrify provided that troublesome components are not present in excessive 
quantities. These wastes can be processed with operating temperatures of 
1350°C or lower.. In addition, crystallization or phase segregation is 
unlikely in high alkali wastes. The minor components in the alkaline waste 
will govern electrode corrosion. However, alkaline wastes are susceptible 
to volatilization, and thus require melter designs that limit the exposed 
melt surface area. Overall, alkaline wastes are technologically forgiving 
and permit a wide range of waste compositions and vitrification methods. 

Conclusion 
Maximum loading of a given waste is achievable only in a narrow range of 
glass compositions. Additional constraints require alterations in glass 
composition, thus leading to lower waste loading and, in many cases, lower 
durability. In formulating waste glass compositions, restrictive technology 
or restrictions imposed on frit composition result in waste loading that is 
not maximized. Achieving maximum waste loading calls for innovative 
melting technologies, melter feed treatment, and frit formulations. 

References 

1. T. H. May and R. A. Watrous, Hanford Waste Vitrification Plant Feed 
Processability Assessment, Westinghouse Hanford Company WHC-SP-
0705, Richland, Washington (1992). 

2. P. Hrma, "Processing Constraints on High-Level Nuclear Waste Glass for 
Hanford Waste Vitrification Plant," Proc. 1993 Internat. Conf. Nucl. 



Waste Management Environ. Remediation, Vol. 1, pp. 403-409. ASME, 
New York (1993). 

3. P. Hrma, "Towards Optimization of Nuclear Waste Glass," Ceram. Trans., 
Am. Ceram. Soc , Westerville, Ohio, in press. 

4. J. Sussmilch and A. Jouan, "Vitrification of Reactor Wastes," Proc. 1993 
Internat. Conf. Nucl. Waste Management Environ. Remediation, Vol. 3, 
pp. 247-251. ASME, New York (1993). 

5. P. A. Smith, M. H. Langowski, S. M. O'Rourke, and K. R. McDonald, "The 
Effects of Formic and Nitric Acids on Simulated Hanford Current Acid 
Waste Rheology," Ceram. Trans., Am. Ceram. Soc., Westerville, Ohio, in 
press. 

6. D. D. Yasuda and P. Hrma, "The Effect of Slurry Rheology on Melter Cold 
Cap Formation," Ceram. Trans., Vol. 23, pp. 349-359. Am. Ceram. Soc., 
Westerville, Ohio (1991). 

7. P. Hrma, C. E. Goles, and D. D. Yasuda, "Drainage of Primary Melt in Glass 
Batch," Ceram. Trans., Vol. 23, pp. 361-67. Am. Ceram. Soc, Westerville, 
Ohio (1991). ; 

8. H. Pieper, "Batch Charging of All-Electrical Furnaces," Glastech. Ber., 52, 
229-236 (1979). 

9. M. F. Cooper, M. L. Elliott, L. L. Eyler, C. J. Freeman, J. J. Higginson, L. A. 
Mahoney, and M. R. Powell, Research Scale Melter Test Report, Pacific 
Northwest Laboratory PNL-9428 UC-721, Richland, Washington (1994). 

10. D. Kim and P. Hrma, "Laboratory Studies for Estimation of Melting Rate 
in Nuclear Waste Glass Melters," Ceram. Trans., Am. Ceram. Soc, 
Westerville, Ohio, in press. 

11. E. Bader, "On the Effect of Cullet on Melting Reactions in B-3.3 and 
Soda-Lime-Silica Glass Batches," Silikattechnik, 30[4], 112-115 (1979). 

12. P. Hrma, "Complexities of Batch Melting," Advances in Fusion of Glass, 
pp. 10.1-10.18. Am. Ceram. Soc, Westerville, Ohio (1988). 

13. L. D. Anderson, T. Dennis, M. L. Elliott, and P. Hrma, "Waste Glass 
Melting Stages," Ceram. Trans., Vol. 39, pp. 213-220. Am. Ceram. Soc, 
Westerville, Ohio (1994). 

14. J. D. Vienna, P.A. Smith, D. A. Dorn, and P. Hrma. "The Role of Frit in 
Nuclear Waste Vitrification," Ceram. Trans., Am. Ceram. Soc., 
Westerville, Ohio, in press. 

15. R. K. Her, The Chemistry of Silica, John Wiley, New York (1979). 
16. P. Hrma and R. J. Robertus, "Waste Glass Design Based on Property 

Composition Functions," Ceram. Eng. Sci. Proc, 14[11-12], 187-203 
(1993). 

17. P. T. Fini and P. Hrma, "Optimization in Simulated Waste Loading in 
Neutralized Current Acid Waste (NCAW) Glass," Ceram. Trans., Am. 
Ceram. Soc, Westerville, Ohio, in press. 

18. E. M. Levin and H. F. McMurdie, Phase Diagrams for Ceramists 1975 



t 

Supplement, Fig. 4526, Am. Ceram. Soc, Columbus, Ohio (1975). 
19. D. Kim and P. Hrma, "Model for Liquidus Temperature of Nuclear Waste 

Glasses," Ceram. Trans., Am. Ceram. Soc, Westerville, Ohio, in press. 
20. C. M. Jantzen, J. B. Pickett, and W. G. Ramsey, "Reactive Additive 

Stabilization Process (RASP) for Vitrification of Hazardous and Mixed 
Waste (U)," Ceram. Trans., Vol. 39, pp. 91-100. Am. Ceram. Soc., 
Westerville, Ohio (1994). 

21. C. Chapman, ''State of the Art of Waste Glass Melters," Ceram. Trans., 
Vol. 29, pp. 485-494. Am. Ceram. Soc., Westerville, Ohio (1993). 

22. R. S. Richards and J. W. Lacksonen, "Stir-Melter Vitrification of 
Simulated Radioactive Waste, Fiber Glass Scrap, and Municipal Waste 
Combustion Fly Ash," Ceram. Trans., Vol. 23, pp. 309-320. Am. Ceram. 
Soc , Westerville, Ohio (1991). 

23. P. Hrma, G. F. Piepel, D. E. Smith, P. E. Redgate, and M. J. Schweiger, 
"Effect of Composition and Temperature on Viscosity and Electrical 
Conductivity of Borosilicate Glasses for Hanford Nuclear Waste 
Immobilization," Ceram. Trans., Vol. 39, pp. 151-158. Am. Ceram. Soc, 
Westerville, Ohio (1994). 

24. L. A. Chick and G. F. Piepel, "Statistically Designed Optimization of a 
Glass Composition," J. Am. Ceram. Soc, 67[11], 763-8 (1984). 

25. T. Rudolph, G. B. Balazs, C. Russel, and G. Tomandl, "Electrochemical 
Study on the .Corrosion of Molybdenum Electrodes in Lead Glass Melts," 
Glastech. Ber, 61 [7], 177-183 (1988). 

26. L. F. Westra, L. W. Donaldson, and J. F. Hnat, "How the Advanced Glass 
Melter Was Developed," Glass Industry, March, 14-17 (1988). 

27. L. D. Anderson, T. Dennis, M. L. Elliott, and P. Hrma, "Noble Metal 
Behavior During Melting of Simulated High-Level Nuclear Waste Glass 
Feeds," Ceram. Trans., Vol. 39, pp. 265-272. Am. Ceram. Soc., 
Westerville, Ohio (1994). 

28. D. Kim, P. Hrma, D. A. Lamar, and M. 1. Elliott, "Development of High-
Waste Loaded High-Level Waste Glasses for High-Temperature Melter," 
Ceram. Trans., Am. Ceram. Soc., Westerville, Ohio, in press. 

29. D. S. Goldman, "Redox and Sulfur Solubility in Glass Melts," Gas Bubbles 
in Glass, pp. 74-91, Institute du Verre, Charleroi, Belgium (1985). 

30. W. Vogel, Chemistry of Glass, Am. Ceram. Soc., Columbus, Ohio (1985). 
31. P. Nam and R. W. Douglas, "Cr3+-Cr6+ Equilibrium in Binary Alkali 

Silicate Glasses," Phys. Chem Glasses, 6[6], 197-202 (1965). 
32. R. Kitter, Material Interactions Between System Components and Glass 

Product Melts in a Ceramic Melter, KfK 4583, Kernforschungszentrum 
Karlsruhe, Karlsruhe, Germany (1989). 

33. M. B. Volf, Chemical Approach to Glass, Elsevier, New York (1984). 
34. A. Paul, Chemistry of Glass, Chapman and Hall, London (1982). 
35. F. W. Kramer, "Contribution to the Basicity of Technical Glass Melts in 



Relation to Redox Equilibria and Gas Solubilities," Glastech. Ber., 64[3], 
71-80 (1991). 

36. F. A. Lifanov, A. P. Kobelev, S. A. Dmitriev, M. I Ojovan, A. E. Savkin, 
and I. A. Sobolev, "Vitrification of Intermediate Level Liquid 
Radioactive Waste," Proc. 1993 Internat. Conf. Nucl. Waste Management 
Environ. Remediation, Vol. 3, pp. 241-246. ASME, New York (1993). 

37. I. L. Pegg, "The Minimum Additive Waste Stabilization Program at the 
Fernald Site," Ceram. Trans., Am. Ceram. Soc., Westerville, Ohio, in press. 

38. X. Feng, G Ordaz, and P. Krumrine, "Glassy Slag- A Complemental Waste 
Form to Homogeneous Glass for the Implementation of MAWS in 
Treating DOE Low-Level/Mixed Wastes," this Proceedings. 

* Pacific Northwest Laboratory is operated for the U. S. Department of Energy by 
Battelle Memorial Institute under Contract DE-AC06-76RLO 1830. 


