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Executive Summary

Pacific Northwest National Laboratory (PNNL) staff have completed a series

a recommended vitrification processing step for plutonium-bearing incinerate

Rocky Flats Environmental Technology Site (RFETS). Testing was perform

scale using nonradioactive surrogates and at small scale using Pu-bearing incin

sentative of RFETS materials. The following observations and conclusions w

two sets of tests.

● For both the small-scale and full-scale tests, process upsets W(

when a filly calcined ash was vitrified. For the full-scale tests

calcination was determined fi-om offgas data collected during c:

small-scale tests, the degree of calcination was determined fion

analysis (TGA) of the calcined ash.

● For fill-scale tests, four hours were required to heat the entire

container to 700”C. Another four hours were required for the

container to cool to 200”C. Forced cooling was not used.

● For full-scale tests, using a finer glass tit (<200 mesh size) de~

required to heat the container contents relative to a coarser gla:

size). The decrease in time was typically 25°/0.

● All full-scale tests subjected to the recoverability test easily p:

of 15 g Cc/kg final product. Samples from tests that did not e>

upsets were about five times better than the results from a tesl

enced 40+0/0 volume expansion during processing (e.g., five tin

recovered for samples from tests that did not experience proc(

● Small-scale tests verified that a good final product could be ma
glass frit. Five out of the six radioactive final products passed

test criterion of 15 g Pu/kg final product. The one sample thal

experienced significant volume expansion during vitrification.

● Results from small-scale tests containing both plutonium and c

cerium is more easily leached during the recoverability test. TI

observed was a factor of 2 to 4. For the recoverability test, th

cerium is a conservative surrogate for plutonium.

...
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1.0 Introduction

In 1997, Pacific Northwest National Laboratory (PNNL) staff developed a processing option for

incinerator ash at the Rocky Flats Environmental Technology Sites (RFETS). This work was

performed with support from Los Alamos National Laboratory (LANL) and Safe Sites of

Colorado (SSOC). A description of the remediation needs for the RFETS incinerator ash is

provided in a report summarizing the recommended processing option for treatment of the ash

(Lucy et al. 1998).

The recommended process flowsheet involves a calcination pretreatment step to remove

carbonaceous material followed by a vitrification processing step for a mixture of glass tit and

calcined incinerator ash. Using the calcination pretreatment step to remove carbonaceous material
reduced process upsets for the vitrification step, allowed for increased waste loading in the final

product, and improved the quality of the final product. Figure 1.1 illustrates the flow sheet for

the recommended processing option for treatment of RFETS incinerator ash.

Container
Unpacking
and Staging

H%%’’%+-lcdc’ation

Material Sampling
and Bag out

I I

*

-i

Furnace
Heating

(Agglomeration) -1
Weighing,

Frit Addition,
and Blending

Figure 1.1. Recommended Flowsheet for Treatment of RFETS Incinerator Ash
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Iri 1998, work at PNNL further developed the recommended flow sheet through a series of

studies to better define the vitrification operating parameters and to address secondary
processing issues (such as characterizing the offgas species from the calcination process).

Because a prototypical rotary calciner was not available for use, studies to evaluate the offgas

from the calcination process were performed using a benchtop rotary calciner and laboratory-

scale equipment (Lucy et al. 1998).

This report focuses on the vitrification process step after ash has been calcined. Testing with

full-scale containers was performed using ash surrogates and a muffle furnace similar to that

planned for use at RFETS. Small-scale testing was performed using plutonium-bearing

incinerator ash to veri~ performance of the waste form. Ash was not obtained from RFETS

because of transportation requirements to calcine the incinerator ash prior to shipment of the

material. Because part of PNNL’s work was to characterize the ash prior to calcination and to

investigate the effect of calcination on product quality, representative material was obtained from

LANL. Ash obtained from LANL was selected based on its similarity to that currently stored at

RFETS. The plutonium-bearing ashes obtained fi-om LANL are likely from a RFETS incinerator,
but the exact origin was not identified.
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2.0 Experimental Approach

Testing was performed to further develop the vitrification processing parameters for the

treatment of RFETS incinerator ash. Two activities were performed in support of this effort:

1) fill-scale testing using ash surrogates and a furnace similar to that proposed for use at RFETS,

and 2) small-scale testing with plutonium-bearing incinerator ashes representative of RFETS ash.

Full-scale tests were performed to evaluate the factors affecting processing time. Small-scale

tests were performed to evaluate the performance of the final waste form with radioactive

material. This section describes the general methods used to evaluate the vitrification process.

2.1 Full-Scale Testing

Ash surrogates were used for fill-scale vitrification testing. Table 2.1 shows the composition of

the ash surrogates prior to calcination. The composition for the U of M Ash was determined

using inductively coupled argon plasma with atomic emission spectroscopy (ICP-AES), with the

carbon content determined from weight loss measurements. Two complimentary fisions were

performed to prepare samples for analysis: one with potassium hydroxide in a nickel crucible

and the other with sodium peroxide in a zirconium crucible. The solution fi-om each fision was

measured with ICP-AES. The composition of the remaining ash simulants is based on the

formulation prepared by the vendor. Also included in Table 2.1 is the estimated composition

range of individual constituents in the RFETS incinerator ash.

Some of the ash was calcined in a benchtop rotary calciner, with the bulk of the ash calcined in

batches inside of a muffle furnace (Figure 2.1 shows the rotary calciner without the inner stain-
less steel tube). A muffle furnace was used for calcination of the ashes because the benchtop

rotary calciner was not of sufficient size to produce, in a reasonable amount of time, the kilogram

quantities of calcined material needed for fill-scale testing. Using a muffle furnace, two-to three-

kilogram batches of ash surrogate could be calcined at a time instead of the 250-gram batch size in

the rotary calciner unit. Although the rotary calciner can process material faster than the batch

calciner, for a similar batch size, the need to staff the rotary calciner made a muffle furnace (which

could be operated unattended overnight) the preferred calcination option for PNNL’s work.

The glass ii-it used for full-scale testing was the alkali borosilicate glass frit NBS-1, which was

developed in 1997 (Vienna et al. 1997; Vienna et al. 1998). Table 2.2 shows the composition of
the NBS-1 glass fiit. Two different frit sizes were used for testing: a coarse fit around 100

mesh (=1 40 microns) and a fine frit that was less than 325 mesh (=40 microns). Different frit

sizes were used to determine whether there was a difference in heating rate for the batch (glass
frit plus ash).
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Table 2.1. Composition of Ash Surrogates Before Calcination

Com- Uof M RFETS RFETS RFETS
pound ash Mix A Mix B Iylixc Mix D Min Ave.

SiOz 29.48 73.17 14.99 43.29 14.15 14.17 48.49 74.10

BZ03 2.39 0.96 2.77 1.83 3.27 0.32 1.76 3.2

Na20 2.83 1.22 0.59 1.44 0.00 1.20 2.4

CaO 16.29 2.77 5.99 4.82 5.66 1.1 4.05 7.0

MgO 2.17 3.86 5.99 4.83 5.66 0.83 4.57 8.3

Fe203 1.87 4.82 7.99 6.18 7.55 1.1 5.70 10.3

A1203 12.74 4.25 5.00 4.35 4.72 0.95 3.33 5.7

zro~

c 9.65 6.36 39.96 21.62 37.74 7.5 21.75 36.0

Plastic 2.42 4.72

Paper 0.48 0.94

CeOz 1.93 14.99 8.11 14.15

BaO 0.39 0.58 0.89 1.2

cl 1.06 0.47 0.23 “ 0.8 2.70 6.4

Crz03 0+05 0.44 0.66 0.88

Cuo 0.63 0.97 1.3

F 1.88 0.94

KZO 1.83 0.63 0.31 0.24 0.72 1.2

Mno 0.05 0.03 0.06 0.08

NiO 0.25 0.45 0.64

P~o~ 11.01 0.23 0.23 0.23

PbO 0.48 0.58 0.75 0.92

SOS 1.92

Sro

SnO 0.40 0.0 0.13 0.25

Ti02 3.75 1.0 1.35 1.70

Zno 1.64

TOTAL 100.00 100.00 100.00 100.00 100.00 NA NA NA
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Figure 2.1. Benchtop Rotary Calciner Without Stainless Steel Inner Tube

FuI1-scale testing was pefiorrned in a bottom-loading muffle furnace from CM Furnaces
Incorporated (Bloomfield, New Jersey). The 15’-kilowatt fi.n-nace is similar in dimension and

specification to furnaces planned for use at RFETS with the exception that the RFETS furnaces
load through a side door and not through the bottom. A total of six molybdenum disilicide

heating elements are used and are split between two opposing sides of the furnace. The fhrnace

Table 2.2. Composition of the NBS-1 Alkali Borosilicate Glass Frit

II Component Weight Percent II

II A1203 5.0 II
II I 10.0 II
II LizO I 5.0 II

Na20 15.0

SiOx 60.0

ZrOz 5.0
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can be operated manually or with a programmable temperature controller connected to the power

supply. The loading platform is raised and lowered by a screw mechanism that allows for

variable positioning of the platform (e.g., the platform is not limited to the fully closed or fully

opened position). Figure 2.2 shows the CM furnace with the platfomi fully lowered.

The CM furnace is equipped with an access port through the top that is oriented with the center

of the platform. This port provided access for an array of type K thermocouples used to mea-

sure the heating profile (temperature as a function of time and position) of the material within the

Volh-ath container. For each test, five thermocouples were positioned along the vertical centerline

at the following heights: the bottom of the can, 2.5 cm from the bottom, 7.5 cm inches horn the

bottom, 12.5 cm from the bottom, and 17.5 cm from the bottom. The 17.5-cm thermocouple was

usually not in the glass fritiash mixture and tracked the fhrnace temperature. Data were collected

and recorded at five-minute intervals.

Figure 2.2. CM Muffle Furnace with Loading Platform Shown
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2.2 Small-Scale Testing with Plutonium-Bearing Ashes

Three different plutonium-bearing ashes were used for small-scale testing, one obtained fi-om

Hanford and two from LANL. The original source for all three ashes is believed to be RFETS,

but data on the exact origins were not available. Based on limited data on the different

plutonium-bearing incinerator ashes at RFETS, it is reasonable to expect that the ashes from

Hanford (RF Ash- 1) and LANL (BASH lH and TDC 193A) will exhibit behavior similar to the

material at RFETS.

All small-scale tests were performed in gloveboxes in PNNL’s Radiochemical Processing

Laboratory in the 300 Area of the Hanford Site. In general, the small-scale tests involved mixing

as-received or pretreated ash with sufficient glass fi-it to yield a 2 WtO/OPu product; in some cases,

a higher Pu content was targeted. Thermal processing for both the pretreatment and vitrification

was done in a small muffle furnace. Calcination was performed at 700°C in either stainless steel

beakers or porcelain crucibIes, while the sinterkg used a temperature of 800”C and was per-

formed in stainless steel beakers. For some of the ashes, cerium was added as cerium oxide to

about the same concentration (WtO/O)as the Pu present. The purpose of this addition was to

obtain data to compare the leachability of cerium with that of plutonium. Ceriurn is a common

surrogate for plutonium and was used in the full-scale tests. Therefore, knowing the relative
leachability of ceriurn compared to plutonium helped to interpret the data from the full-scale

tests.

To provide a solution for analysis of Pu content in the as-received ash, calcined ash, and sintered

final product, a sodium peroxide fusion was petiormed. A nominal 0.2-g sample was fised with

2 g of sodium peroxide at 500 to 650”C in a zirconium crucible. The cooled fision product was

dissolved in either 0.8 M nitric acid with added hydroxylamine hydrochloride or 0.6 M hydro-
chloric acid solution with added oxalic acid.

The Pu content was determined using gamma energy analysis (GEA) and/or alpha energy analysis

(AEA). Gamma analysis provides ZS8PU,2W%, ZAOPU,z41Am, and ‘2~sAm. Alpha analysis

provides 238Pu + zslAm, and ZS9PU+ Z40PU. Using the ‘2sgPuand ZAOPUisotopics provided by

records or by LAN-L’s nondestructive special nuclear material assay, the Pu mass content was

calculated. Note that, for many of the solutions prepared, one or more of the isotopes were

below the detection limits of GEA. This prevented an accurate calculation of total Pu content.

Cerium content was determined using ICP/AES.

2.3 Recoverability Testing

The primary measure of waste form performance was a recoverability test developed by LANL

and based on previous testing to recover plutonium from residue material (Christianson and

Maraman 1969; Ziegler et al. 1971). This test was intended to provide a standardized method
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for comparing ease of plutonium recovery from wastes amenable to nitric acid dissolution or

leaching. The recoverability test was used during the development of the process flowsheet for

incinerator ash as a means to validate processing parameters. For example, one contributing

factor for the selection of the NBS-1 glass fit over the tin zinc phosphate glass frit in 1997 was

the superior performance of the NBS-1 final waste form (Lucy et al. 1998).

The recoverability test procedure used to evaluate the performance of the waste form generated

from PNNL testing is listed below.

1.

2.

3.

4.

5.

6.

7.

Prepare a sample as prescribed in paragraph 7.1.3 of EPA Method 1311 (US EPA

1992). To ensure compatibility of data, it is important to maintain the particle size

range within close tolerances so that su!-face area, which influences dissolution rate,

does not vary. Therefore, fines will be removed and the procedure will be conducted

on samples that pass through a 9.5-mm sieve but retained on a 6.35-mm sieve. Sam-

ples will be used without size reduction if they are less than 9.5 mm in their native

state.

Prepare a 9 M, nitric acid solution. Add calcium fluoride to the nitric acid solution

(0.25 moles per liter of nitric acid solution). Not all of the calcium fluoride will

dissolve.

Proportion the ratio of solid sample to acid solution so that for every 20 grams of

sample, there is 100 mL of acid solution.

Heat the acid solution to boiling, then decrease the temperature to =30°C below the

boiling point (to avoid boilover during sample addition).

Add sample to the hot acid solution and heat at reflux for at least 20 minutes from the

point of solid addition but not more than 30 minutes. An efficient condenser should

be used so that no solution is lost.

Cool the mixture to a convenient handling temperature (between 20 and 60°C).

Filter the solution through progressively finer glass Buchner funnels with fiitted

disks: coarse (Corning 36060-1 50C or equivalent), medium (Corning 36060-150M or

equivalent), and fine (Corning 36060- 150F or equivalent) until any of the following

conditions are met:

a) the resulting solution does not exhibit cloudiness

b) the resulting solution does not scatter light

c) the fine filter has been used.
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8.

9.

It is permissible to go directly to the fine fit if experience has shown that the mixture

is readily filterable. The intent of this step is to separate dissolved plutonium from

particulate plutonium. ~

Rinse the filter(s) and any remaining solids three times with 20-mL portions of room-

temperature 9 M nitric acid to ensure that dissolved plutonium is removed. The first

rinse aliquot should be used successively on all extraction equipment, followed by the

second and third rinse aliquots.

Combine all filtrates and rinse aliquots and analyze for plutonium. Convert the plu-

tonium concentration in the filtrate to the concentration leachable from 1 kg of final

waste form. Compare the resulting plutonium recoverability number to Safeguards

and Security Attractiveness Level E criteria.

For RFETS incinerator ash, the waste form was to pass a Safeguards and Security Attractiveness

Level E criterion of 15 g recovered plutonium per kilogram of final waste form. For full-scale

testing with nonradioactive ash surrogates, cerium was used as a surrogate for plutonium. A level

of 15 g cerium per kilogram of final waste form was selected as equivalent to the Level E criterion
for the full-scale product from PNNL tests. Small-scale tests with incinerator ash from LANL

used the recoverability procedure as stated above.
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3.0 Observations and Results

Observations and results from the full-scale testing with ash surrogates and the small-scale testing

with plutonium-bearing incinerator ashes are presented in this section. The discussion for fhll-

scale testing is broken down into the different factors studied (e.g., impact of ash type, impact of

frit particle size, and impact of carbon content). Results of recoverability tests performed on the

fill-scale waste form are discussed as one section. Results from testing with plutonium-bearing

ashes are discussed together.

3.1 Full-Scale Testing

Unless otherwise noted, fill-scale testing was performed using a stainless steel container that was

19 cm in diameter and 21.6 cm tall. For all tests, one-half hour was set as the time to bring the

furnace from room temperature to 800”C. Table 3.1 summarizes the parameters for the fill-scale

runs petiormed. Parameters of interest included frit particle size, use of a container insulating

layer, ash loading, ash type, and presence of carbonaceous material. The results fi-om the eight

tests are discussed in terms of these parameters. Temperature profiles for each of the tests are

included in Attachment 1.

Table 3.1. Summary of Test Conditions for Full-Scale Vitrification Studies

daEi12iizlaA-@
1 Mix C 8.97 1.67 Coarse 18.47

2 Mix C 8.97 1.67 Fine 18.60

3@) Mix C 8.97 1.67 Coarse 18.47

4 Mix C 8.97 3.59 Fine 40.01

5 Mix B 20.90 1.66 Coarse 31.83

6 Mix D 20.90 1.87 Coarse 28.99

T(b) Mix A 1.57 0.30 Fine 19.54

8(c) Uof M 0.00 0.00 Fine 19.97

a) Coarse= 100 mesh, fme = 325 mesh.

b) Inner container processed inside a larger container.

c) Tests used uncalcined ash surrogates.
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3.1.1 Impact of Frit Size

Figure 3.1 compares the temperature profiles for selected thermocouples from Tests #1 and #2.

Test #1 used a mixture of coarse NBS-1 glass fiit and calcined Ash C, while Test #2 used a

mixture of fine NBS-1 glass tit and calcined Ash C. The thermocouples selected for comparison

were located 2.5 cm and 7.5 cm from the bottom of the Vollrath container. As seen in Figure 3.1,

the centerline heated faster for the test with fine frit relative to that for the coarse frit. Using

700”C as the’minimum required temperature for producing a good final product, the fine fiit test

reached temperature one hour faster at the 7.5-cm location and about 30 minutes faster at the

2.5-cm location. The reason the fme frit heats faster is probably because of better particle-

particle contact, which results. in better heat transfer from the outside of the container into the

middle of the frit and ash surrogate mixture.

3.1.2 Impact of Container Insulation

For Test #3, the Vollrath container was placed inside a larger stainless steel container (20.3 cm

diameter and 25 cm tall). The concept was to provide an overflow system in the event that
foaming occurred inside of the inner Vollrath container. If the outer container could prevent

.,.,.

— Test #l (Coarse), 7.5-cm

700- -’..-.-. Test #1 (Coarse), 2.5-cm

600-
“--a=-- Test #2 (Fine), 7.5-cm

Test #2 (Fine), 2.5-cm

500- ,,

400-

300-

200-

,

0 60 120 180 240 300 360 420 480

Run Time, minutes

Figure 3.1. Comparison of Selected Temperature Profiles for Coarse Versus Fine Frit Tests
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material from contacting the inside of the firnace, then complete calcination, or the calcination

step itself, would not be required. Calcined ash was used for Test #3 to determine the effect that

this outer container had on the heating rate. Figure 3.2 illustrates the temperature profile for

selected thermocouples of Test #1 and Test #3. Both tests used a coarse NBS-1 ii-it and the

same loading of calcined ash surrogate Mix C.

As seen in Figure 3.2, the presence of the outer container resulted in the centerline reaching

700”C 30 minutes slower than the test without an outer container. The air space between the

two containers in Test #3 provides an insulating layer that reduces the heat transfer rate. This
reduced rate affects both the heating and cooling of the inner container (the temperature decline is

slower for Test #3 than for Test #1 ).

3.1.3 Impact of Ash Loading

For fill-scale operation at RFETS, the amount of plutonium-bearing ash per container is limited

by the plutonium content (estimated to be 87 g fissile gram equivalent) and final plutonium

concentration. For a nominal plutonium level of 5 WtO/Oin the ash, a 2 wtOAlevel corresponds to

— Test #1, 7.5-cm

“.<’-e”>.’Test #1, 2.5-cm

---* -- ~ Test #3, 7.5-cm

-. * --- Test #3, 2.5-cm

700-

600- >..

500- ...

400-

300-

200- ,:

100-

0 60 120 180 240 300 360 420 480

Run Time, minutes

Figure 3.2. Comparison of Temperature Profiles with and Without Insulating Outer Container
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a 40 WtO/O ash loading. Work performed in 1997 showed that a 40 WtO/Oash loading required a

calcined ash to consistently produce a quality final waste form (Lucy et al. 1998).

Figure 3.3 illustrates the temperature profile for selected thermocouples from Tests #2 and 4.

Both tests used the calcined Mix C ash surrogate and fine NBS-1 glass fit. For the 7.5-cm

thermocouple, the higher ash loading needed about 15 minutes more than the lower ash loading to

reach equivalent temperatures. This trend was also observed for the 2.5-cm thermocouple, but

the time difference was only about 5 minutes. The difference shown in the cooling portion of the

curves occurs because the fhmace was turned off sooner in the higher ash loading test. Since the

comparable curves have similar shapes, it would be expected that the curves would almost sit on

top of each other if the higher ash loading test had been heated to the same maximum

temperature.

3.1.4 Impact of Ash Type

As seen in Table 2.2, the RFETS incinerator ash has a wide compositional range. If the main

source of the composition variability is due to different levels of carbonaceous material, then the

700
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..,..-“-’””’....,.. .... — Test #2 (18 wt”~ Ash), 7.5-cm
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Figure 3.3. Comparison of Temperature Profiles for Different Ash Loadings
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calcination step should help to narrow the composition range and create a more uniform ash

waste. If carbonaceous material is not the source of variability, then the calcination step will

produce an ash with a similar composition variability but different concentration levels.

To determine the impact of composition on the vitrification process, tests were performed with

calcined Mixes B, C, and D. For all three tests, a coarse NBS-1 glass tit was used. Because of

the high initial cerium concentration in ash surrogates Mix B and Mix D, a 10 wtYo ash loading

would have been required to get a final cerium concentration below 2 WtO/O. To achieve an ash

loading more representative of the other tests, calcined and cerium-fi-ee U of M Ash was used to

increase the ash loading for Tests #5 and 6.

Figure 3.4 illustrates the temperature profiles of selected thermocouples for Tests #1 and 5. Data

for Test #6 are not shown because the furnace’s controller turned the fiumace off early, and it had

to be manually brought back to temperature. Because of this difference in heating in Test #6,

temperature comparisons cannot be made with other tests. Two complicating factors that

influence the comparison are 1) different ash loading in the two tests and 2) heating to a lower

temperature in Test #5. The profiles shown in Figure 3.4 do not indicate a significant difference

in heating between the two tests. Heating portions of the curves are slightly different, but the

time required to reach 700”C is similar in the two tests. In terms of overall heating, it appears

that the heating is not as uniform for Tests #5 and 1. This is indicated by the separated

temperature curves for Test #5 and the almost identical profiles of Test #1.

i

-,
0 66 lio lio 240 360 3;0 4io 4

Run Time, minutes

o

Figure 3.4. Comparison of Temperature Profiles for Different Surrogate Ashes
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3.1.5 Impact of Carbonaceous Material

Small-scale tests showed that, for some ash loadings, uncalcined ash caused foaming during the

vitrification process step. Two tests were performed to confirm this at full scale. Test #7 was

performed with ash Surrogate Mix A and fine NBS-1 glass frit, while Test #8 used U of M ash

instead of Mix A. An ash loading of about 20 WtO/Owas selected for both tests because foaming

was observed at this level in tests at smaller scale. The Vollrath container was filled 50°/0 full to

allow for volume expansion.

Figure 3.5 illustrates the temperature profile for Test #7 with the uncalcined Mix A ash

surrogate. At the beginning of the test, both the 17.5-cm and 12.5-cm thermocouples were

exposed (e.g., not embedded in the ash and frit mixture). During the first 30 minutes of heating,

the profiles for these thermocouples follow the heating profile for the furnace, which was

expected. However, fluctuations in the profile after 30 minutes indicate the 12.5-cm and 17.5-cm

thermocouples were contacted by foam generated from the ash and glass fiit mixture.

Post-test observations of the container from Test #7 found traces of glass on the inside of the

Vollrath container above the final glass surface. Based on the glass traces, volume expansion was

about 450A. Using the position of the thermocouples, volume expansion was close to 10OO/O.If

the container had been 80 to 90% full, the volume expansion observed for Mix A would have

overflowed the container and contacted the ceiling of the furnace.

900

200

100

!

o 60 120 180 240 300 360 420

Time, minutes

Figure 3.5. Temperature Profiles for Test #7 - Uncalcined Mix A Ash
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Figure 3.6 illustrates &e temperature profile for Test #8, which used uncalcined U of M ash

(9.4 wt% carbon). As seen for Test #7, the temperature profile for the 12.5-cm and 17.5-cm

thermocouples matched that of the furnace. After the furnace was at temperature, the readings

from the 12.5-cm thermocouple indicate contact with foam from the ash and glass frit mixture.

Some foam may have contacted the 17.5-cm thermocouple. Post-test observations did not
identi& any glass on the sides of the container above the initial height of the mixture suggesting

that the foaming was localized to the center of the container and was not that extensive. Based

on the location of the 12.5-cm thermocouple relative to the initial height of the mixture, the

volume expansion was estimated to be about 25°/0. The observed difference in degree of volume

expansion is due to the different carbon material in each ash surrogate. Mix A contained graphite

and was composed of raw chemicals. The U of M ash is from a medical incinerator and contains

carbonaceous material of unknown type.

3.1.6 Recoverability Testing

Samples from Tests #1, #4, and #7 were subjected to the recoverability. These tests were

selected because they represent a range of observed subsidence. Test #4 showed the greatest

subsidence (43 .9Yo)followed by Test #1 (35 .8Yo) and Test #7 (11 .6Yo). In fact, Test #7 had

800-.
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Figure 3.6. Temperature Profile for Test #8 - Uncalcined U of M Ash
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shown signs that volume expansion occurred during processing. The amount of cerium recovered

for the three tests is

Test #1 -0.788 g Cc/kg final product

Test #4 -0.129 g Cc/kg final product

Test #7 -2.64 g Cc/kg final product

Using the criterion for plutonium of 15 g Pukg final product, the results for the tests with cerium

show that the full-scale product passes, even in the test run in which volume expansion occurred

during processing. As will be discussed in Sections 3.2.1 and 3.2.2, for the recoverability test,

cerium, in the form of cerium oxide, is more easily recovered than plutonium.

3.2 Small-Scale Testing

A total of six small-scale Pu-bearing ash vitrification tests were performed. The first two used a

combination of RF Ash- 1, U of M ash, and cerium oxide. The U of M ash was used to bring the
ash loading content to above 35 wtYo. This was necessary because the Pu content of RF Ash- 1

was 16 wtOAand required an 8:1 dilution to get down to 2 wtOAin the final product. Without the

addition of the U of M ash, the ash loading would have been around 10 wt?/o. The remaining four

small-scale tests used the LANL-supplied incinerator ashes BASHIH and TDC193A. Table 3.2

provides a summary of the formulations and conditions used to vitri@ the Pu-bearing ashes.

3.2.1 Preparation and Performance of RF Ash-1 #1

For the RF Ash-1, the measured Pu content was 0.16 g Pu/g ash. For the weights shown in

Table 3.1, this leads to a Pu content of 1.96 wt’%0in the final mixture. The ash mixture consisting

of RF Ash- 1, U of M ash, and Ce02 was calcined at 700”C for six hours. After calcination, the

mixture was found to have lost 4.3 WtO/O,which was less than the 5.4 WtO/Opredicted based on the

thermogravimetric analyses (TGA) of the RF Ash-1 and U of M ashes presented in Figures 3.7

and 3.8, respectively. After calcination, the treated ash mixture was mixed with glass frit and
heated at 800”C. This mixture foamed excessively, increasing its volume by at least 25?40and

reaching the top of the 600 mL stainless steel beaker (see Figure 3.9). The material in the beaker

failed to subside after the beaker and contents were allowed to cool for 15 minutes before

returning them to the 800”C furnace. The measured density of samples from the beaker was

1.8 g/ems. For reference, a fully vitrified sample typically has a density of 2.5 g/ems.
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Table 3.2. Summary of Small-Scale Ash Vitrification Tests

Glass Final Pu Ash Loading, Pretreatment Vitrification

Run Number Ash Mixture Frit Content, wtYO Wt0/0 Conditions Conditions Observations

55 g RF ash-1 Calcined ash mixture 70 min. at Expansion of
RF Ash-1 #1 113g UofM 265 g 1,96 37.4 at 700°C for 6 hours 800”C 25 volOA;mass

16,2 g CeOz loss = 4.3 WWO

18 g RF ash-l(’) Ash and frit mixture 4.5 hr at Initial foaming of

RF Ash-1 #2 134g UofM 237 g 0.87 38.5 calcined at 700°C for 800°C 75 VO1’?40;net zero

5.8 g CeOz 1 hr change at end

BASHIH #1 68.6 g BASHIH 314g 3.92 17.9 Calcined ash 46 hr at 2.5 hr at No foaming
700°c 800”C

BASHIH #2 65 g BASHIH 65 g 7.5 50.0 None 2.5 hr at Foamed (40%)
800”C

1,3 hr at 450”C; Remained powder
BASHIH #3 65 g BASHIH 65 g 7.5 50.0 heated to 800”C 1 hr at 800”C at 450”C; foamed

at 5°C/min (40%)

I’DC193A 86 g TDC193A 329 g 3.2 20.7 74 hr at 700”C 2.5 hr at No foaming

800”C

~a) Previously calcined ash material,
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Figure 3.7. Thermal Behavior of U of M Ash as Measured by TGA. Sample heated to 700°C

at 10°C/min and held isothermally for 24 hours
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Figure 3.8. Thermal Behavior of RF Ash-1 as Measured by TGA. Sample heated at 700”C at

5°C/min and held isothermally for 15.7 hours
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Figure 3.9. RF Ash-1 #1 Final Product - Volume Expansion of 25%

Based on the GEA and AEA analyses for plutonium and the ICP analysis for cerium, the

processed ash and fit mixture contained 1.5 wtYo Pu and 3 wtYo Ce. The 1.5 wtYo Pu is less than

the estimated 2 wt%, suggesting variability in the distribution of Pu in the RF Ash-1. The

agreement of the measured ceriurn concentration with the calculated value suggests good mixing of

cerium in the final product.

Assuming fill recovery of any glass that overflowed the beaker as a result of the volume expan-

sion, the glass lost 0.3 WtO/O.Assuming this additional mass loss was due to residual carbon

because of incomplete calcination, 0.14 g-moles of carbon dioxide (3 L at standard temperature
and pressure) would have formed. This is a significant volume of gas relative to the volume of

material processed. Calcination for this test and the remaining tests was performed in a stainless

steel beaker with very little mixing. More pretreatment time, or processing with good mixing and

access to an oxygen source, at 700°C would remove this residual carbon material fi-om the ash

mixture.

Although the ash and fiit mixture foamed during the vitrification process step, the final product

still performed well in the recoverability test. Following the recoverability testing procedure in

Section 2.3, the product from RF Ash-1 #1 lost 1.2 g Pu/kg final product and 5 g Ceikg final
product. Both of these values are below the acceptability criterion of 15 g Pu.ikg final product

(Lucy et al. 1998). The amount recovered corresponds to 6. 1% and 16V0of the original amount

of Pu and Ce, respectively. The recoverability data also show that cerium oxide is a conservative

surrogate for plutonium in terms of recoverability. One potential reason for this is the fact that
the Pu maybe bound to ash particles, while the cerium in the original mixture is free as an oxide.
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3.2.2 Preparation and Performance of RF Ash-1 #2

Because of a limited amount of RF Ash-1 available for a second test, the ash loading was targeted

to be 40 wtYo ash with the U of M ash used as additional material. With this ash loading, the

target final Pu and Ce contents were 0.8 wtYo and 1.2 wtYo, respectively. For this test, the ash

mixture and glass flit were combined prior to calcination. The purpose of this was to simulate

previous conditions tested using ash surrogate materials (Lucy et al. 1998). Calcination of the

mixture was performed at 700”C for one hour, resulting in loss of 0.7 wtYo (note that the RF

Ash-1 used had been previously calcined while the U of M ash had not).

After calcination, the ash and fit mixture was processed at 800”C for 30 minutes, during which

time the mixture foamed 80’XO.The beaker was removed from the fiumace and allowed to cool for

15 minutes. The beaker was returned to the 800”C fi.unace. After three hours, the volume had

subsided back to its original level (see Figure 3.10), The density of samples of the final product

was 2.1 g/cmq. Based on the analyses for Pu and Ce, the final product contained 0.87 WtO/OPu

and 1.3 WtO/OCe.

Figure 3.10. RF Ash-1 #2 - Final Product After Foaming and Subsidence

3.12



The combined mass loss from the calcination and vitrification operations was 6.7 wt%, slightly

less than the mass loss predicted by the U of M ash TGA presented in Figure 3.7; no mass loss

would be expected from the previously calcined RF Ash-1. Assuming additional mass loss was

all from the oxidation of residual carbon, 0.6 g-moles of C02 ( 13 L at standard temperature and

pressure) would have been released. Pretreatment of the U of M ash to remove all residual

carbon would have eliminated foaming during vitrification (this is supported by the fi.dl-scale

work performed with calcined ash surrogates).

The final product from the RF Ash-1 #2 run performed very well in the recoverability test.

About 11% of the original Pu was recovered, giving a recovered value of 1.2 g Pu/kg final product.

For the cerium, 23’XOof the original was recovered, which corresponds to 3 g Celkg final product.

The fraction of the original material recovered was higher than for the RF Ash- 1 #1 run; however,

the recovered values per kilogram of final product were the same or lower. As seen previously,

the fraction of cerium recovered was higher than for plutonium.

3.2.3 Preparation and Performance of BASHIH #1

The objective for this run was to thoroughly pretreat the incinerator ash sample obtained from

LANL to prevent foaming during the vitrification step. Calcination was performed at 700”C

inside of a muffle fbrnace with periodic mixing.

Based on a 24-hour isothermal TGA of the BASHIH ash (see Figure 3. 11), calcination of the ash

sample was planned for 24 hours. Approximately 200 g of ash was placed into a 600-mL

stainless steel beaker and heated in the muffle furnace. After processing for 10.5 hours, the ash

was observed to have hard white chunks on the surface. The beaker appeared corroded with a

white scale on its outer surface and a reddish-orange coating on the inner surface. The sample had

only lost 17.6 WtO/Oout of the projected 28 WtO/O from the TGA curve.

Because this corrosive behavior had not been observed with the RF Ash-1 ash, nor with any of

the nonradioactive surrogate ashes, anew 100 g batch of BASHIH was calcined in a ceramic

crucible. After 20 hours, the batch had lost 26 WtO/Oand did not exhibit any of the previously

observed behavior. An additional 20 hours at 700°C released another 0.4 WtO/O,bringing the total
mass loss to 26.4 WtO/O.Figure 3.12 shows the TGA, differential thermal analysis (DTA), and

differential TGA (DTG) for the calcined BASHIH sample.

After archiving 5 g of the calcined ash, the remaining 68.6 g of material was combined with 314 g

of glass frit. The mixture was processed at 800”C for 2.5 hours. No volume expansion was

observed. The density of the final product was 2.35 g/ems, which indicates that some densi-
fication occurred as a result of thermal processing. The absence of foaming is consistent with the

lack of discemable mass loss shown in the TGA curve in Figure 3.12. A photo of the final

product is shown in Figure 3.13.
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Figure 3.11. Thermal Behavior of RF BASHIH as Measured by TGA. Sample heated at 700°C
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Figure 3.13. Final Product from BASHIH #1

Based on the AEA analysis of combined Z39PUand Z40PUand the isotopic data provided by

LANL, the final product contained 4.2 wt% Pu. Based on the 0.15 g Pu/g ash level determined

by nondestructive assay (NDA) at LANL and using the original mass of ash used, the predicted
Pu content in the final product was 3.92 wtYo. For the recoverability test, 6 g Pu/kg final product

was recovered, ctm-esponding to 130/0of the original Pu in the sample. Even with a Pu loading

twice that used for the RF Ash-1 tests, the final product was below the recoverability limit of

15 g Pu/kg product. ‘

3.2.4 Preparation and Performance of BASHIH #2 and #3

The purpose of runs #2 and #3 with BASHIH was to evaluate the other two pretreatment

options: 1) do not pretreat the ash and 2) pretreat the ash and glass tit mixture at the same time.
For both options, 65 g of as-received BASHIH ash was mixed with 65 g of glass frit.

For run #2, the ash and glass frit mixture was immediately placed into a &ace heated to 800”C.

After the first 30 minutes, there was slight foaming observed. After an additional 30 minutes, the

batch volume had increased 40Y0. During the remaining 1.5 hours of the test, the volume did not
increase fhrther, nor did it subside as it cooled to room temperature. The recoverability test
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resulted in 32°/0 of the original material being leached from the product, which corresponds to a

level of 18 g Pu/kg final product. This is above the 15 g Pu/kg final product allowed for the ash

material. Comparing Figure 3.13 with Figure 3.14 shows the degree of foaming for BASHIH #2

relative to the densified product of BASHIH #1.

For run #3, the ash and glass frit mixture was heated horn room temperature to 450”C at

10°C/min and held at 450”C for 1.3 hours. The mixture was not stirred during this pretreatment

step. Afier pretreatment at 450”C, the mixture was heated to 800°C at 5°C/minute and held at

800”C for one hour. As the TGA curve shown in Figure 3.15 illustrates, most of the mass loss

occurs around 450”C. This suggests that a low temperature treatment could effectively remove

the volatiles from BASHIH. However, there are benefits from processing at higher temperatures,

such as reduced processing time (Lucy et al. 1999).

Figure 3.14. Final Product from BASHIH #2
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Figure 3.15. Thermal Behavior of As-Received BASHIH as Measured by TGA and DTA at

1O°C/min

The ash and glass frit mixture remained unchanged (I.e., it stayed a powder) after processing at

450°C . Afier 15 minutes at 800”C, the mixture had foamed, increasing in volume by about 40Y0.

The glass volume did not increase fbrther during the remaining 45 minutes at 800”C, nor did it

subside as it cooled to room temperature. The recoverability test resulted in 22°/0 of the original

I% material being leached from the product, which corresponds to a level of 12 g Pu/kg final
product. fie improved performance of BASHIH #3 in the recoverability test indicates that even

moderate pretreatment can improve quality of the final product with respect to the recoverability

criteria. Full pretreatment is necessary to minimize and/or eliminate process upsets (e.g., volume

expansion of the ash and glass fiit mixture) during vitrification.

3.2.5 Preparation and Performance of TDC193A #1

A single test was performed using theLANL-suppliedTDC193A

LANL NDA data, the incinerator ash contained 0.066 g Pu/g ash.

incinerator ash. Based on the

The ash was stepwise calcined

to remove residual carbon. Based on the TGA curve shown in Figure 3.16, it was predicted that

calcining at 700”C in air would remove 66 wt?/o of the TDC1 93A’s original mass, with 99°/0 of

the volatile combustion product lost after six hours.
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Figure 3.16. Thermal Behavior of TDC193A Incinerator Ash as Measured by TGA (heated to

700”C at 10°C/min and held isothermally for 24 hours)

For the calcination step, a portion of the ash was calcined for several hours at 700°C in a

porcelain crucible to reduce its volume enough for more material to be added. This was per-
formed a number of times until the complete ash sample was calcined. After 260g (out of 700 g)

of ash had been calcined, the crucible was found to have fractured along the calcined ash’s surface
line. A glass-like material was observed on the surface of the calcined material. This material was

crushe~ placed into a new ceramic crucible, and the calcination rest&ted.

For the vitrification test, 86 g of calcined ash was mixed with 329 g of glass tit. The ash and frit

mixture was processed at 800”C for 2.5 hours. A mass loss of 2 g was observed, but no foaming

occurred during the test. Figure 3.17 shows the final product. The density of the final product
was 2.51 g/ems.

Based on the AEA analyses of combined ZS9PUand Z40PU,and the plutonium isotopics provided

by LANL, the final product contained 3.0 wtYo Pu. Based on the original Pu concentration of the

ash, the predicted Pu content was 3.2 wt%. The recoverability test removed 24°/0 of the original

material, which corresponds to a recovered amount of 6 g Pu/kg final product. This level is

significantly below the upper limit of 15 g Pu/kg final product.
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Figure 3.17. Final Product for ~C193A #1
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Appendix

Temperature Profdes for Full-Scale Nonradioactive Tests
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Figure A.2. Test #2: Calcined Mix C and Fine NBS-1 Glass Frit
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Figure A.4. Test #4: Calcined Mix C and Fine NBS-1 Glass Frit
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Figure A.5. Test #5: Calcined Mix B, Calcined U of M, and Coarse NBS-1 Glass Frit
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Fine NBS-1 Glass Frit
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