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ABSTRACT 

A complex Sol-Gel process has been used for synthesis of silica glasses designed to contain high-level nuclear wastes. 
Cs, Sr, Co, and Nd (generically denoted Me) were used, the last as surrogate for actinides. Gels in the form of powders 
and sintered compacts were prepared by hydrolysis and polycondensation of tetraethoxide/Me nitrate solutions, which 
contained ascorbic acid as a catalyst. Thermal treatment studies were conducted on the resulting gels. Transformation 
to final products was studied by thermogravimetric analysis, infrared spectroscopy, and X-ray diffraction. Preliminary 
testing of Me leaching was also completed in quiescent water. Only a single dense form was resistant to leaching. 
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1. Introduction 

Vitrification of hazardous nuclear wastes has been shown 
to be a viable technological alternative for effecttive ma- 
nagement of spent fuel and radioactive waste. The advan- 
tages of the method are that a large number of elements 
that can be incorporated into the glass and a highly dura- 
ble and small-volume waste is produced [1,2]. The prop-
erties of silica glasses, including good durability and 
mechanical strength and ability to incorporated large 
concentrations of metallic dopants, make them ideal can- 
didates for matrices for nuclear waste storage [3,4]. The 
most significant disadvantage of silica glasses for such 
use is their high processing temperature of ~ 2000˚C. Sin- 
tering of sol-gel-derived glasses can be accomplished at 
much lower temperatures, and sol-gel techniques have 
been successfully used for preparation of porous glass 
hosts for nuclear wastes [3,4]. Appropriately prepared, 
sintered ceramic bodies can have higher stabilities and be 
more resistant to leaching than are many melt-processed 
glasses [5,6]. 

In the present work, our proprietary complex sol-gel 
process (CSGP) [7-9] has been adapted to synthesize 
silica glasses capable of incorporating significant con- 
centrations of high-level nuclear wastes. The heavy met-
als (denoted Me) Cs, Sr, Co, and, as a surrogate for acti-
nides, Nd, were incorporated into silica glasses and the 
resulting waste forms were characterized and tested for 
leaching response. 

2. Experimental Details 

A detailed flow-chart for the preparation Cs-, Sr-, Co-, 
and Nd-doped (10 mole%) silica gels is shown in Figure 
1. Gels in the form of powders or monoliths were pre- 
pared by hydrolysis and subsequent polycondensation of 
tetraethoxide/Me nitrate solutions containing ascorbic acid 
(ASC) as a catalyst, instead of the HCl or NH4OH that 
are routinely used for catalysis in glass synthesis. ASC 
has not, to the best of our knowledge, been used previ- 
ously in this type of processing of a nuclear waste glass. 
Its use has been shown to decrease remarkably the time 
needed to synthesize gels [7,9]. 

Thermogravimetric analysis (TG) and differential ther- 
mal analysis (DTA) were conducted in air with a Hun- 
garian MOM (Budapest, Hungary) [8,9]. The heating rate 
was 10˚C /h. 

All resulting products were analyzed by X-ray diffract- 
tion (XRD) with a Rigaku Miniflex diffractometer (To- 
kyo, Japan). Cu-Kα radiation was used. The tube output 
voltage was 30 kV the tube output current was 15 mA, 
the angular spread was 2θ = 3˚ - 90˚, with steps of 0.02˚ 
and a scanning rate of 2˚/min. Raw data were smoothed 
by the Savitzky method, background was eliminated by 
the Sonnevelt method, and Kα2 was eliminated. Infrared 
measurements were conducted with a Perkin Elmer Mo- 
del 983 Spectrometer (Waltham, MA). The potassium 
bromide pellet technique was adopted. 

Leaching tests were conducted on 2 g of material. Powder  
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Figure 1. Flow-chart of CSGP for preparation Cs-, Sr-, Co-, and 
Nd-doped silica gels. 
 
agglomerates, in some cases with alumina entrained, were 
placed in G4 crucibles, which were placed in 100 ml of 
gently stirred deionized water at 23˚C. After each cruci- 
ble was withdrawn, the water was filtered off. The Cs- 
doped drops of glass, which attacked the platinum dish in 
which they were heated, were handled similarly. After dry- 
ing for 2 h at 110˚C, the specimens were weighed. These 
procedures were repeated a total of 19 times. The maxi- 
mum emersion time was 430 h. Solutions were analyzed 
for Me and Si contents by ion chromatography [10] with 
a Dionex 2000/sp ion chromatograph (Sunnyvale, CA, 
USA) and with a Thermo Electron Corporation flame ato- 
mic absorption spectrometer, Model SOLAAR MK2 (Ma-
rietta, OH, USA). 

There is a wide range of possibilities for leaching tests. 
Various specimen sizes and forms, solutions, fluid flows, 
and temperatures can be used [11-15]. We selected leach- 
ing of comparatively small samples of high surface area in 
room-temperature deionized water as a reasonable method 
to assess whether this type of silica-based, sol-gel-d- 
erived glass may be a viable candidate as a nuclear waste 
form. 

3. Results and Discussion 

The thermal decomposition of gels (dried under vacuum 
at 70˚C in Rotavapor) versus temperature, T, is illus 

 

Figure 2. Thermal analysis of gel powders dried at 70oC: 
CsSi (■■); SrSi (■■); CoSi (■■); NdSi (■■). 
 
trated in Figure 2. Various minor endotherms and exo-
therms were observed, but no significant phase transfor-
mation appeared to take place. For all four gels, loss of 
mass, m, became significant above approximately 70˚C. 
The continuous mass losses are presumed to be con-
nected with the detachment of water and OH groups. The 
mass losses became smaller above 350˚C, while the 
thermal decomposition was virtually complete by ap-
proximately 800˚C. By 1000˚C, the Cs-, Co-, and 
Nd-containing specimens lost 27-31% of their masses. 
The Sr-containing specimen lost 48% of its mass. The 
evidence from the thermal analyses conducted to 1000˚C 
suggests formation of glasses for all of the heated gels. 

Photographs of all materials calcined at various tem- 
peratures are shown in Figure 3. Each of the well-formed 
monoliths produced friable powders when heated to 70˚C. 
Heating to 1200˚C produced little sintering and some color 
changes. Heating to 1700˚C produced reactions with the 
crucibles, but only limited extents of sintering, except, in 
the case of Cs-containing glass, for which full melting 
occurred. These results are consistent with literature data 
[16], in which it is reported that amorphous silica pow- 
ders sinter significantly by ≈ 1730˚C and the technologi- 
cal melting temperature is given as 1800˚C - 2000˚C [4]. 

Alteration of thermal treatment coupled with a cold- 
pressing step could perhaps produce denser monolithic 
forms [17]. It is also possible that some sort of hot-pressing 
step will be required to form dense monoliths from the 
gels [3,4,18].  

Infrared spectra and XRD patterns of gels and doped 
silicate glasses are shown in Figure 4. The infrared spectra  
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Figure 3. Photographs of materials obtained from sols according procedure described in Figure 1, heated for 2 h at tempera- 
tures shown. 
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Figure 4. Infrared spectra and XRD patterns of gels and doped silicate glasses. 
 
revealed that organic impurities did not exist in detect-
able concentrations at 70˚C. H2O and OH groups were 
identified, but these groups were not observed at higher 
temperatures (except for Co and Nd dopants at 450˚C). 
Significant crystallization was observed in the Cs- and 
Sr-doped specimens that were heated to 1200˚C. 

only the substantially melted, dense form (the Cs-doped, 
clear glass drops) exhibited a low leaching rate of the 
dopant and the Nd-doped, sintered, but still-porous 
specimen, was more resistant to leaching than were the 
other sintered compacts. The porous Cs- and Sr-doped 
specimens exhibited comparatively high leaching rates. 
Analyses of the metal concentrations in the leachates 
revealed similar trends, for both Me and Si concentra- 
tions. The large differences in mass loss between many 
of the individual weight-change tests may have been 
caused by changes in the corrosion mechanism. In general, 
glass corrosion in aqueous solutions is governed by dif- 
fusion-controlled ion exchange and dissolution of the 
glass network itself. Saturation of the solution can affect 
the processes [25]. Precipitation of surface species can 
also affect corrosion rates [1]. Detailed studies of the 
corrosion processes and surface alteration [11,26] are 
beyond the scope of this synthesis-based work. 

It is interesting to note that bidentate 3NO  ions were 
observed only with the Sr- and Nd-doped silicate gels 
dried at 70˚C, whereas with the Cs- and Sr-doped gels, 
only free, non-coordinated nitrate ions were observed in- 
stead (ν3 NO3 at 1384 cm–1, v. strong and ν1 + ν3 3NO  
at 2360 cm–1, v. weak), which is in accord with the ob- 
servations of Bogard et al. [19]. Free nitrate ions were 
observed with all samples heated at 450˚C and their tra- 
ces appeared even at 800˚C with Sr or Nd dopants present. 
It is difficult to explain the occurrence of a strong bond- 
ing mode of nitrates in the examined systems, because 
nitrates typically decompose at lower temperatures: e.g., 
Sr(NO3)2 at ≈ 640˚C; CsNO3 at ≈ 400˚C; Co(NO3)2 at 
≈ 290˚C [16]. A possible explanation may come from 
the fact that all of the oxygen atoms of the NO3 groups 
were engaged in coordination sites. In all of the spectra, 
typical SiO2 vibrations bands (4000 cm–1 and 2510 cm–1) 
were observed: Si-O-Si symmetric bending at 455 - 470 
cm–1, Si-O-Si symmetric stretching at 783 - 815 cm–1, 
and asymmetric stretching at 1074 - 1080 cm–1. 

The leaching data are difficult to compare directly 
with those of other studies, owing to variations of speci- 
men form and test conditions, but data from similar tests 
[20,27] indicate generally higher rates for the waste 
forms produced in this study. The Cs-doped glass drops 
and the Nd-doped (actinides surrogate) lightly sintered 
forms were reasonably resistant to leaching, within the 
analytical errors. The other forms, all porous, were clear- 
ly susceptible to leaching. In forms for which the dopants 
were more strongly bonded, the structure of silica matrix 
was also more resistant leaching (Table 1). 

Leaching tests consisted of weight-change measure-
ments and analysis of leachates. Use of stirred room- 
temperature, deionized water will produce more rapid 
leaching than will, for example static, ground water tests 
[20], but will not allow for extrapolation to actual re- 
pository conditions and long duration [21-24]. It should 
allow for assessment of the applicability of the sol-gel 
glasses produced in this study as nuclear waste forms. 
Data from the studies are shown in Figure 5 and Table 1. 
The most obvious trends in the data in Figure 5 are that  

These studies yielded mixed results. Uniform products 
containing high concentrations of dopants were produced, 
but the products remained porous after prolonged sinter- 
ing at elevated temperatures. Such porous products are 
not suitable for use as nuclear waste forms. Future efforts 
will seek to fabricate denser forms. It is possible that col- 
d-pressing [1-5] or a tailored reaction-sintering step [6]  
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Figure 5. Leaching experiments of specimens sintered at 1700˚C, except for Nd-doped specimen, which was sintered at 1200˚C: 

 Cs (includes agglomerates from alumina support (Figure 3),  Cs (transparent glass drops (Figure 3),  Sr, Co 
and Nd. 
 
Table 1. Analysis of leached components in at.%; Me de-
termined by ion chromatography and Si by flame atomic 
absorption spectrometry. 

Number of 
leachings 

Me oxide at.% Me at.% of SiO2 

1 Cs agregates 0.10 0.18 

4 “ 0.06 0.22 

9 “ 0.02 0.00 

1 Cs drops of glass 0.001 0.09 

4 “ 0.00003 0.005 

9 “ 0.00003 0.02 

1 Sr 0.021 0.21 

4 “ 0.026 0.20 

9 “ 0.018 0.35 

1 Co 0.001 0.054 

4 “ 0.006 0.03 

9 “ 0.0002 0.085 

1 Nd 0.00002 0.025 

4 “ 0.00004 0.075 

9 “ 0.00002 0.186 

 
could result in denser final products. It is perhaps more 
likely that some type of hot-pressing step [3,4,18] will be 
required. 

4. Conclusions 

Silicate glass typically containing high-level nuclear waste 
elements Cs, Sr, Co, and Nd (as actinides surrogate) were 
synthesized directly by a complex sol-gel process, by 
including the dopants in starting in the starting sols. Ap-
plication of ascorbic acid as a catalyst, instead of the 
more-common HCl or NH4OH that are generally used, 
and elevated temperature allowed for processing within  

several hours. XRD patterns indicated that all studied 
elements were, for all temperatures of heat treatment, 
integrally bonded in the silicate glass structures. Infrared 
spectra indicated that in general organic impurities did 
not exist after drying in vacuum at 70˚C. H2O and OH 
groups existed at this temperature, but they were not ob- 
served at 450˚C, except when Co and Nd dopants were 
present. Leaching test revealed that stabilities of powders 
and agglomerates sintered at 1700˚C were not sufficient. 
The melted Cs-doped glass was substantially more re- 
sistant to leaching. Results indicate need to focus on den- 
sification of the final forms, either by adding pressing 
steps or significantly altering the sintering protocols. 
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