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ABSTRACT 

As part of a demonstration for British Nuclear Fuels 
Limited, Incorporated (BNFL), the Immobilization 
Technology Section (ITS) of the Savannah River 
Technology Center (SRTC) has produced and 
characterized three low-activity waste (LAW) glasses 
from Hanford radioactive waste samples. The three 
LAW glasses were produced from radioactive supernate 
samples that had been treated by the Waste Processing 
Technology Section (WPTS) at SRTC to remove most of 
the radionuclides. 

These three glasses were produced by mixing the 
waste streams with between four and nine glass-forming 
chemicals in platinwdgold crucibles and heating the 
mixture to between 1120 and 1150 “C. Compositions of 
the resulting glass waste forms were close to the target 
compositions. Low concentrations of radionuclides in 
the LAW feed streams and, therefore, in the glass waste 
forms supported WPTS conclusions that pretreatment 
had been successful. 

No crystals were detected in the LAW glasses. In 
addition, all glass waste forms passed the leach tests that 
were performed, These included a 20 “C Product 
Consistency Test (PCT) and a modified version of the 
United States Environmental Protection Agency Toxicity 
Characteristic Leaching Procedure (TCLP). 

1. INTRODUCTION 

The results presented in this report are part of a 
demonstration initiated when the United States 
Department of Energy (DOE) issued a request for 
proposals (RFP)’ for immobilization of waste stored in 
tanks at their Hanford, Washington site. This RFP was 
part of the Tank Waste Remediation System (TWRS). 

A team led by BNFL responded to the RFP, and was 
awarded a contract? to perform the initial phase of this 
work. BNFL teamed with SAIC, Bechtel National Inc., 
Duratek GTS and the Vitreous State Laboratory (VSL) at 
Catholic University to develop and demonstrate 
technology needed to meet the terms outlined in the 
TWRS RFP. 

The results from this initial “proof-of-technology”. 
demonstration will be used in the second phase of the 
TWRS program. During this second phase (to be 
initiated in 1998), the technology is expected to be 
optimized to the point that it can be used as the basis for 
construction and operation of a vitrification facility in 
Hanford, Washington. 

In support of the team assembled by BNFL, SRTC 
was asked to perform radioactive demonstrations with 
four samples of the radioactive waste from Hanford. 
SRTC was asked to support this campaign because of the 
novel shielded cells capabilities and SRTC expertise in 
treating radioactive waste. 

Three of the samples were from the different 
“envelopes” of Hanford radioactive supernates, Envelope 
A, Envelope B, and Envelope C. Envelope A supernate 
contains low concentrations of organic compounds, and 
of Cr, C1, F, P, and S. Envelope B supernate contains 
low concentrations of organic compounds and higher 
concentrations of Cr, C1, F, P, and S. Envelope C 
supernate contains higher concentrations of organic 
compounds and low concentrations of Cr, Cl, F, P, and S. 

- - 

The fourth sample, Envelope D, waS a HLW sludge 
slurry sample. Vitrification of this waste stream is 
outside of the scope of this report. Results from 
vitrification of this sample are being presented in another 
report? 



Each sample was shipped to SRTC in multiple 
aliquots because of radiation doses associated with these 
samples. Once at SRTC, the aliquots for each envelope 
were combined and the resulting composite was 
analyzed. 

As part of the SRTC demonstration, the three 
supernate samples were processed through the steps that 
are to be used for removal of Cs, Sr, Tc, and transuranic 
radionuclides. The resulting waste stream was a low- 
activity radioactive waste (LAW) material. The results 
from these pretreatment demonstrations are not included 
in the scope of the current document. This report is a 
summary of the results for the LAW vitrification portion 
of the SRTC demonstration. 

This report includes results from chemical, 
radionuclide, and microstructure analyses of the glasses 
as well as Product Consistency Test (PCT) and Toxicity 
Characteristic Leaching Procedure (TCLP) results from 
these glasses. 

11. WORK DESCRIPTION 

Waste samples that had been treated to remove the 
major radionuclides were mixed with glass-forming 
chemicals and vitrified. The resulting waste forms were 
characterized to determine compositions, durabilities, 
and resistance to leaching of Resource Conservation and 
Recovery Act (RCRA) metals. 

A. Vitrification 

The waste streams were vitrified in a shielded cells 
facility using a muffle furnace modified to accommodate 
an off-gas system. The waste streams were mixed with 
glass-forming chemicals in platinudgold crucibles and 
heated to maximum temperatures of between 1120 and 
1150 "C. 

The feed stream preparation involved mixing the 
waste forms with glass-forming chemicals in 100-mL 
platinudgold crucibles. Supplies and chemicals were 
prepared outside of the SRTC shielded cells, but the 
glass-forming chemicals were mixed with the waste 
streams remotely in the SRTC shielded cells. 

Sixty grams of each glass waste form were 
produced. This was done by vitrifying duplicate thirty 
gram batches. After preparing and analyzing the glass- 
forming chemicals, and transferring them into the SRTC 
shielded cells, one half of the appropriate waste stream 
and one half of the glass forming chemicals were mixed 
in a crucible. 

Vitrification of the mixture was then performed in 
three steps. First, water was evaporated from the mixture 
and collected in the off-gas system. Then, the mixture 
was calcined. This removed the semi-volatile species 
that were in the waste form, e.g. nitrates. The last step 
was the vitrification itself. In this step, the material was 
brought to and held at the melt temperature before the 
waste form was taken from the furnace and sampled. 

After the off-gas system was set up, the crucible was 
put in the furnace, and the off-gas system was connected. 
The temperature of the furnace was then slowly 
increased from 50 "C to 200 "C at a rate of 10 "C every 
30 minutes. When water started to accumulate in the 
condenser trap, the temperature was held constant until 
condensation stopped. Once condensation stopped, the 
heat ramp of 10 "C per 30 minutes was continued. 

Next, the furnace temperature was increased to 900 
"C (at a nominal rate of 100 "C per hour) during which 
time the volatile species, e.g. nitrate-md nitrite, were 
driven from the mixture. The temperature was increased 
slowly to avoid foaming or "splattering" of the material 
in the crucible. During this temperature ramp, brown 
vapor (NOz) was typically seen in the off-gas system. 
The furnace was held at 900 OC for thirty minutes. 

After the temperature had been held at 900 "C, the 
off-gas system was disconnected, and the furnace 
temperature was increased slowly from 900 "C to the 
melt temperature of between 1 120 and 1 150 O C .  The 
time required to reach the final melt temperature was 
typically 3 hours. The crucible temperature was held 
between 1100 and 1 150 "C for 2 hours. 

After the crucible had been held between 1 100 and 
1150 "C for 2 hours, it was removed from the furnace, 
and the waste form was taken from the crucible. This 
was done by removing the hot crucible from the furnace 
and lowering it into a shallow pan of water at ambient 
temperature. The rapid temperature change caused the 
glass to harden and forced the glass to be released from 
the crucible. 

B. LeachTests 

Two leach tests were performed on the waste form. 
The first was a 20 "C PCT. This leach test was a 
modified version of the standard 90 "C PCT' used as a 
measure of HLW glass durability. The second leach test 
was a modified version of the Environmental Protection 
Agency (EPA) TCLP? 



1. Product Consistency Test. The 20 "C PCT 
was initiated in the SRTC shielded cells and completed 
in a laboratory. Each envelope was tested in triplicate, 
and duplicate tests of a standard glass were performed in 
parallel with the sample tests. In addition, a blank was 
tested in parallel with the sample and standard tests. 

Each waste form was first ground into a powder 
using a grinder with a tungsten carbide blade. The 
material was then separated using 100 mesh and 200 
mesh sieves. The resulting intermediate cut was washed 
with water and ethanol, and dried overnight at 90 "C. 

This process was first performed on the standard 
Environmental Assessment (EA) glass and then on the 
LAW glass samples. Each set of EA glass standards and 
LAW glass samples was prepared using a new grinder 
and pair of sieves. 

To perform the extractions, 1 to 2 gram samples of 
each washed intermediate cut were transferred to 
stainless steel leach vessels that had been cleaned 
according to the standard procedure. This was repeated 
to produce triplicate LAW glass samples and duplicate 
EA standard glass samples. 

The leach vessels were then transferred from the 
SRTC shielded cells to a laboratory where ten milliliters 
of water were added for every gram of glass in each 
vessel. A blank was prepared by adding a similar 
amount of water to an empty vessel. The vessels were 
capped and stored in a water bath at 20 f 2 "C for 7 days 
f 3.4 hours. 

Upon completion of the extraction, a sample of each 
leachate was taken and the pH was measured. The 
remainder of the leachate was filtered. An aliquot of the 
resulting filtered leachate was acidified and analyzed to 
determine the B, Li, Si, and Na concentrations. 

2. Toxicity Characteristic Leaching Procedure. 
In addition to the 20 "C PCT, the TCLP was performed 
on each of the glasses. The TCLP is a standard, static, 
room-temperature, leach procedure developed to provide 
release rate measurements for toxic substances from a 
variety of waste forms? 

These tests were performed remotely in the SRTC 
shielded cells to measure RCRA metal release rates from 
the glasses. The standard 100-gram test was altered to 
allow for tests of 5-gram samples. Waste glasses were 
tested in triplicate €or Envelope C and in duplicate for 
the other glasses to allow for parallel testing of a blank. 

First, the glass waste forms were ground such that 
the resulting particles had less than a 9.5 mm diameter. 
From the ground glass waste form, 5 to 6 gram samples 
were collected and used in each test. A standard which 
did not require grinding was tested in parallel to the 
waste forms. 

To determine which of the two possible extraction 
fluids to use for the TCLP analysis, a 5 to 6 gram sample 
of the waste form was mixed with water. A sample was 
taken and hydrochloric acid was added to the remainder 
of the watedwaste form mixture. The resulting slurry 
was heated, and the appropriate extraction fluid was 
determined from the slurry pH values according to the 
protocal described for the standard TCLP.' 

The extraction step was performed in the SRTC 
shielded cells. To perform the extractions, 5 to 6 gram 
samples were transferred to 125-mL polyethylene 
bottles. In addition, 5 to 6 grams of a standard was 
transferred to a 125-mL polyethylen: bottle. 

The extraction fluid was then added to each bottle. 
The mass of extraction fluid added to each was twenty 
times the mass of waste glass in that bottle. In addition, 
100 g of the extraction fluid was placed in a polybottle 
without any solids to serve as a blank. The bottles were 
then attached to a Rotary Agitation Apparatus (RAA) 
and rotated end-over-end at 30 f 2 rpm for 18 f 2 hours. 

The temperature inside the cell was recorded every 
two hours. The standard procedure requires the 
temperature be 23 f 2 0C.5 The temperature in the 
shielded cell was above this range. This is not expected 
to have been a problem since a higher-temperature leach 
test is more conservative. After 18 It 2 hours, the bottles 
were removed from the RAA and each mass determined. 

Upon completion of the extraction, leachates were 
filtered and transferred to a radiohood. The pH values 
were measured, and the filtrates were acidified. An 
aliquot from one of the samples was spiked with a 
known amount of each RCRA metal being analyzed. 
The samples and matrix spike were then acid digested. 

. 
- - 

After the filtrates had been digested; they were 
divided into aliquots and submitted for analysis. The 
samples were analyzed to determined the amount of 
material leached from the waste glasses. 



C. Analyses 

CdO 
CeOr 

Glass samples were dissolved by two methods, 
sodium peroxide fusion and cesium hydroxide 
dissolution. PCT and TCLP leachates and dissolved 
glass samples were analyzed using the following, as 
appropriate: Inductively-Coupled Plasma-Emission 
Spectroscopy (ICP-ES), Inductively-Coupled Plasma- 
Mass Spectrometry (ICP-MS), Ion Chromatography, 
Atomic Absorption (AA), uranium analyses, Gamma 
Pulse Height Analysis (PHA), Beta Scintillation, and 
Alpha Scintillation. Glass samples were also analyzed 
by Scanning Electron Microscopy (SEM). 

2.8 x 10" 1.7 x 10-' 5.5 x 10" 
1 . 9 ~  10" 2.6 x 10" 2.3 x 10' 

The analytical methods indicated above were the 
minimum needed to provide BNFL with the results they 
had identified. For each of these LAW waste stream 
demonstrations, the samples that were analyzed included 
the following: 

cr203 i 0.22 
cszo II "0.17 9 duplicate samples of the batch of glass-forming 

chemicals (results not included in this report) 
samples of the off-gas condensates (results not 
included in this report) 
triplicate samples of the leachates from the PCT 
duplicate samples of the leachates from the TCLP 
duplicate samples for each glass dissolution 

standards and blanks 
technique 

0.35 0.20 
'0.16 

111. RESULTS 

P205 
PbO 

Results indicated the vitrification process produced 
quality glass waste forms with the properties and 
compositions that were initially targeted. These results 
suggest the technology proposed by BNFL could be used 
to meet the DOE requirements for immobilization of 
these waste streams. 

"6.9 x IO-' "2.0 x '6.4 x 
6.6 x 10" 6.9 x lo-' 2.5 x 10" 

A. Glass Compositions 

The glass compositions were very close to the 
targets. Chemical analyses indicated concentrations of 
the major oxides (those present at above 0.4 weight %) 
were within 10 YO of the target values, radionuclide 
concentrations were low enough to meet the 
specifications set by DOE,' and SEM results showed no 
crystals were present. 

1. Chemical Composition. The waste form 
chemical compositions were close to the target 
compositions that were provided by the Vitreous State 
Laboratory (VTS) at Catholic University. Table I is a 
summary of the average results from the chemical 
analyses. Table I1 is a summary of the target 

compositions. The waste loadings were Envelope A 
glass 26 weight % for Envelope A, 13 weight % for 
Envelope B, and 17 weight % for Envelope C. 

Table I. Glass Compositions (Weight Percent) 

c10* I ' 7 . 0 ~  lo-' I '0.58 I '0.27 1 

I 

2.0 2.8 I 2.8 
MnOl "1.6 x 10" 2 . 8 ~  10" I "2.9 x 10' 

< I x 10" Te02  1.3 x lo4 5.3 x lo-' 

TI70 D7.9 x lo-' < 1 x 10' < I x 10' 
Ti02 2.7 xlO-' < 5 x "1.7 x 10" 

uo2 9.9 x10' 9.4 x 10" . 8.1 x 10' 
< 7 x lo-' 2.7 x 

"This value determined from analyses of the feed. 
bThis value determined from Na202 fusion samples. 
"This value determined from CsOH dissolution samples. 



Table 11. Target Glass Compositions (Weight Percent) 

Eu-154 
Eu-155 

Oxide I EnveIopeA I EnvelopeB I EnvelopeC 
I I I 

< 6 x  10” < 6 x  10” < 2 x  
< 9 x  IO” < 9 x  10” < 3 x  lo-’ 

A1203 9.7 8.1 9.9 
4 3 2 0 3  4.3 8.1 3 .O - -  
CaO 4.5 7.0 4.8 

Cr203 0.01 0.10 0.01 
Fe203 7.4 8.0 6.4 
K20 2.3 0.37 0.37 
Li20 2.1 4.1 4.0 
M e 0  2.1 3 .O 3 .O 
NalO 20 10 20 
Si02 41 44 42 
ZnO 3.3 4.0 3.3 

I 

Zr02 I 3.1 3.0 3 .O 
Total 1 100 100 100 

Comparing results in Table I to those in Table 11, 
one can see the major oxides (those present at above 0.4 
weight %) were within 10 % of the target concentrations. 
Results from the two different dissolution methods were 
also within . lO YO of each other for all major oxides. 

Results presented for the chemical analyses were 
from ICP-ES, AA, or ICP-MS analyses. Each oxide 
concentration in Table I is the average of the values from 
the two dissolution methods. For some of the oxides, 
results were only available from one of the dissolution 
methods. These cases have been noted in Table I. 

A standard Coming uranium glass was analyzed in 
parallel with each glass waste form. The measured 
composition of the standard was consistent with the 
composition previously reported for all elements except 
Mn. Analysis of the standard glass indicated the Mn 
results may have been biased low by as much as 40 %. 

Most of the species in the LAW glasses were 
determined by direct analyses. Concentrations of C1, F, 
P, S, and Zr were Calculated from feed stream 
concentrations. Direct analyses of these elements were 
not possible with the dissolution methods used. The C1, 
F, and S concentrations are therefore upper limits since 
some of these species were expected to have been 
released during vitrification. 

2. Radionuclide Composition. Radionuclides 
were present at sufficiently low concentrations to meet 
requirements set by DOE.’ The measured radionuclide 
concentrations have been given in Table 111. Transuranic 
radionuclide concentrations were less than 60 nCi/g. 

Table 111. Glass Radionuclide Concentrations (pCi/g) 

- 
Total alpha and beta concentrations were measured 

by liquid scintillation counting, Am-241, CO-60, Cs-137, 
Eu-154, and Eu-155 by gamma PHA, and Np-237, Pu- 
239, Pu-240 and Tc-99 by ICP-MS. The upper limit for 
the Pu-238 concentration was determined from the total 
transuranic-radionuclide concentrations. 

Sr-90 concentrations were calculated by subtracting 
the Cs- 137 and CO-60 concentrations from the total 
concentrations of beta-emitting radionuclides. The 
resulting values were divided by two since Sr-90 was in 
secular equilibrium with its daughter Y-90 and both 
decay by loss of a beta particle. 

The measured dose rate of a one gram sample inside 
a plastic scintillation vial indicated that the radiation 
exposure to a hand holding the vial would be 3 
mremhour for the Envelope A glass, 4 mremhour for 
the Envelope B glass, and 11 mremhour for the 
Envelope C glass, due primarily to the gamma produced 
from the Cs- 137ma- 137m decay. _ -  

Essentially all of the radioactivity in these glass 
waste forms was from decay of Cs-137/Ba-I37m, Sr- 
90N-90 and the alpha-emitting radionuclides. For all 
radionuclides present at concentrations above 0.1 pCi/g, 
results from the two dissolution techniques were within 
20 Yo. 

Results in Table I11 show the Envelope B glass 
contained a relatively-high alpha-emitting radionuclide 
concentration. During pretreatment of this stream, more 
than 95 YO of the alpha radioactivity was shown to be due 
to Cm-244 which is not a transuranic radionuclide. 



Correcting for Cm-244, the transuranic radionuclide 
concentration in this glass was less than 0.06 pCi/g. 

3. Microstructure. SEM photographs (Figure 
1) showed no crystals were present. The SEM analyses 
showed that each glass sample contained an amorphous 
phase and some small pieces of steel or brass from the 
grinder and sieves that were used to prepare the glasses 
for the leach tests. Because the glasses were rapidly 
cooled, the effect of crystallization during slower cooling 
in a canister cannot be determined from these results. 

B. LeachTests 

Glass waste forms were tested using a 20 "C PCT, 
and a modified TCLP. PCT results indicated the waste 
forms met DOE durability requirements. TCLP results 
showed the waste forms would not be considered 
characteristically hazardous. 

1. Product Consistency Test. Durability of the 
glasses was measured by the PCT (ASTM Test C 1285- 
94): The PCT is a static seven-day leach test that has 
been used to determine the durability of glass waste 
forms. EA glass was used as a standard. The results are 
given in grams of glass leached per liter of leachate. 

In addition to the triplicate ground glass samples and 
duplicate EA ground glass samples, a single blank was 
subjected to the 7 day PCT at 20 "C. Therefore, a total 
of sixteen tests were performed. Results from the blank 
analyses have not been presented in this report. Average 
normalized releases are given in Table IV. These release 
-results are averages of the triplicate sample tests. Results 
for the EA glasses are averages of the duplicate standard 
tests. Results had precisions of better than 10%. 

Table IV. 20 "C PCT Results of LAW Glass 

Normalized PCT Release (g/L) 

Figure 1. SEM Photographs-Envelope A (Top), 
Envelope B (Middle), Envelope C (Bottom) Glasses 

All glasses met the DOE specificatiQn, i. e. Si 
fractional release rates were below the maximum values 
allowed. Except for Na and Li releases from the 
Envelope C waste form, all waste glass releases were 
lower than the EA glass releases. 



The results for Envelope A and B glasses indicate 
normalized release rates were lower than rates of the EA 
glass for the four components reported. Final leachate 
pH values were very similar for Envelope A and EA 
glass samples. Final Envelope B leachate pH values 
were slightly less than the EA glass average. 

Envelope C glass leachates showed lower release 
rates for both B and Si than the EA glass leachates. 
However, normalized releases of Na and Li were slightly 
higher, by about 16% and 6% respectively, than the 
average EA glass leachates. The final pH value for 
envelope C glass leachates of - 10.4 was also higher 
than the EA glass leachate average of - 10.1. 

2. Toxicity Characteristic Leaching Procedure. 
The toxic chemical leach characteristics of the glass 
waste forms were measured by the TCLP (EPA Method 
1311): This test was performed remotely in the SRTC 
shielded cells. Because the temperature could not be 
controlled to 23 f 2 "C, the tests were performed at 
ambient temperature. 

Results from TCLP tests have been given in Table V 
for the RCRA metals. Because the tests were performed 
between 27 and 30 "C (not 23 +- 2 "C), results given in 
Table V are more conservative than results from a 
standard TCLP.5 Under these rigorous conditions, 
releases were still below the RCRA limits. 

Table V. TCLP Results of LAW Glass 

< 1  I 1 1 

I 

Se I c0 .2  I <0.2 I c0 .2  I 1 I 
Although it was not required by the EPA procedure, 

a standard was tested in parallel to the glass waste forms. 
Concentrations in the standard leachates were either 
within the acceptable range (as provided by the vendor) 
or slightly high (due to the elevated temperatures at 
which these tests were performed). Results from the 
standard analyses have not been presented in this report. 

Some of the metals were not present in the glass 
waste forms in concentrations that would have failed 
TCLP even if 100 % were to leach into the extraction 
fluid. For these elements, the maximum possible 
concentration (assuming 100 % extraction) has been 
given in Table V. These included As, Hg, and Se for all 
of the waste forms. In addition, Ag and Pb 
concentrations for Envelope A and Envelope B glasses 
were expressed as the maximum possible concentrations. 

IV. CONCLUSIONS AND DISCUSSION 

The results from this study indicated the LAW 
glasses met requirements set by DOE. These 
requirements included a minimum waste loading, 
production of a durable nonhazardous waste form, and 
maximum radionuclide concentrations in the glass waste 
forms. In addition, SEM analysis showed the glass waste 
forms contained no crystals. 

The formulations used for these-waste forms easily 
met the requirements specified by DOE for waste 
loading in the glass waste forms. The glass waste forms 
were 26 weight % waste for the Envelope A waste 
stream, 13 weight % waste for the Envelope B waste 
stream, and 17 weight % waste for the Envelope C waste 
stream. For the waste streams used in this study, 
minimum allowable waste loadings were equivalent to 
18 weight % for Envelope A, 7.6 % for Envelope B, and 
14 % for Envelope C. 

Radionuclide analyses showed the glass waste forms 
met the DOE requirements. Transuranic radionuclide 
concentrations were less than 60 nCi/g of glass. Because 
this was below the 100 nCi/g limit, these glass waste 
forms met the requirements for dispoal as LAW rather 
than transuranic waste. In addition, concentrations of 
other radionuclides, e.g. technetium-99 and cesium- 137 
were low enough to meet to DOE requirements.' 

PCT results indicated the glass waste forms were - - 

sufficiently durable to meet the fractional release 
requirements. Fractional release rates were well below 
the maximum allowable by DOE.' TCLP results 
indicated the glass waste forms were not 
characteristically hazardous. Concentratlons of all 
RCRA metals in the extraction fluids were below the 
RCRA limits for characteristically hazardous waste. 
This was true even though the conditions used for these 
tests were more rigorous than the standard TCLP. 



SEM analyses indicated no crystals were present in 
the glass waste forms. Although this observation does 
not prove crystals would not be produced in cases where 
the glasses are cooled under more prototypic conditions, 
the absence of crystals is consistent with VSL results 
from studies with nonradioactive glasses. 

This demonstration supported use of the technology 
being proposed by BNFL for immobilization of 
Envelope A, B, and C Hanford tank waste. The three 
LAW streams were immobilized into durable, 
nonhazardous glasses based on formulations provided 
by VSL. 
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