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1.0 Summary

This report describes the results of a glass feasibility study on vitrification of Oak Ridge National
Laboratory (ORNL) Gunite waste into an Iron Phosphate glass. This glass feasibility study is part
of a larger ORNL Gunite and Associated Tanks Treatability program (TTP#SR1-6-WT-31) [1]. The
treatability program explores different immobilization techniques of placing Gunite waste into a glass
or grout form for long term storage.

ORNL Gunite tanks contain waste that originated from years of various ORNL Research and
Development programs. The available analyses of the Gunite Waste Tanks indicate, uranium and/or

thorium as the dominant chemical constituent (50 % +) and Cs137 the primary radionuclide [1]. This
information was utilized in determining a preliminary iron phosphate glass formulation. Chemical
and physical properties: processing temperature, waste loading capability, chemical durability,
density and redox were determined.

2.0 Introduction

The research objectives of the glass feasibility study were to:

1) Develop an iron phosphate glass with a maximum Gunite waste oxide loading for
Gunite Tanks 3 and 4.

2) Determine retention of Cs137 in the glass.
3) Assess glass properties.

The iron phosphate glass formulation was based on a glass composition developed at the University
of Missouri-Rolla [2]. This glass family has also been used at Savannah River Technology Center
(SRTC) for plutonium vitrification [3].

Fifteen 50 gram batches of glass and five 100 gram batches of glass were melted. Ten 50 gram
batches of glass were made as proof of glass formation. Adjustments were made to the glass
composition were based on the results from X-ray Diffraction (XRD) and Scanning Electron
Microscopy (SEM). Several 50 gram batches of glass were then melted to determine the maximum
Gunite waste loading (oxide basis).

The waste oxide loading in the iron phosphate glass was determined by completing five 50 gram
melts. Melts casted differed from 15 weight percent to 40 weight percent oxide basis. Upon visual
inspection of the 40 weight percent oxide loading glass, undissolved material was found in the melt.
No undissolved material was detected by visual inspection of the 15 through 35 weight percent
Gunite waste loading glasses. XRD and SEM confirmed vitreous products had been made for the 15
to 35 weight percent oxide loading glasses. The batch size was increased to 100 grams of glass and
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five melts were completed. These glasses, containing up to a 35 weight percent oxide Gunite
loading, were submitted for elemental analyses.

A different Iron Phosphate formulation was tested on two 50 gram batches containing a 40 and 45
weight percent (oxide basis) Gunite loading. These glasses were submitted for analyses. The
analytical results from these glasses have not been reported yet. A revision will be made as soon as
the data is available.

To assess the viability of the glass the following properties were determined:

1) Processing Temperature
2) Waste Loading Capability
3) Chemical Durability

4) Density

5) Redox

3.0 Glass Preparation

The preliminary Gunite waste composition utilized in the iron phosphate glass was provided by
chemical analyses of a sample from a waste stream. The analyses of the waste stream indicated
uranjum as the predominant component (based on elemental wt.%) and Cs137 as the primary
radionuclide targeted for retention [4]. The preliminary Gunite waste composition is listed in Table
1.0. The components are listed in descending order based on oxide weight percent.

A Gunite simulant was made from the waste composition leaving uranium and organic carbon
components out. Uranium oxide (UO3) and activated carbon were selected as suitable components
for the Gunite simulant (based materials used during previous ORNL campaigns). Iron phosphate
glass was batched by mixing uranium oxide (UO3), gunite simulant, activated carbon and glass
formers together. Constituents of the iron phosphate glass were both wet and dry batched and
placed in a furnace for melting (wet batched constituents were dried before melting).

During the initial batching of the glass (50 gram batches), undissolved material appeared in the melt.
XRD and SEM identified the undissolved material as sodium iron phosphate and aluminum
phosphate. A review was performed of the spreadsheet and an error was discovered which caused
to much sodium to be added to the glass. The error was corrected and the glasses were rebatched.
No undissolved material in the melt was observed visually. These glasses were then resubmitted for
XRD and SEM analyses. No crystals were detected by XRD or SEM instrumentation.

After the initial successful melts were made, the maximum waste loading was determined. A
maximum waste loading of 35 wt.% was achieved with no undissolved material appearing in the
melt (confirmed by XRD and SEM). Five 100 gram batches of glass were dry batched and melted
having 0 up to 35 wt.% Gunite waste loading. The zero weight percent Gunite waste loading glass
was batched to have a standard to compare to the other glasses to. The targeted waste loadings were
0, 20, 25, 30 and 35 weight percent. XRD patterns of these glasses appear in Figures 1.0 - 4.0.
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Table 1.0

Preliminary Gunite Waste Composition

Component Mass (kg) Wt% (solids)
UO3 1846 78
NayO 286 12
Al,O3 168 7
P,0s 19 0.8
CaO 17 0.75
Fey03 13 0.54
*QOther 55 0.91

Note: Cs137 is the primary radionuclide

* Remaining components added together.
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Figure 1.0
XRD for 20 wt.% Gunite Loading
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Figure 2.0

XRD for 25 wt.% Gunite Loading
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Figure 3.0

XRD for 30 wt.% Gunite Loading
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Figure 4.0

XRD for 35 wt.% Gunite Loading
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4.0 Glass Melting

Thermolyne®, CM High Temperature - Model 1712 and a Applied Technology Systems furnaces
were utilized to perform all of the iron phozghate melts. The melting temperature of the glass ranged

between 1050°C and 1100°C (Thermolyne™ furnaces were kept below 1100°C). All 100 gram melts
were dry batched and placed into labeled 250 ml alumina crucibles.

'The ramp rate for the furnaces was approximately 14°C per minute. This ramp rate was determined
after the first five 50 gram melts were completed. It was necessary to ramp past 250°C as quickly as
possible, to minimize the sublimation of phosphorous pentaoxide at that temperature[6]. The melts
were held at 1050°C for approximately three hours to ensure glass homogeneity before removal from
the furnace.

After three hours, the melts were removed from the furnace and poured into graphite molds. The
graphite molds were placed in a preheated annealing furnace at 500°C for approximately one hour.
After cooling, the melts were visually inspected for crystal growth. To confirm that vitreous
character, the melts were sent for XRD.

Visual observations of the alumina crucibles detected no signs of pitting or cracking. The melt line
of the crucible was also observed after breaking the crucible in half, no corrosion or cracking was
observed.

5.0 Devitrification Study

A simple devitrification study was performed on 30 weight percent oxide Gunite waste loading piece
of glass. This piece of glass was melted at 1050°C in a Thermolyne® furnace for three hours with a
ramp rate of 14°C per minute. The glass was poured into a graphite mold and allowed to cool for a
few seconds. The glass piece was then placed on a alumina crucible lid and placed into a
Thermolyne® furnace preheated to 700°C. After 24 hours, the piece of glass was removed from the
furnace and visually observed for any crystal growth The glass was submitted for XRD to determine
if the product was still vitreous. No crystal growth was detected by the XRD instrumentation.
Figure 5.0 shows the XRD pattern for this piece of glass.

6.0 Cs137 Retention Study

A Cs137 retention study was performed on two melts to determine the retention of Cesium in the
glass. Glasses containing a 30 and 35 weight percent Gunite loading were wet batched and spiked

with Cs!37 and allowed to dry overnight in a 90°C preheated CM High Temperature - Model 1712
furnace. The furnace heating schedule used for these melts appears on the next page:

8
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Table 2.0
Furnace Heating Schedule

Temperature Rate

90°C - 300°C 3.5°C/min
300°C (dwell) 0.5 hour
300°C-500°C | 6.7°C/min
500°C (dwell) 3.0 hours
500°C -700°C | 6.7°C/min
700°C (dwell) 2.0 hour
700°C-900°C | 6.7°C/min
900°C (dwell) 2.0 hours
900°C - 1150°C 8.3°/min
1150°C(dwell) 2.0 hours

=
ek |
ppws¢wéwwrk

This study was conducted at a higher temperature (1150°C vs. 1100°C) for the iron phosphate glass
to provide a preliminary conservative test of Cs retention. The melts were removed from the furnace
after dwelling at 1150°C for three hours. They were poured into graphite molds and placed in the
annealing furnace preheated to 500°C for one hour. They were removed from the annealing furnace
after one hour, and allowed to cool at room temperature. The glass was submitted for XRD, Rad
Screens and ICP analyses. The XRD instrumentation detected no crystal growth, Rad Screen and
the ICP results are yet to be reported. The XRD for this glass is found in Figure 6.0 and 7.0. A
revision will be made as soon as the data is available.

7.0 Analyses
7.1 Chemical Analyses

Glass samples from the five 100 gram and two 50 gram glass samples were submitted for elemental
analysis by Inductively Coupled Plasma. The solutions used for ICP analysis were prepared by two
separate dissolution procedures to provide an independent comparison. The two methods used for
the dissolutions were the Sodium Peroxide Fusion and the Microwave - Acid [5].

Each method of dissolution has certain disadvantages associated with it and these are noted below.

Sodium Peroxide Fusion

1. This method cannot be used for determining sodium (sodium peroxide
addition), nickel (crucible material) or zirconium (crucible material).

2. The high concentration of acid and dissolved solids may affect the
performance of the nebulizer in ICP determinations.

9
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Microwave - Acid

1. This method cannot be used for determining boron (boric acid addition)
and silicon (ICP torch and spray chamber fabricated of silicon
containing materials).

2. This method is also not recommended for analyses of rare earth
elements (due to the formation of fluoride precipitates).

Tables 3.0 through 7.0 present the results obtained from the ICP analysis for the five 100 gram glass
samples. These tables compare the normalized target oxide composition to analyzed oxide
composition numbers (normalized) for the glass. Six major components of the glass having a
concentration greater than 0.20 wt% are recorded in these tables.

The percent error ranges for each of the six components for the different Gunite waste loadings are
listed below.

Component Range

1. P>0s5 +1.00 to -6.00

2. NayO -0.60 to +14.00
3. FeyO3 +3.00 to +16.00
4. CaO +12.00 to +43.50
5. Al,O3 +9.40 to +34.00
6. U03 -11.70 to +6.00

The errors recorded for the glasses could be contributed to analytical and batching errors. However
the results recorded for the 35 wt%(oxide) Gunite loading do not trend the like the others. There
could be possible analytical errors leading to the unusual trend of these numbers. Removing the
percent errors contributed by the 35 wt% (oxide) Gunite loading, one can see the range of error
becomes smaller. The error recorded for the Aluminum oxide remained high even though the results
of the 35 wt% Gunite loading were removed. Macroscopic dissolution of the crucible was detected,
however.

?

Component Range

1. P205 -1.95 to0 -6.00

2 NaO -0.60 to +7.70

3. Fe,03 +3.00 to +8.40
4. Ca0 +12.00 to +19.00
5. AlLO3 +33.00 to +34.00
6 U03 -0.70 to +6.00

Figure 8.0 shows a graph of the different components plotted as the Gunite waste loading is
increased. The graph shows ferric oxide in the glass is decreasing as the Gunite waste loading is
increasing. This trend is noticeable, because the Gunite waste is replacing the iron oxide
(phosphorous pentaoxide being held constant when possible) in the glass. Therefore, there should
be an increase in sodium oxide, aluminum oxide, uranium oxide and calcium oxide. This trend is
confirmed by the graph. Calcium oxide is not plotted on this graph due to this component making up
only 0.23 wt% in the glass.

10
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Figure 5.0
XRD for 30 wt.% Gunite Loading - Devitrification Study
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Figure 7.0

XRD for 35 wt.% Gunite Loading - Cs137 Study
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Table 5.0

Chemical Analysis of FeP Glasses from ICP Results

25 wt% Results

Component Target Weight % Actual Weight %
Oxide(Normalized) Oxide(Normalized)

P20s5 55.81 52.44

NayO 3.09 3.25

Fep03 19.47 20.85
CaO 0.21 0.25

AlLO3 1.87 2.49

UO3 19.55 20.70

Table 6.0

Chemical Analysis of FeP Glasses from ICP Results

30 wt% Results

Component Target Weight %

Actual Weight %
Oxide(Normalized)

Oxide(Normalized)

P,0s5 55.48 53.43
NayO 3.67 3.84
FepO3 14.97 16.22
CaO 0.23 0.27

AlLO3 2.19 2.93
UO3 23.46 23.30

15
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Table 7.0

Chemical Analysis of FeP Glasses from ICP Results

35 wt% Results

Component Target Weight % Actual Weight %
Oxide(Normalized) Oxide(Normalized)
P20s5 55.17 55.75
NayO 4.30 4.90
FepO3 10.38 12.03
CaO 0.23 0.33
AlLO3 2.55 2.79
UO3 27.38 24.21

16



WSRC-TR-96-0084, Rev.0

Figure 8.0

Chemical Analysis of FeP Glass
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7.2 Chemical Durability
7.2.1 Product Consistency Test (PCT)

The PCT test was developed at Savannah River Technology Center and was established as an ASTM
procedure (ASTM C-1285) to determine glass durability [7, 8]. Five glass samples from the 100
gram batches (0-35 wt % Gunite) were submitted for analysis.

The glass samples are crushed to 100-200 mesh and subjected to a seven day leaching in ASTM
Type-I water at 90°C. A standard glass (ARM-1) was also subjected to the test at the same time as a
check for bias in the data [9]. After seven days, the leachates are filtered to remove
colloids/particles. The pH of the leachates are measured and the solutions are analyzed for elemental
content (ICP).

The results for the standard glass and glass samples are analyzed and reported in triplicate. The
leachate concentrations are reported as normalized elemental mass losses released from the grams of
glass dissolved per liter of leachant. Since the surface area and the solution volume were held
constant during the PCT test, the elemental mass loss can be expressed as given below:

NC;j = Ci/(Fi * 1000)

where

NCj = Normalized mass of element “i” in solution (ggiass/Licachate)

Ci = Mass of element “i” in the solution (gi/m3)
Fj = fraction of element “i” in the glass (gi/gg1ass)

The current acceptance criteria for acceptable release rates is based on the 131 Stage 2 glass which is
qualified in the DWPF Environmental Assessment ( better known as EA glass). To meet the current
acceptance criteria, the release rates for glasses must be better than the EA glass [9]. The EA glass
release rates are based on a borosilicate glass.

Boron and alkali elements are considered to be the most accurate indicators of a leach test response in
a borosilicate glass [9]. The iron phosphate glass does not contain any boron, but does contain
sodium. The sodium release rate for the glass was compared to the EA glass. The release rates are
plotted as a function Gunite waste loading verses grams of glass dissolved per liter of leachant in
Figure 9.0. The release rates along with pH are recorded in Table 8.0.

The release rate for sodium is better than the release rate for the EA glass by a factor of 5 to 10,
depending on the Gunite waste loading. The other trend noticed was as the Gunite waste loading
was increased, the release rate for soluble components in the glass were also increased. This
increase can be explained by the reduction in the amount of iron added to the glass as the Gunite
waste loading is increased. Appendix A contains the raw PCT results.

18
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Figure 9.0

Effect of Gunite Waste Loading on FeP Glass Durability

Effect of Gunite Waste Loading on FeP Glass Durability
ASTM C-1285 Test Method (PCT)
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7.2.2 Toxicity Characteristic Leaching Procedure (TCLP)

The Toxicity Characteristic Leaching Procedure (TCLP) is a test defined by 40 CFR 261. To
determine release of RCRA (Resources Conservation and Recovery Act) materials from 9.5 mm
screen ground glass when subjected to buffer leaching solutions of a pH of 3.0 or 5.0 [10].
Selection of the leaching solution is based on the alkalinity and the buffering capacities of the glass.
The leaching solution is added 20:1 liquid - solid ratio, and the sample is agitated in a National
Bureau of Standards (NBS) rotary tumbler at 30 rpm for 18 hours. The leaching solution is filtered,
and analyzed for specific organics and metals [10].

Five samples from the 100 gram glass samples were submitted for TCLP. The results from this test
have not been reported. A revision will be made as soon as the data is available.

7.3 Density

Density measurements were performed on the 100 gram batches of the iron phosphate glass utilizing
ASTM C 693-74 "Density of Glass by Buoyancy" [11]. Temperature, barometric pressure, weight
of sample in air and weight of sample in water were recorded. The data

obtained for each piece of glass was placed in the following equation to obtain the density:

P =(PwWa—PpaWw )/ (Wa-Wy)

Where:
p = Glass density.

pw = Density of water corrected for temperature and pressure.
Wa = Weight of sample in air.

Wyw = Weight of sample in water.

pa = Density of air corrected for temperature and pressure.

The density values for the 100 gram pieces of glass are recorded in Table 9.0.

20
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Table 8.0

Normalized Elemental Releases and pH Measurements from PCT Results for FeP

Glasses
Weight % Glass ID Final pH NCna NCp NCg NCre
Gunite

0 FE-GO 4.14 0.12 g/lL 0.02 g/L. - 0.00 g/L.
20 FE-20 3.86 0.36 g/ 0.11 g/L - 0.00 g/L
25 FE-25 3.85 0.51 g/ 0.18 g/L - 3.2E-4 g/L
30 FE-30 3.56 1.09 g/L. 0.48 g/L - 6.4E-5 g/L
35 FE-35 3.39 1.77 g/L 0.94 g/L - 2.7E-5 g/l

ARM 9.77 38.65 ppm - 1822 ppm  0.05 ppm

Note: The NCna response for the EA glass under these PCT conditions is 13.35 g/L.
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Table 9.0

Iron Phosphate Glass Density

Glass ID Wt.% Gunite Density
(Oxide basis) Lg@:;)
FeP 0 0 2.97
FeP 20 20 3.13
FeP 25 25 3.01
FeP 30 30 3.22
FeP 35 35 3.21
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7.4 Reduction/Oxidation (Redox)

Glass samples were submitted for Fe+2/YFe by the Mossbauer to determine redox state of the glass.
All of the samples were found to be below the detection limit for the Mossbauer, except for the zero
weight percent Gunite waste loading. The results of the Mssbauer indicated that the glass melts
were all oxidized. The results are recorded in Table 10.0.

Table 10.0

Iron Redox for Iron Phosphate Glass

Glass Sample ID  Wt.% Gunite Fe2+/SFe
(Oxide basis)
FeP O 0 0.19
FeP 20 20 BDL*
FeP 25 25 BDL*
FeP 30 30 BDL*
FeP 35 35 BDL*

*  BDL - Below Detection Limit (0.10)

8.0 Conclusions

The following conclusions were obtained from the results of this feasibility study:

1) Iron phosphate glasses containing Gunite waste up to 35 weight percent (oxide) were
achieved.

2) The melting temperature for the Iron Phosphate glasses ranged from 1050°C to 1100°C.
Determination of the melting temperature was important due to the volatility of Cs" at

higher temperatures. A test of Cs volatility at 1150°C was also performed.

3) The durability of the Iron Phosphate glass is significantly better than EA glass. EA glass is
used as a standard for the acceptance of High Level Waste glass to a repository. High Level
Waste glass must be below the standard release rates of the EA glass for acceptance to a
repository.
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4) The density of the glass ranged between 3.0 to 3.2 g/cc.

5) All glasses made were below the detection limit (0.1) for Fe+2/3 Fe for
Méossbauer, indicating all melts were oxidized.
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Appendix A

PCT Raw Data
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Table 11.0

PCT Results for ARM Glass
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Tablel12.0

PCT Results for Fe-20 Glass
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Table13.0

PCT Results for Fe-25 Glass
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Table14.0

PCT Results for Fe-30 Glass
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