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EXECUTIVE SUMMARY

The most important requirement for low activity waste (LAW) form acceptance for
shallow land burial is the chemical durability of the product. Of secondary, but important
concern, is the compressive strength of the material. The THOR® Treatment
Technologies (TTT) mineral waste form for low activity waste is granular in nature. As a
granular product it has been shown to be as durable as low activity waste (LAW) glass.
This is partially due to the high aluminosilicate content of the mineral product which
provides an aluminosilicate buffering mechanism that inhibits leaching and that is known
to occur in aluminosilicate minerals in nature.

An additional requirement is the strength of the material under shallow land disposal
conditions, e.g. the weight of soil overburden and potential intrusion by future
generations, since the term “near-surface disposal” indicates disposal in the uppermost
portion, or approximately the top 30 meters, of the earth's surface. The strength
requirement requires that a waste form be a monolith and have a minimum compressive
strength of 500 psi after 28 days curing.

The Fluidized Bed Steam Reformer (FBSR) mineral product formulated into monoliths
and tested was a mixture of FBSR bed material produced at the Science Applications
International Corporation (SAIC) Science and Technology Applications Research
(STAR) facility in Idaho Falls, ID with Idaho National Laboratory Sodium Bearing
Waste (SBW) and Hanford Low Activity Waste (LAW). Bed products and fines from
these 2003-2004 pilot scale tests were mixed. The coal was roasted out at a low
temperature so as to be more representative of the THOR® Treatment Technologies
(TTT) most recent flowsheet which includes a Carbon Reduction Reactor (CRR). The
mixed bed and fines FBSR products were chemically analyzed and determined to be ~ 45
wt% Al,Os startup bed, ~17 wt% SBW mineral waste form from 2003-2004 testing and
~20 wt% LAW waste form from 2004 testing. The contribution of the LAW04 material
to the composite may be underestimated since SOj; is very high in the as measured
composite and the LAW mineral products (bed and fines) are the largest contributors to
the SO; content. This may be due to the fact that the SO3 in the nosean phase was not
evenly distributed in the 2004 sample products either before or after the composite was
mixed.

Five concrete monoliths with FBSR waste loadings between 80-87 wt% were fabricated.
One Ceramicrete monolith at a waste loading of 35.7 wt% FBSR and three hydroceramic
monoliths with waste loadings between 50-80 wt% FBSR were fabricated. The Hanford
contract specification (Section 2.2.2.2) requires that the Na,O loading in wt% of the
waste form for Envelope A wastes, wastes that are high sodium characteristic wastes, be
14 wt%. The starting FBSR product used in this study contained 20.87 wt% Na,O from
Envelope A waste. Therefore, one can calculate that an Envelope A FBSR product
would have to have >67 wt% FBSR loading in order to meet the Envelope A waste
loading specification. It should be noted that the Hanford Envelope A waste loading
specification is more stringent than the remaining Na,O waste loadings which are 3 wt%
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for Envelope B wastes, which are high sulfate characteristic wastes, and 10 wt% for
Envelope C wastes, which are high organic characteristic wastes. It should also be noted
that the waste loadings tested do not necessarily represent the maximum practical waste
loading for each binder, as that was not a primary objective of this study. The primary
objective of this study was to determine if a binder had an adverse reaction on or with the
FBSR product’s ability to retain waste components while achieving a minimum of 500
psi compressive strength.

All but one of the cement monolith formulations had >500 psi compressive strength after
7 days. The Ceramicrete monolith had the highest density and compressive strength of
all the monoliths tested but the lowest waste loading tested. The 80% waste loaded
hydroceramics had the highest compressive strength of all the hydroceramics tested
indicating that the FBSR mineral products were participating in the monolithing reactions
giving additional strength and density.

All of the monoliths met the <2g/m® durability specification for Na and Re (simulant for
Tc””) when tested using the Product Consistency Test (PCT; ASTM C1285) except for
cement formulation D. Of the nine monoliths tested the three highest loaded (80-87 wt%
FBSR product) cements, the Ceramicrete, and the highest waste loaded hydroceramic
(83.3 wt% FBSR product) met the compressive strength and durability requirements for
an LAW waste form. While the waste loading criteria was not optimized for the
Ceramicrete, the cementitious and hydroceramic waste forms exceeded the waste loading
criteria for Hanford Envelope A wastes, e.g. 67 wt% FBSR product. The waste loading
criteria is lower for Envelope B and C wastes. The five monoliths that met the Envelope
A waste loading criteria also met the Envelope C waste loading criteria of 47 wt% FBSR
product. All five monoliths that passed the PCT and compressive strength exceeded the
14 wt% FBSR waste loading for Envelope B wastes.

i1
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FLUIDIZED BED STEAM REFORMER (FBSR)
PRODUCT: MONOLITH FORMATION AND
CHARACTERIZATION

C.M. Jantzen
Savannah River National Laboratory
Aiken, SC 29808

1.0 INTRODUCTION

The most important requirement for Hanford’s low activity waste (LAW) form for shallow land
disposal is the chemical durability of the product. A secondary, but still essential specification,
is the compressive strength of the material with regards to the strength of the material under
shallow land disposal conditions, e.g. the weight of soil overburden and potential intrusion by
future generations, because the term “near-surface disposal" indicates disposal in the uppermost
portion, or approximately the top 30 meters, of the earth's surface.’

The THOR® Treatment Technologies (TTT) mineral waste form for LAW is granular in nature
because it is formed by Fluidized Bed Steam Reforming (FBSR). As a granular product it has
been shown to be as durable as Hanford’s LAW glass during testing with ASTM C-1285-02
known as the Product Consistency Test (PCT)"*~* and with the Single Pass Flow Through Test
(SPFT).*>® Hanford Envelope A and Envelope C simulants both performed well during PCT
and SPFT testing and during subsequent performance assessment modeling.”’ This is partially
due to the high aluminosilicate content of the mineral product which provides a natural
aluminosilicate buffering mechanism®** that inhibits leaching and is known to occur in naturally
occurring aluminosilicate mineral analogs.

In order for the TTT Na-Al-Si (NAS) granular mineral product to meet the compressive strength
requirements (ASTM C39) for a Hanford waste form, the granular product needs to be made into
a monolith or disposed of in High Integrity Containers (HIC’s). Additionally, the Hanford
intruder scenario for disposal in the Immobilized Low Activity Waste (ILAW) trench is
mitigated as there is reduced intruder exposure when a waste form is in a monolithic form.

During the preliminary testing of a monolith binder for TTT’s FBSR mineral product, four
parameters were monitored:

Waste that would decay to acceptable levels within 100 years is defined as Class A or B waste, and institutional
controls are believed to be effective at limiting inadvertent intruder risk from these classes of waste. Waste that
would decay to acceptable levels for an inadvertent intruder within 500 years was defined as Class C waste.
Class C waste was envisioned to be segregated from other classes of waste and to be disposed of deeper than
Class A and B wastes, and to be disposed of with an intruder barrier that would prevent contact for 500 years.
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waste loading (not optimized for each waste form tested)

density

compressive strength

durability must not be compromised

- binding agent should not react with the NAS product

- binding agent should not create an unfavorable pH environment that may
cause accelerated leaching.

It is the goal of the present study to survey cementitious waste forms based on Ordinary Portland
Cement (OPC), Ceramicrete, and hydroceramic binders by correlating waste loading, density and
compressive strength and then determine if these binders affect the product performance in terms
of the PCT response. This will be done by making a one-to-one comparison of the PCT response
measured on granular NAS mineral product (mixed bed and fines products) with the PCT
response of the monolithed NAS product in the different binders.

Future studies may include, refining the above binders, and examining other binders. It is likely
that binders formed from kaolin would be most compatible with the chemistry of the THOR®
mineral waste form which is made by steam reforming of kaolin and sodium rich wastes. The
economics of production on a large scale have yet to be investigated for any of the binders tested.

2.0 BACKGROUND

2.1 Required Low Activity Waste (LAW) Form Durability Testing

High Level Waste (HLW) produced from over thirty years of reprocessing of nuclear fuels for
national defense purposes has been vitrified at the Savannah Rive Site (SRS) since 1996 and at
West Valley, NY between 1996 and 2004. A third vitrification facility is currently under
construction at the Hanford Reservation in Richland, Washington for HLW. In addition,
Hanford is planning to vitrify the Low Activity Waste (LAW) fraction of the HLW. FBSR
mineralization and bulk vitrification have been investigated as supplemental technologies to
LAW vitrification.

For HLW, Waste Acceptance Product Specifications (WAPS)’ and a Waste Compliance Plan
(WCP) were developed for the waste form to ensure the acceptance of the product to the federal
geologic repository. The WAPS and extensive characterization of the borosilicate glass both
before and after production began was required. In order to satisfy the WAPS and WCP product
consistency requirement, a leach test was needed which could reliably and easily provide rapid
confirmation of the consistency of the glass being produced.

The WAPS specifications most relevant to public health and safety are those relating to release
of radionuclides. WAPS Specification 1.3 relates to the ability of the vitrification process to
consistently control the final waste form durability, i.e., the stability of the glass against attack by
water:
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1.3 Specification for Product Consistency
“The producer shall demonstrate control of waste form production by comparing,
either directly or indirectly, production samples to the Environmental Assessment
(EA) benchmark glass.”"

1.3.1 Acceptance Criterion
“The consistency of the waste form shall be demonstrated using the Product
Consistency Test (PCT).f For acceptance, the mean concentrations of lithium,
sodium and boron in the leachate, after normalizing for the concentrations in the
glass, shall each be less than those of the benchmark glass described in the
Environmental Assessment for selection of the Defense Waste Processing Facility
(DWPF) waste form''...One acceptable method of demonstrating that the
acceptance criterion is met, would be to ensure that the mean PCT results for each
waste type are at least two standard deviations below the mean PCT results of the
EA glass.”

Lithium, sodium, and boron releases were monitored as nonradioactive indicator(s) that were
similar or identical to the maximum radionuclide releases expected for HLW glass because many
of the radionuclides were present at concentrations as low as 10™ weight % and thus difficult to
measure. For example, in high level borosilicate waste glass, Tc”’, present at ~4.1 x 10 weight
% in the waste form, has been shown' 213 4ISI6ITI8I9.20 4 b released at the same maximum
normalized concentration as boron, lithium, and sodium. Tc’ is the radionuclide released from
HLW at a rate higher than all the other radionuclides. Therefore, for borosilicate glass waste
forms, the leachates are routinely analyzed for boron, lithium, and sodium if these elements are
present at > 1 mass % in the glass as an indicator of the maximum radionuclide release, e.g. the
Tc” release.

While relating Tc” release to Na, Li, B release for a material that leaches congruently* is an
acceptable practice once the congruent relationship among these elements has been established,
this has to be done for each phase present in a glass-ceramic or mineral waste forms because
each phase leaches at a different rate, e.g. the multiphase waste form leaches incongruently.” For
multiphase materials like glass-ceramics and mineral waste forms, the most important elements
to be analyzed in the leachate are those that represent the maximum dissolution of the

oM. Jantzen, N.E. Bibler, D.C. Beam, W.G. Ramsey, and B.J. Waters. “Nuclear Waste Product Consistency
Test Method Version 5.0,” U.S. DOE Report WSRC-TR-90-539, Rev. 2 (January 1992).

Congruent dissolution of a waste form, like glass, is the dissolving of species in their stoichiometric amounts.
For congruent dissolution, the rate of release of a radionuclide from the waste form is proportional to both the
dissolution rate of the waste form and the relative abundance of the radionuclide in the waste form. Thus for
borosilicate glass **Tc has been shown to be released at the same rate, congruently, as Na, Li and B.
Incongruent dissolution of a waste form means that some of the dissolving species are released preferentially
compared to others. Incongruent dissolution is often diffusion-controlled and can be either surface reaction-
limited under conditions of near saturation or mass transport-controlled. Preferential phase dissolution, ion-
exchange reactions, grain-boundary dissolution, and dissolution-reaction product formation (surface
crystallization and recrystallization) are among the more likely mechanism of incongruent dissolution, which
will prevail, in a complex polyphase ceramic waste form.
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radionuclides from the waste form. Elements that are not sequestered in precipitates that
participate in surface alteration reactions, and elements that are not solubility limited are good
indicators of waste form durability. In the case of a multi-phase glass or mineral waste form it
may be important to analyze for elements from each significant phase present as these waste
forms leach incongruently. Extensive testing'>’ of any glass or glass ceramic waste form must
be performed in order to determine what these elements are unless the radionuclide release (or
surrogate radionuclide release) is measured.

The initial basis for the DWPF Product Consistency Test (PCT) was derived from a comparison
of crushed glass durability tests from the Materials Characterization Center (MCC), the
American Society for Testing Materials (ASTM), and Corning Glass Works (CGW). The
features of each test that had the potential to optimize the following criteria were considered
during PCT development:

sensitivity of the test method to glass composition and homogeneity
minimum time necessary to demonstrate product quality

ease of sample preparation for radioactive glass

precision of the test results

acceptance by waste form developers and repository projects

The PCT was developed between 1987 and 1994 when it became an ASTM standard for HLW
borosilicate glass. In 1997 and 2002 the scope was broadened to include hazardous waste
glasses, mixed waste glasses, and glass ceramics. Based on extensive testing of glasses and
glass-ceramics, including a seven-laboratory round robin, and confirmatory testing with
radioactive samples, the PCT has been shown to be reproducible, to distinguish between glasses
of different durability and homogeneity, to yield reliable results rapidly, and to be amenable to
being performed in shielded cell facilities with radioactive samples. Additional PCT testing of
ceramic waste forms has occurred since 2002 and application of this test to ceramic waste forms
is currently being considered.

The use of the PCT test protocol for HLW vitrified waste was applied at Hanford for testing the
consistency of both the Hanford HLW vitrified waste and the immobilized LAW waste form.*'
The PCT is used to determine the waste form leaching and durability in conjunction with
ANSI/ANS-16.1** and the PCT is used for determining waste form stability.”' The Hanford
contract > and the ILAW Product Compliance Plan specify the following:

“The normalized mass loss of sodium, silicon, and boron shall be measured using
a seven day product consistency test run at 90°C as defined in ASTM C1285-97.
The test shall be conducted with a glass to water ratio of 1 gram of glass (-100
+200 mesh) per 10 milliliters of water. The normalized mass loss shall be less
than 2.0 grams/m”. Qualification testing shall include glass samples subjected to
representative waste form cooling curves. The product consistency test shall be
conducted on waste form samples that are statistically representative of the
production glass.”
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In addition, the Hanford contract™ requires durability testing by the Vapor Hydration Test
(VHT) as follows:

“The glass corrosion rate shall be measured using at least a seven day vapor
hydration test run at 200°C as defined in the DOE concurred upon ILAW Product
Compliance Plan. The measured glass alteration rate shall be less than 50
grams/(m” day). Qualification testing shall include glass samples subjected to
representative waste form cooling curves. The vapor hydration test shall be
conducted on waste form samples that are representative of the production glass.”

Because the VHT test interpretation for waste forms other than glass has not been investigated
and the results of this test are used solely for engineering calculations of contaminant release,”'
the PCT durability test was used in this study as the screening test for the FBSR monoliths.

2.2 Compressive Strength

In the 1983 (Revision 0) of 10 CFR 61.56(b)(1) regarding the stability of a waste form for
shallow land burial, it is stated that “a structurally stable waste form will generally maintain its
physical dimensions and form under expected disposal conditions (45 feet) such as weight of
overburden and compaction equipment...” Assuming a cover material density of 120 Ibs/ft’, a
minimum compressive strength criterion of 50 psi after curing for minimum of 28 days was
established, although it was also stated that the waste forms should achieve the “maximum
practical compressive strength” not just the “minimum acceptable compressive strength.” Later,
the burial depth was increased to 55 feet and the minimum compressive strength criterion was
increased to 60 psi after curing for a minimum of 28 days.

In the early 1990’s the compressive strength criterion was re-evaluated. Because OPC mortars
(cement, lime, silica sand and water) are capable of achieving compressive strengths of 5000-
6000 psi, the minimum compressive strength for a waste form for shallow land burial was
increased to 500 psi after curing for a minimum of 28 days. The rationale was that low-level
radioactive waste material constituents are not capable of providing the physical and chemical
functions of silica sand in a cement mortar and so a reasonable compressive strength was 1/ 10"
that of a cement made with silica sand.**

The Hanford contract® for LAW specifies the following:

“The mean compressive strength of the waste form shall be determined by testing
representative non-radioactive samples. The compressive strength shall be at
least 3.45E6 Pa (500 psi) when tested in accordance with ASTM C39/C39M-99
or an equivalent testing method”

Because OPC mortars achieve ~75% of their 28 day strength in 7 days of curing,” samples cured
for only 7 days were compression tested in this study with the assumption that any monolith
cured for 7 days that would pass the compression test would, therefore, pass after a total of 28
days of curing under the same conditions.
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2.3  Waste Loading

For disposal of FBSR wastes at Hanford in Richland, WA there is an additional specification that
governs the waste loading. Waste loading for Hanford LAW wastes are specified in terms of the
amount of Na,O from the waste that can be accommodated in the waste form. The most
stringent of these criteria is for Envelope A waste. The specification (Section 2.2.2.2 of the
Product Requirements)™ states:

“Waste Loading: The loading of waste sodium from Envelope A in the ILAW glass shall
be greater than 14 weight percent based on Na,O. The loading of waste sodium from
Envelope B in the ILAW glass shall be greater than 3.0 weight percent based on Na,O.
The loading of waste sodium from Envelope C in the ILAW glass shall be greater than 10
weight percent based on Na,0.”

Because all of the Na,O in the Hanford LAW Envelope A waste made during pilot scale testing
in 2003-2004* contained 20.87 wt% Na,0, all of which came from the waste, any monoliths
developed must not dilute the product concentration to less than 14 wt% Na,O. Therefore, the
FBSR LAW Envelope A waste loading must be > 67 wt%, the Envelope B FBSR waste loading
must be > 14 wt%, and the Envelope C FBSR waste loading must be > 47 wt%.

3.0 QUALITY ASSURANCE

The waste form fabrication and testing conducted at the Savannah River National Laboratory
(SRNL) was conducted in accordance with DOE/RW-0214, DOE/RW-0333P, and ASME NQA-
1 based quality assurance programs. The Ceramicrete was fabricated at Argonne National
Laboratory (ANL) who owns the patent(s) on the Ceramicrete technology. The initial
hydroceramic formulation came from researchers at the Pennsylvania State University who own
the patent(s) on the hydroceramic technology. Two of the five OPC formulations came from
R.J. Lee testing of TTT monoliths. The data is recorded in the following notebooks: WSRC-
NB-2004-00082 and WSRC-NB-2006-00072.

4.0 EXPERIMENAL

4.1 Initial Waste Characterization

Between 2003 and 2004 the durability of the mineral waste forms produced during three
different pilot scale FBSR demonstrations at the Science Applications International Corporation
(SAIC) Science and Technology Applications Research (STAR) facility in Idaho Falls, ID were
evaluated.” The waste NAS mineral waste forms produced (Table 1) included the granular bed
material produced in the Denitration Mineralizing Reactor (DMR) after steady state operations
were achieved and the finer mineral material from the filter hereafter referred to as the filter
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fines. Bed material from a 2003 and a 2004 STAR pilot scale campaign®® ?” with Idaho National

Laboratory (INL) Sodium Bearing Waste (SBW) and bed and filter fines from a third pilot scale
demonstration® with a Hanford Low Activity Waste (LAW) Envelope A waste simulant had
previously been characterized and durability tested at SRNL by the ASTM C1285 procedure.””
The type of simulated wastes tested and the duration of each test are given in Table 1.

Small portions of the SBW and LAW bed and filter fines products were available from the pilot
scale campaigns in Table 1 and some intermediate bed product materials were also available for
monolith formation and testing. All of the bed products (some of which contained Al,O3 startup
bed material) and fines were combined and mixed. Many still had unreacted charcoal in them.
Because the TTT flowsheet currently has a second reformer known as the Carbon Reduction
Reformer (CRR), it was decided to roast the charcoal out of the product before durability testing
as had been done in the durability testing of the granular FBSR product. >* This also eliminates
charcoal content as a variable because previous testing had indicated that the charcoal content of
the bed and fines has an impact on the measured surface area. The surface area of any charcoal
particles is irrelevant to product performance but would, in this case positively impact PCT
results as the increased surface area from the charcoal would result in reduced PCT releases, so
eliminating the charcoal provides more conservative PCT results. Because the charcoal is not
part of the actual mineral product (i.e., inert in terms of the PCT response and will not be present
due to the CRR), a surface area to volume ratio that included charcoal would underestimate PCT
release. Therefore, all analyses and all durability results are reported in this study on a charcoal
free basis. This also facilitates comparison to the results presented in References 2 and 3, which
are also reported on a charcoal free basis.

Table 1 Pilot Scale FBSR Samples Tested in 2003-2004 at the SAIC STAR Facility

Demonstration | Sample Total Bed Description
ID Operating Turnover
Time (TOT) (%)
Tulv 2003 Bed 260 82 hrs Unknown ' Dynamic bed product
SBi’N [26] Bed 272 82 hrs Unknown Dynamic bed product
Bed 277 82 hrs Unknown Dynamic bed product
Bed 1103 33 hr;?rrlld 30 97.4 Dynamic bed product
August 2004 55 hrs and 30 .
LAW [28] Bed 1104 min 99.7 Final bed product
Fines >3 hrs .and 30 100 Final filter fines
1125 min
October 2004 .
SBW [27] Bed 1173 100 hours 92 Final bed product

Carbon was removed from the mixed bed and fines products by heating the samples to 525°C
overnight. This temperature was chosen because it is high enough to oxidize (remove) the
carbon, but not high enough to change the composition or the phase assemblages. This is the
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temperature specified in a United States Geological Survey (USGS) procedure® for carbon
removal in preparation for the analysis of coal combustion by-products. Samples before and after
carbon removal by this method were examined by Pareizs® and Jantzen® to verify that the phase
assemblages had not changed.

The samples had been mixed together in a large container before roasting the carbon out and
again after roasting the carbon out. The mixed SBW/LAW NAS mineral products were analyzed
by X-ray Diffraction (XRD) to verify the phase composition of the amalgamated material being
monolithed. In order to determine the chemical content of the mixture, solid samples were
digested with a lithium tetraborate fusion at 1000°C followed by a hydrochloric acid uptake
The resulting solutions were analyzed by Inductively Coupled Plasma Emission Spectroscopy
(ICP-ES) for Ag, Al, Ca, Cd, Cr, Cs, Cu, Fe, K, La, Mg, Mn, Na, Ni, P, Pb, S, Si, and Ti and
Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) for Cs and Re. Anion content was
determined from a sodium peroxide/sodium hydroxide fusion at 600°C followed by a water
uptake®”. The resulting solutions were analyzed by Ion Chromatography (IC) for NOs", F", and
CI.

30,31

4.2 Cement Monoliths

Cement monoliths were fabricated from Type II Portland Cement because this is the OPC type
used in previous testing at R.J. Lee, Corp. It should be noted that Type I and Type I OPC are
very similar” and either could have been used for the formulations. Two formulations were
fabricated to represent the same admixtures tested by R.J. Lee, Corp. One cement monolith of
each waste loading given in Table 2 was fabricated. Formulations D and E were made with
precipitated silica (representing a chemically pure pozzolanic material such as fly ash or slag) to
see if the overall durability of the cement monoliths would improve with excess silica present to
react with the CaOH formed by the hydration of OPC. Slag and/or fly ash were not chosen as
pozzolanic additives as they contain large concentrations of impurities that may have
compromised the durability testing of the cement monoliths

All cement monoliths were set in Teflon® molds that had 2” x 2” chambers (Figure 1). Teflon®
was chosen so that a mold release would not have to be used since it could have compromised
the durability and/or compression testing. All cement monoliths were set for 7 days in air at
ambient temperature before compression testing.

Table 2. SRNL Cement Monolith Formulations

Monolith Constituent CEMENT | CEMENT | CEMENT | CEMENT | CEMENT
OnoTith CONSUIUENTS | SRNLLA | SRNLB | SRNLC | SRNLD | SRNLE
Precipitated SiO, NO NO NO YES YES

FBSROProduct Loadmg 34 g7 30 30 31

% dry basis
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Figure 1. Teflon® molds used in cement and hydroceramic monolith formation.
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Figure 2. Cement monoliths after setting for 7 days and before compression and durability
testing.

4.3 Ceramicrete Monoliths

Ceramicrete is a blend of MgO and monopotassium phosphate (KH,PO,). The blend is mixed
with a stoichiometric amount of water according to the formulation:

MgO + KH,PO4 + SH,O — MgKPO4¢6H,0

The reaction product on the right hand side of the equation is Ceramicrete, a rapid setting
phosphate ceramic.”> Ceramicrete monoliths were made at Argonne National Laboratory (ANL)
at an FBSR loading of 35.7 wt%.

The monoliths were cured at ambient temperature for two weeks, unmolded, the ends polished,
and then shipped to SRNL for durability testing. The samples were very dense, beige in color,
and smooth on surface except for few air pockets on the sides of the samples due to air
entrapment. According to ANL personnel these pockets could have been avoided by vibrating
the slurry in the mold after transferring the slurry into the molds. The open porosity of the
samples was evaluated by ANL using a water immersion method. It was negligible in all cases.
In order to evaluate the volume change after solidification, ANL measured the packed powder
density and determined that at 33.3 wt.% loading a volume reduction of ~25% was achieved.

10



WSRC-STI-2006-00033
Revision 1
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Figure 3. Ceramicrete monoliths before Compression and durability testing.

4.4 Hydroceramic Monoliths

Hydroceramics are made by the solidification of NaOH or denitrated high sodium waste with
NaOH and metakaolin clay.** Metakaolin clay is kaolin clay that has been heat treated at
>700°C to render it amorphous and anhydrous and thus very reactive. The samples which are
mixed to a “bread dough” consistency, extruded into a mold, and cured in steam. Reference 34
recommends a cure at 40°C in a 100% humidity chamber overnight in a mold. The sample is
then demolded and cured for an additional 24 hours at 90° in a steam saturated atmosphere
(Teflon®-lined Parr bombs). The curing ensures that the NaOH and metakaolin react to form
zeolite mineral phases which are the hydroceramic analogues of the steam reformer feldspathoid
minerals.

In this study the 50%, 60% and 80 FBSR product loadings on a dry basis were tested. The first
three waste loadings were set in the Teflon® molds shown in Figure 1 and cured in a humidity
chamber overnight at 40°C. The samples were then unmolded and cured at 40°C in steam for an
additional 24 hours before compression testing. These samples are hereafter referenced as
“Hydroceramics Set 1.” These samples produced insufficient strength in 7 days.

A second set of hydroceramic blocks were made (Hydroceramics Set 2) and set in steel molds so
they could be cured at higher temperatures, e.g. 70°C. These samples produced insufficient
strength in 6 days. The change to steel molds was necessitated because the hydroceramics were
sticking to the Teflon® molds and because higher curing temperatures were needed to achieve a
set in 6-7 days, lower temperatures are likely acceptable at longer curing times but this needs to
be optimized.

11
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A third set of hydroceramic blocks (Hydroceramics Set 3) were made in duplicate and cured
overnight at 90°C in steel molds at 100% humidity for 7 days at 90°C in a humidity chamber at
100% relative humidity before compression testing.

Hydroceramics Set 1 was used for durability testing even though these monoliths did not meet
the final compressive strength requirement. This was done under the assumption that the binder
effects from the clay and NaOH added to form the hydroceramics would be the same or worse
for a monolith incompletely reacted than one completely reacted.

A summary of all the formulations and curing conditions are given in
Table 3. Pictures of the hydroceramic blocks set at 40°C (Set 1) and 70°C (Set 2) for 7 days are
shown in Figure 5 and Set 3 cured at 90°C for 7 days are shown in Figure 6.

4.5 Monolith Characterization

Since the FBSR product and the binders were well mixed before each was cured and all of the
sample was used to make each monolith, broken pieces of each monolith were considered to be
representative of the entire block. The broken pieces were analyzed by the same dissolution and
ICP-ES and ICP-MS methods outlined in Section 4.1. Weight loss to determine the water
content was determined after heating 700°C for 8 hours.

The cement, Ceramicrete, and hydroceramics were also analyzed by X-ray Diffraction (XRD) to
see if the monolithing agents had reacted with the FBSR product.

STAINLESS STEEL MOLD

USED TO MAKE
NYDROCERAMIC BLOCES

HAY 2, 2006

Figure 4 . Stainless steel molds used in cement and hydroceramic monolith formation.

12
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Table 3. SRNL Hydroceramic Monolith Formulations and Curing Conditions

. FBSR Product
Hydroceramic % dry basis
Identification

SET 1 — CURED AT 40°C in Teflon® Molds

A 50
B 60
C 80

SET 2 — CURED AT 70°C in Steel Molds
A-2 50
B-2 60
C-2 80

SET 3 — CURED AT 90°C in Steel Molds
A-3-a 50
A-3-b 60
B-3-a 80
B-3-b 50
C-3-a 60
C-3-b 80

HYDROCERAMIC
BLOCKS

STAINLESS STEEL MOLD

USED
APRIL 3, 2006

Figure 5. Hydroceramic blocks Set 1 (left) and Set 2 (right).
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HYDROCERAMIC BLOCKS

STAINLESS STEEL MOLD
USED

MAY 2, 2006

Figure 6. Hydroceramic blocks Set 3.

4.6 Density and Compression Testing

The 2 x 2” square blocks of concrete and hydroceramics were compression tested using ASTM
C 109-02 and the Ceramicrete cylinders were compression tested using ASTM C39-04A (Figure
7). All compression testing was performed at SRS by William Myhre of Washington Savannah
River Company. Comparative compression testing with ASTM C39 was available for the
Ceramicrete monoliths from ANL.

The density of each monolith was calculated from the geometric dimensions of each monolith in
centimeters and the measured weight in grams measured by SRNL. Density results are tabulated
in g/cc. Comparative density measurements were available for the Ceramicrete monoliths from
ANL.

14
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Figure 7. Compression testing by ASTM C109-02 (left upper and lower) and ASTM C39-04A
(right).

4.7 Durability Testing

The chemical durability of the steam reformer pilot scale products was determined using ASTM
procedure C 1285-02. The monolithed samples were ground and sized between -100 and +200
mesh (74 um to 149 um), the same size fraction used to express glass waste form performance
and used to test the granular FBSR bed and fines products. To remove the electrostatic fines, the
sized material was washed six times with 100% ethanol. Water was not used for washing for fear
of removing any water soluble phases prior to leaching as cautioned by the ASTM C1285-02
procedure.

For all samples, ASTM Type I water’> was used as the leachant, a constant leachant to sample
ratio of 10 cm’/g or 0.01 L/g (V in equations 1 and 2 below) was used, the test temperature was
90°C, and the test duration was seven days. The test temperature and 7 day test duration are the
nominal test conditions used for testing glass waste form performance, e.g. PCT-A.

15
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The Product Consistency Test (PCT) results can be expressed as a normalized concentration
(NC;) which have units of gyaste form/Licachant, OF as @ normalized release (NL;) in Zyaste form/mz, or
as a normalized rate (NR;) in gyaste form/ mz-day where “i” is the chemical element of interest.
Expression of the PCT test response as NL; or NR; necessitates the use of the surface area (SA)

of the sample releasing species “i” and the volume (V) of the leachant being used which is
expressed as the SA/V ratio. Examples of the calculations are given in Equation 1 and 2

i (sampl
N = (sample) 0
f, -(SA/V)
where  NL; is the normalized release (Zwaste form/m2)
ci (sample) is the concentration of element i in the leachate solution (gi/L)
fi is the fraction of element i in the unleached waste form (unitless).
i (sampl
and NR; = i oample) (sample) 2)
f, -(SA/V)-t

where  NR; is the normalized release rate (Zwaste form/ M°-day)
ci (sample) is the concentration of element "i" in the leachate solution (gi/L)
fi is the fraction of element "i" in the unleached waste form (unitless)
SA/V is the surface area of the final waste form divided by the leachate volume (m*/L)
t is the time duration of test (days).

In order to calculate NL;, the units used to express LAW glass durability, the surface area of the
material being tested must either be calculated (ASTM C 1285, Appendix XI*®) or measured. In
this study the waste form SA/V ratio was determined two ways. In the first method, the surface
area was calculated using the average particle size diameter as determined from the geometric
surface area and the monolith bulk density as is done for homogeneous vitreous waste forms.

6
SA/V, = 3
calc p-d v (3)

where  SA/Vcq is the calculated surface area to volume ratio based on the average particle
diameter and the waste form monolith density
d is the average particle density (m)
pis the waste form particle density (g/m’)
V is the volume of leachant V per g of waste form (L/g).

The second method for SA/V determination involves a measurement of the surface area by the
BET method”’ recommended by McGrail’. In this method, the amount of an inert gas that
condenses on a powdered sample is measured at a temperature near the boiling point of the gas.
The amount of gas condensed on the sample is measured by the pressure change in the system
upon exposure to the sample. All open pores, inclusions, irregularities, etc. penetrable by the

16
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inert gas (nitrogen for this work) are accounted for in the surface area. This surface area may be
different from the surface area penetrable by water during a leaching test’™ but is the best
measurement available. The SA/V ratio is simply calculated by dividing the measured BET
surface area by the leachant volume:

SABET

SA/VeeT = ¢

(4)

where  SA/Vget is the surface area to volume ratio determined from a BET measurement of
waste form surface area (m”/L)
SAger is the specific surface area as measured by BET (m2/ 2).

5.0 RESULTS

5.1 Initial Waste Characterization

Small portions of the SBW and LAW bed and filter fines products from the pilot scale
campaigns in Table 1 and some intermediate bed and fines product materials were combined and
mixed for monolith fabrication and testing. All of the unreacted carbon had been roasted out of
the products since the TTT flowsheet currently has a second reformer to remove or minimize
carbon carryover into the product. The composite bed and fines materials were characterized by
the methods outlined in Section 4.1. The analytic methods used were the same as those used to
characterize the individual bed and fines products as outlined in Reference 2.

The analyses of the composite INL STAR campaign products to be used for the formation of
monoliths were analyzed in this study and the results are given in Table 4 on an oxide basis. For
comparison the average analysis of the 2003 SWB bed products (bed 260, bed 272, and bed
277), the average analysis of the 2004 SBW bed products (bed 1173) and the average analysis of
the 2004 LAW bed products and fines (bed 1103, bed 1104 and fines 1125) are also tabulated in
Table 4. When the analysis of the averaged 2003 SBW, 2004 SBW, and 2004 LAW FBSR
products are compared to the composite in this study it is obvious that the Al,O3 content is very
high in the composite to be used to make monoliths indicating that there is a significant
contribution of this material that is unreacted startup bed Al,Os. This is confirmed by the X-ray
Diffraction spectra of the composite waste tested in this study which indicated that Al,O3 from
the startup bed is a major component phase along with bed and fines materials containing
nepheline (Nag gAls 3S197037), sodalite (NagAlsSis024Cl,), nosean (NagAlsSis0,24SO4) which were
the main phases found in the 2004 SBW and LAW campaigns. The XRD spectra of the
composite used in this study also indicated that some partially reacted NaAls 9Og 4 and SiO, from
the misbatched SBW 2003 campaigns was present.

The oxide averages from Reference 2 were from final FBSR bed products that did not contain
excess startup bed while many of the samples made to use the composite for monolith testing did
contain excess startup bed. Therefore, an algorithm was written and regressed with a non-linear
modeling routine in JMP software for all of the elements given in Table 4 except those that were
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missing values (either not measured or below detection limit) for any of the component streams.
The algorithm fit the following equation to the final bed composite composition analyzed in this
study (Table 4):

a19A1,O3 + 2,6SBWO03 + a;6SBW04 + ajeLAW04

The non-linear fit indicated that a; = 44.5%, a, = 17%, a;=14.9%, and a; = 19.9% of the
composite product. The resulting composition from this combination is shown in Table 4 for
reference. The fit gives an adjusted R” of 99.8% and a root mean square error (RMSE) of
0.7496. The contribution of the LAW04 material to the composite may be underestimated in the
algorithm fit since SOs3 is very high in the as measured composite, e.g. the LAW products (bed
and fines) are the largest contributors to the SOz content. This may be due to the fact that the
SOs in the nosean phase was not evenly distributed in the 2004 sample products either before or
after the composite was mixed.

18
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Table 4. Oxide and Anion (Sodium Salt) Analyses of Steam Reformer Composite (Bed Products and Fines) Monolithed

2004 LAW Com‘:}‘;zz:fmo 4 | Algorithm Fit of
2003 SBW FBSR 2004 SBW FBSR Envelope A LAW. 2004 SBW Composition in
Species Products (Average Products (Bed FBSR Products 20’03 SBW > | terms of Startup
(wt%) of Bed 260, 272, 1173) from Ref. 2 (Average of Bed (b T Bed, 2004 LAW,
277) from Ref. 2 . 1103+1104+ Fines . 2004 SBW, and
1125) from Ref, 2 | duadruplicate for 2003 SBW
this study)
Al O3 (ICP-ES) 39.03 38.36 33.32 63.35 63.350
CaO (ICP-ES) 0.75 3.79 1.96 1.46 1.065
Cr,0; (ICP-ES) NM 0.10 0.12 0.04 .
Cs,0 (ICP-MS) 7.12x 10~ 3.25x 10~ 1.51x 10 226x 10~ 1.67x 10~
Cu,0 (ICP-ES) NM 0.01 0.01 <0.01 .
Fe,0; (ICP-ES) 1.74 1.012 0.333 1.389 0.506
K,O (ICP-ES) 3.31 3.96 0.31 1.283 1.188
La,0;3 (ICP-MS) 6.68 x 10~ 6.68 x 10~ 6.68 x 10™ NM
MgO (ICP-ES) 0.205 0.40 0.06 0.14 .0.104
MnO (ICP-ES) NM 0.36 0.04 0.10
Na,O (ICP-ES) 16.52 16.50 20.87 9.39 .9.383
NiO (ICP-ES) NM 0.051 0.013 0.02
P,0s (ICP-ES) 2.12 0.859 0.47 0.344 0.576
PbO (ICP-ES) NM <0.1 <0.1 0.017
ReO, (ICP-MS) 2.27x 107 5.57x 107 534x 10" 3.00 x 10™ 572 x 107
SiO, (ICP-ES) 35.63 37.65 38.12 19.056 19.132
TiO, (ICP-ES) 1.14 1.19 1.23 0.537 0.612
NaCl (IC) <0.2 0.152 0.225 BDL
NaF (IC) <0.2 <0.2 <0.2 BDL
Nal (IC) NM NM <2x 107 NM
SO; (ICP-ES) 0.419 0.103 0.766 2.65 0.241
SUM 100.86 104.50 97.85 99.78 96.34
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5.2 Monolith Density and Compressive Strength

Four of the five cement monoliths fabricated and tested in this study had compressive strengths
>500 psi after 7 days (Table 5; Figure 8). Because cement reaches 75% of its full compressive
strength in 7 days and the 500 psi criteria is a 28 day criteria, these four (A,B,C,D) cement
formulations will have adequate compressive strength for making monoliths. Table 5 and Figure
8 indicate that a 5% substitution of precipitated SiO, for OPC as a pozzolanic additive improved
the cement monolith compressive strength up to 2710 psi (formulation D) while a 17.5%
substitution of precipitated SiO, for OPC decreased the compressive strength (formulation E) at
equivalent (~80%) FBSR loading. Dropping the waste loading to 80 wt% (formulation C) from
84 wt% (formulation A) and 87 wt% (formulation B) improved the compressive strength (Table
5; Figure 8).

The Ceramicrete monolith density and compressive strengths were measured at SRNL and ANL
(Table 5). While the density measurements of the two laboratories agree, the SRNL compressive
strength measurements were higher than those of ANL. It should be noted that the Ceramicrete
monoliths were fabricated in December 2005 and tested by ANL after 14 days and tested by
SRNL on February 9, 2006 after an additional ~1 month of setting time. This may explain the
increased compressive strength determined by SRNL. ANL’s compressive strength value was
used for comparative purposes and is plotted in Figure 8.

None of the hydroceramics cured at 40°C for 24 hours had adequate (>500 psi) compressive
strengths (Table 5). None of the hydroceramics cured at 70°C for 1 week had adequate (=500
psi) compressive strengths although formulation C with the highest waste loading was ~500 psi
(490 psi) and would probably exceed this compressive strength in a 28 day cure (Table 5). The
increase in density and the increase in compressive strength with waste loading indicate that the
FBSR product may be taking part in the curing reaction with the additional metakaolin and
NaOH. The densest and highest waste loaded hydroceramic cured at 90°C for 1 week had
superior compressive strength (>1500 psi) compared to all the other hydroceramics fabricated at
90°C. The 90°C cured sample compressive strengths are plotted in Figure 8. While this figure
shows which of the materials tested met the stated waste loading criteria for Envelope A waste, it
does not determine which are capable of meeting that criteria.

All of the monoliths except one cement and one hydroceramic had >500 psi strength after either
7 (cement and hydroceramics) or 14 (Ceramicrete) day cures. Of the samples tested with 60-87
wt% FBSR product (Figure 8) only one sample did not achieve the >500 psi strength
requirement (Cement E).
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Table 5. SRNL Monolith Density (g/cc) and Compressive Strength (psi)
Monolith Density Compressive Waste Loading
Identification (g/cec) Strength (psi) (% dry basis)
CEMENT MONOLITHS
A 1.68 890 84
B 1.61 810 87
C 1.72 1180 80
D 1.38 2710 80
E 1.18 250 81
CERAMICRETE MONOLITHS
SRNL 2.15 (3 replicates) 7100 35.7
ANL 2.14 4161 35.7
HYDROCERAMICS CURED AT 40°C
A 1.56 76 50
B 1.66 80 60
C 1.80 106 80
HYDROCERAMICS CURED AT 70°C
A-2 1.48 272 50
B-2 1.53 320 60
C-2 1.59 479 80
HYDROCERAMICS CURED AT 90°C
A-3-a 1.50 80 50
A-3-b 1.38 250 50
B-3-a 1.50 710 60
B-3-b 1.50 290 60
C-3-a 1.61 1540 83.3
C-3-b 1.78 820 83.3
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Figure 8. Comparative FBSR loadings (dry wt% basis) in monolith and compressive strengths.
All but two of the monoliths had > 500 psi compressive strength. Five of the nine
monoliths tested were >500 psi and contained >60 wt% FBSR product.

5.3 Monolith Characterization and Waste Loading

Durability testing via the Product Consistency Test requires that the fraction of each element in
the monolithic solid be known (see f; term in Equations 1 and 2). Therefore, the wt% of each
element in the monoliths was analyzed (Table 8) including the amount of water. A mass balance
was performed on the analyses. The samples were then converted to an anhydrous basis to
determine the f; on a dry weight basis as the water content of the monoliths does not participate
in the leaching (Table 9).

In addition, the Hanford contract specification (Section 2.2.2.2) requires that the Na,O loading of
the waste form in terms of Na,O content (wt%) of the Envelope A wastes be 14 wt%. The
starting FBSR product used in this study contained 20.87 wt% Na,O from Envelope A waste
(Table 4). In this product all of the Na,O came from the Envelope A waste as only kaolin was
added. Ifthe FBSR product monoliths in this study were all Envelope A waste instead of a
mixture of Envelope A waste form, SBW waste form, and startup bed Al,Os, then multiplication
of the 20.87 wt% Na,O in the LAW Envelope A FBSR waste form by the FBSR waste loadings
achieved in this study (Table 5 and Figure 8) gives an indication of the Na,O loadings that could
be achieved. This comparison indicates that monolith waste forms for Hanford Envelope A
waste must have FBSR waste loadings > 67 wt% in order to meet the Hanford waste loading
specification. This is indicated in Table 6 and Figure 8. It should be noted that the Hanford
Envelope A waste loading specification is more stringent than the remaining Envelope waste
loadings which are 3 wt% Na,O for Envelope B wastes and 10 wt% Na,O for Envelope C
wastes. It should also be noted that testing has indicated which of the materials tested met the
stated waste loading criteria, the limited testing performed does not indicate which binders are
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capable of meeting that criteria. In particular, the Ceramicrete binder will require additional
testing at higher waste loadings to verify that the compressive strength and other properties are
acceptable at >67 wt% FBSR loading.

Table 6. Theoretically Calculated LAW Envelope A Waste Loadings Based on Na,O (wt%)

Monolith Waste Loading NaO (wt%) >14 wt% Na,O in
Identification (WL) (WL * 20.87 Na,O Waste
(% dry basis) from Table 4)
CEMENT MONOLITHS
A 84 17.53 YES
B 87 18.16 YES
C 80 16.70 YES
D 80 16.70 YES
E 81 16.90 YES
CERAMICRETE MONOLITHS
ANL \ 35.7 7.45 | NO
HYDROCERAMICS
A 50 10.44 NO
B 60 12.52 NO
C 80/83.3 16.70/17.39 YES

The phases found in cement monolith D after a 7 day cure are given in Table 7. The major
phases are calcite formed from excess CaOH in the cement as it hydrates and reaction with CO,
in the air and the nepheline (NaAlSiO4) product in the original composite FBSR product. Some
minor AIPO4 was also found, likely a component of the OPC. The sodalite and nosean phases
were not observed in the X-ray diffraction spectra. This may be because these are minor phases
in the FBSR composite product that was monolithed. Some SiO, was also observed which could
be from the precipitated SiO; added to react with excess CaOH as the cement set. The Al,O;
found in the bed product was not observed.

The XRD of the Ceramicrete indicated the presence of the Al,O3; bed material in the FBSR
product that was monolithed and SiO, (Table 7). The main FBSR mineral nepheline (NaAISiOy)
was present but the sodalite and nosean phases were not observed in the X-ray diffraction
spectra. This may be because these are minor phases in the FBSR product and the FBSR product
loading was only 37.5%. The KMgPO4eH,0 phase that is the Ceramicrete binder was also
present as a major phase in the spectra.

Hydroceramic C (set at 40°C) was analyzed by XRD and the phases found are indicated in Table
7. Two different types of nepheline were found one of the normal hexagonal crystal symmetry
as found in the Hazen Hanford Envelope C FBSR products and the INL SBW products. The
other nepheline present was of the same stoichiometry but of orthorhombic symmetry. In
addition, a cubic phase of NagsAlosSigos0334 was identified which is anhydrous Zeolite-A. Zeolite
A has the same structure as nosean and sodalite identified in the raw FBSR composite used in
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this study and is likely these phases and not anhydrous Zeolite-A which would not form at the
40°C used to set these hydroceramics.

Table 7. X-ray Diffraction Analysis of Phases in the FBSR Composite Before and After

Monolithing
FBSR
PHASES C%l\é[é’l()) %I\ITE CEMENT CERAMICRETE | HYDROCERAMIC
THIS STUDY
Al,O4
(startup bed) MAJOR -— MAJOR -
Nepheline
Nag Al 3Sio 703, MAJOR MAJOR MAJOR MAJOR
or NaAlSiO4
Sodalite
NasAleSicOuCl, | VINOR
Nosean
NagAl6Si6024SO4 MINOR T - -
Anhydrous
Zeolite A o - - MAJOR
Unreacted
NaAls9Og 4 from MINOR - — —
INL 2003 tests
SiO, MINOR MINOR - MINOR
Calcite CaCOs3 -—- MINOR --- -
AlIPO, -—- MINOR — —
KMgPO4eH,O -—- - MAJOR -

5.4 Monolith Durability Testing

The surface area of all of the samples was measured by the BET method given in Section 4.7
using N, and measured geometrically. The comparison is given in Table 10. The surface
roughness factors given in Table 10 are the BET surface area divided by the geometric surface
area.

From Table 10 it can be seen that the cement and Ceramicrete monoliths have much higher BET
surface areas than the hydroceramics. This is likely due to the fact that when cement hydrates
needle like crystallites of calcium silicate hydrate (CSH) form that are initially hydrous and
crystallize giving an interlocking structure that gives concrete its strength. These CSH phases
create additional surface area. A similar mechanism is likely during the hydration of
Ceramicrete into the hydrated MgKPO4#6H,0 phase observed in the XRD analysis. A
comparison of the BET surface areas of the bed products in the pre-monolithed samples and the
monolithed samples is given in Figure 9.
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Table 8. Chemically Analyzed Composition (wt%) of Monoliths on Hydrous Basis
Species Cement Cement Cement Cement Cement | Cerami- CI:Z:;]TC :g:;ﬂ-c CI:Z:;]TC
(1)

(wt%) A B C D E crete A2 B2 C-2
AlLO; (ICP-ES) 19.159 18.885 17.501 15.160 15.388 13.428 31.154 29.005 29.618
CaO (ICP-ES) 16.787 14.209 17.138 17.072 14.568 8.451 1.048 1.217 1.932
CdO (ICP-ES) 0.022 0.022 0.022 0.022 0.022 0.021 0.021 0.021 0.021
Cr,05 (ICP-ES) 0.052 0.053 0.049 0.044 0.044 0.046 0.025 0.028 0.047
Cs,0 (ICP-MS) 0.030 0.034 0.026 0.022 0.028 0.009 0.014 0.018 0.031
CuO (ICP-ES) 0.071 0.031 0.029 0.025 0.022 0.020 0.014 0.014 0.014
Fe,0; (ICP-ES) 1.699 1.589 1.684 1.642 1.543 2.400 1.362 1.270 1.336
K,0 (ICP-ES) 1.571 1.683 1.454 1.273 1.304 12.855 1.086 1.151 1.603
La,0; (ICP-MS) 0.022 0.022 0.022 0.022 0.022 0.021 0.021 0.021 0.021
MgO (ICP-ES) 0.492 0.467 0.487 0.486 0.455 9.216 0.271 0.262 0.330
MnO (ICP-ES) 0.135 0.145 0.127 0.116 0.124 0.055 0.051 0.064 0.125
Na,O (ICP-ES) 11.038 11.928 10.535 9.804 8.875 4.041 10.336 11.298 15.940
NiO (ICP-ES) 0.027 0.026 0.025 0.021 0.022 0.021 0.014 0.015 0.024
P,05 (ICP-ES) 0.408 0.445 0.382 0.367 0.398 15.238 0.199 0.234 0.464
PbO (ICP-ES) 0.033 0.036 0.032 0.031 0.031 0.024 0.024 0.024 0.030
ReO, (ICP-MS) 3.41E-03 3.36E-03 3.42E-03 3.49E-03 3.40E-03 3.29E-03 3.71E-03 4.14E-03 5.21E-03
SO; (ICP-ES) 3.465 4.310 3.383 3.958 3.103 1.664 1.191 1.382 1.677
Si0, (ICP-ES) 26.289 25.976 24.319 23.302 25.687 18.061 43.849 40.271 37.887
Ti0, (ICP-ES) 0.849 0.871 0.788 0.724 0.759 0.695 1.186 1.135 1.121
Cl (10) <0.100 <0.100 <0.100 <0.100 <0.100 <0.100 <0.100 <0.100 <0.100
F (IC) <0.100 <0.100 <0.100 <0.100 <0.100 <0.100 <0.100 <0.100 <0.100
NO;/NO, (IC) <0.100 <0.100 <0.100 <0.100 <0.100 <0.100 <0.100 <0.100 <0.100
H,0 (wt loss) 16.480 14.550 16.650 19.040 16.010 12.270 12.930 12.050 10.000
SUM 98.633 95.283 94.657 93.137 88.407 98.541 104.801 99.486 102.227
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Table 9. Chemically Analyzed Composition (wt%) of Monoliths on Anhydrous Basis
Species Cement | Cement | Cement | Cement | Cement | Cerami- CI:Z:;:C gi’:;ﬂ-c cI:Z:rl;l(i-c
(1)

(wt%) A B C D E crete A2 B2 C-2
Al O3 (ICP-ES) 23.321 23.391 22435 20.460 21.255 15.565 33910 33.173 32.114
CaO (ICP-ES) 20.434 17.600 21.970 23.041 20.123 9.796 1.140 1.392 2.094
CdO (ICP-ES) 0.027 0.027 0.028 0.030 0.030 0.025 0.023 0.024 0.023
Cr,05 (ICP-ES) 0.063 0.065 0.062 0.060 0.061 0.053 0.027 0.032 0.051
Cs,0 (ICP-MS) 0.036 0.042 0.033 0.030 0.038 0.011 0.015 0.021 0.034
CuO (ICP-ES) 0.087 0.038 0.037 0.034 0.030 0.024 0.015 0.016 0.016
Fe,0; (ICP-ES) 2.068 1.968 2.159 2.216 2.132 2.782 1.482 1.453 1.449
K,0 (ICP-ES) 1.913 2.085 1.864 1.718 1.801 14.900 1.182 1.317 1.738
La,0; (ICP-MS) 0.027 0.027 0.028 0.030 0.030 0.025 0.023 0.024 0.023
MgO (ICP-ES) 0.598 0.579 0.625 0.655 0.628 10.682 0.295 0.300 0.358
MnO (ICP-ES) 0.165 0.180 0.163 0.157 0.172 0.064 0.056 0.073 0.136
Na,O (ICP-ES) 13.436 14.775 13.506 13.232 12.258 4.684 11.251 12.921 17.284
NiO (ICP-ES) 0.033 0.032 0.032 0.029 0.031 0.024 0.016 0.017 0.026
P,Os (ICP-ES) 0.496 0.551 0.489 0.495 0.549 17.664 0.217 0.267 0.503
PbO (ICP-ES) 0.040 0.044 0.041 0.042 0.042 0.028 0.026 0.028 0.032
ReO, (ICP-MS) 0.004 0.004 0.004 0.005 0.005 0.004 0.004 0.005 0.006
SO; (ICP-ES) 4.218 5.338 4.336 5.342 4.286 1.929 1.297 1.581 1.819
Si0, (ICP-ES) 32.000 32.175 31.175 31.447 35.480 20.936 47.729 46.058 41.080
TiO, (ICP-ES) 1.033 1.079 1.010 0.977 1.048 0.805 1.291 1.299 1.216
SUM 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
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Table 10. Measured BET Surface Area and Geometric Surface Area in m%/g
BET Surface Geometric Surface
Monolith Area Surface Area Roughness

(mZ/g) (mZ/g)* Factor
Cement A 17.23 0.0319 540.13
Cement B 17.06 0.0333 512.31
Cement C 30.05 0.0311 966.24
Cement D 41.76 0.0388 1076.29
Cement E 20.54 0.0454 452.42
Ceramicrete 21.66 0.0249 869.88
Hydroceramic A 6.17 0.0362 170.44
Hydroceramic B 5.85 0.0350 167.14
Hydroceramic C 3.27 0.0337 97.033

* calculated from densities given in Table 5.
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Figure 9. Comparative BET surface area (m?/g) of STAR and Hazen FBSR bed and fines
products to the surface area of the STAR products embedded in concrete,
Ceramicrete, and hydroceramics.

All of the monoliths were durability tested in triplicate per the PCT procedure. The conditions
outlined in Section 4.7 were used. Glass standards were used to ensure test control as required
by the PCT procedure and the standard releases (Table 11 and

Table 12) agreed with previous round robin testing of these glasses.'® Analyses of blank vessels
indicated that the vessels were clean. Due to timing constraints the hydroceramics set at 40°C
were leach tested while the curing conditions to increase strength were optimized.

Table 13 gives the triplicate leachate results in ppm measured after the 7 day PCT tests were
completed. Table 14 gives the triplicate leachate results in g/m” after calculation using
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Equations 1 and 4. The BET surface areas used were those in Table 10 and the f; values were
derived from the data in Table 9. The average triplicate leach responses are tabulated in Table
15.

Table 11. PCT Leachate standards and blanks (ppm)

: ARM-1 ARM-1 EA A
Species Glass Glass
i) Blank .Glass Round .Glass Round
This Study Robin™® This Study Robin®
pH-1 6.9 9.93 10.17 £0.29 11.63 11.85+0.1
pH-2 6.84 9.96 10.17 £0.29 11.64 11.85+0.1
pH-3 NM 9.96 10.17 £0.29 11.66 11.85+0.1
Al-1 <0.100 4.55 4.58 £ 0.50 1.54 NM
Al-2 <0.100 4.59 4.58 £ 0.50 1.56 NM
Al-3 NM 4.54 4.58 +0.50 1.55 NM
Na-1 0.749 36.34 36.22 £2.45 1561.67 1662 +£112
Na-2 <0.100 32.61 36.22 £2.45 1556.67 1662 £112
Na-3 NM 37.52 36.22 £2.45 1620.00 1662 £112
Si-1 <0.200 56.60 61.23 £4.07 841.49 893 £86
Si-2 <0.200 56.05 61.23 £4.07 840.60 893 £86
Si-3 NM 54.80 61.23 £4.07 838.81 893 +86
Cs-1 <0.00001 1.88 NM N/A N/A
Cs-2 <0.00001 2.08 NM N/A N/A
Cs-3 NM 1.80 NM N/A N/A
NM = not measured
Table 12. PCT Leachate Standards (g/L)
ARM-1 ARM-1 EA EA Glass
. Glass Round
Species Glass Glass . 10
2 . Round . Robin
(g/m”) This Study . 39 This Study
(@/L) Robin (@/L) (g/L)
(g/L)
Al-avg 0.153 0.155+0.0172 0.08 NM
Na-avg 0.49 0.505 +0.0539 12.67 13.346 £ 0.902
Si-avg 0.26 0.282 +0.0300 3.69 3.922 +0.376

NM = not measured
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Table 13. PCT Leachate Concentrations (ppm)
Monolith H Al Cs Na Re S Si

Tested P (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Cement A-1 12.20 136.32 7.77 2616.67 2.72 7.88 37.37
Cement A-2 12.20 118.24 6.70 2366.67 2.50 7.96 43.63
Cement A-3 12.20 117.04 6.48 2516.67 2.47 8.23 44.21
Cement B-2 12.23 123.38 9.38 2983.33 2.22 15.30 27.06
Cement B-2 12.24 123.03 10.27 3083.33 2.43 15.50 25.13
Cement B-3 12.23 113.60 8.28 3066.67 2.30 18.15 27.44
Cement C-1 12.21 139.11 8.98 2933.33 2.67 10.89 38.14
Cement C-2 12.20 128.63 8.68 2716.67 2.22 10.80 43.82
Cement C-3 12.22 128.90 8.78 3166.67 2.27 10.96 43.24
Cement D-1 12.29 147.86 9.52 3050.00 342 10.96 26.86
Cement D-2 12.29 136.47 8.63 3150.00 342 10.96 29.22
Cement D-3 12.28 117.02 6.92 2716.67 3.18 10.96 35.70
Cement E-1 11.63 40.97 2.33 1348.00 1.38 10.96 33.28
Cement E-2 11.61 40.90 2.38 1402.56 1.80 10.96 33.07
Cement E-3 11.60 41.33 2.08 1199.66 1.92 10.96 33.16
Ceramicrete-1 10.12 4.54 1.72 645.99 1.43 10.96 16.63
Ceramicrete-2 10.11 441 1.72 643.53 1.19 10.96 16.25
Ceramicrete-3 10.10 4.29 1.68 645.49 1.29 10.96 16.22
Hydroceramic A-1 11.03 153.03 0.07 1004.96 0.60 10.96 31.44
Hydroceramic A-2 11.04 152.67 0.07 1059.38 0.66 10.96 30.39
Hydroceramic A-3 11.06 150.16 0.09 999.74 0.64 10.96 32.70
Hydroceramic B-1 11.29 104.62 0.12 930.70 0.34 10.96 46.34
Hydroceramic B-2 11.29 102.00 0.10 861.40 0.27 10.96 47.17
Hydroceramic B-3 11.30 104.59 0.10 924.35 0.34 10.96 47.61
Hydroceramic C-1 11.50 37.86 0.55 1079.69 0.61 10.96 86.14
Hydroceramic C-2 11.48 35.96 0.47 933.07 0.51 10.96 85.87
Hydroceramic C-3 11.45 34 .38 0.38 801.89 0.44 10.96 83.81
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Monolith Tested Al Cs Na Re S Si
(g/m’) (g/m’) (g/m’) (g/m’) (g/m’) (g/m’)

Cement A-1 6.41E-03 1.32E-01 1.52E-01 4.45E-01 2.71E-03 1.45E-03
Cement A-2 5.56E-03 1.14E-01 1.38E-01 4.10E-01 2.74E-03 1.69E-03
Cement A-3 5.50E-03 1.11E-01 1.47E-01 4.04E-01 2.83E-03 1.72E-03
Cement B-2 5.84E-03 1.37E-01 1.60E-01 3.66E-01 4.20E-03 1.05E-03
Cement B-2 5.82E-03 1.50E-01 1.65E-01 4.02E-01 4.26E-03 9.79E-04
Cement B-3 5.38E-03 1.21E-01 1.64E-01 3.80E-01 4 98E-03 1.07E-03
Cement C-1 3.90E-03 9.52E-02 9.74E-02 2.37E-01 2.09E-03 8.71E-04
Cement C-2 3.60E-03 9.20E-02 9.02E-02 1.97E-01 2.07E-03 1.00E-03
Cement C-3 3.61E-03 9.31E-02 1.05E-01 2.02E-01 2.10E-03 9.87E-04
Cement D-1 3.27E-01 8.01E+00 7.44E+00 2.04E+01 1.23E-01 4.38E-02
Cement D-2 3.02E-01 7.27E+00 7.68E+00 2.04E+01 1.23E-01 4.76E-02
Cement D-3 2.59E-01 5.82E+00 6.63E+00 1.90E+01 1.23E-01 5.82E-02
Cement E-1 1.77E-03 3.14E-02 7.22E-02 1.68E-01 3.11E-03 9.77E-04
Cement E-2 1.77E-03 3.20E-02 7.51E-02 2.19E-01 3.11E-03 9.71E-04
Cement E-3 1.79E-03 2.80E-02 6.42E-02 2.33E-01 3.11E-03 9.73E-04
Ceramicrete-1 2.54E-04 7.71E-02 8.58E-02 2.03E-01 6.55E-03 7.85E-04
Ceramicrete-2 2.47E-04 7.71E-02 8.55E-02 1.68E-01 6.55E-03 7.67E-04
Ceramicrete-3 2.40E-04 7.56E-02 8.58E-02 1.82E-01 6.55E-03 7.65E-04
Hydroceramic A-1 1.38E-02 8.37E-03 1.95E-01 2.80E-01 3.42E-02 2.28E-03
Hydroceramic A-2 1.38E-02 &.01E-03 2.06E-01 3.12E-01 3.42E-02 2.21E-03
Hydroceramic A-3 1.36E-02 1.00E-02 1.94E-01 2.99E-01 3.42E-02 2.38E-03
Hydroceramic B-1 1.02E-02 1.10E-02 1.66E-01 1.42E-01 2.96E-02 3.68E-03
Hydroceramic B-2 9.93E-03 8.50E-03 1.54E-01 1.13E-01 2.96E-02 3.75E-03
Hydroceramic B-3 1.02E-02 8.78E-03 1.65E-01 1.43E-01 2.96E-02 3.78E-03
Hydroceramic C-1 6.81E-03 5.33E-02 2.58E-01 3.85E-01 4.61E-02 1.37E-02
Hydroceramic C-2 6.47E-03 4 48E-02 2.23E-01 3.24E-01 4.61E-02 1.37E-02
Hydroceramic C-3 6.19E-03 3.66E-02 1.91E-01 2.77E-01 4.61E-02 1.33E-02
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Table 15. Average of Triplicate PCT Results Expressed 10™ g/m’
Monolith Tested H Al Cs Na Re S Si
P (gm’x10%) | (gm’*x10%) | (gm’x10%) | (gm’*x10%) | (gm’x10%) | (g/m*x10%)
Cement A-Avg 12.1 5.82 119 146 420 2.76 1.62
Cement B-Avg 12.2 5.68 136 163 382 4.48 1.03
Cement C-Avg 12.23 3.71 93.4 97.6 212 2.09 0.953
Cement D-Avg 12.21 296 7040 7250 19,900 123 49.8
Cement E-Avg 12.29 1.78 30.5 70.5 206 3.11 0.974
Ceramicrete-Avg 11.61 0.247 76.6 85.7 185 6.55 0.772
Hydroceramic A-Avg 10.11 13.7 8.80 198 297 34.2 2.29
Hydroceramic B-Avg 11.04 10.1 9.41 161 132 29.6 3.74
Hydroceramic C-Avg 11.19 6.49 44.9 224 329 46.1 13.6
Hanford Specification N/A 2000 2000 2000 2000 2000 2000
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The average pH values from Table 15 are plotted in Figure 10. The pH values of the leachates
after 7 day PCT testing for the cement monoliths and the hydroceramic monoliths are higher than
those of the Ceramicrete monolith. This is likely due to the fact that phosphate ions are known
to buffer leachate pH values during dissolution. Moreover, the pH values of the cements and the
hydroceramics are greater than the pH values exhibited by some of the bed products tested in
2003-2004 indicating that the aluminate buffer capacity of the FBSR product is probably being
exceeded by the cement and hydroceramic binders.

13.07

12.0 7

11.0 7

10.07

9.0 7

8.0 7

STAR Bed 1104 (1123)

STAR Bed 260
STAR Bed 272
STAR Bed 1103
HAZEN PR-O1

7.0 7

Figure 10. Monolith pH values from PCT testing compared to pH values of initial FBSR bed
products.

The PCT leachate analyses for elements Al, Si, S, Cs, Na and Re from Table 15 are shown
graphically in Figure 11 and Figure 12 . This figure indicates that all of the elements leach at <2
g/m?* (2000 x 107 in the units shown on the figure) except for those of Cement formulation D.
Whereas the leaching trends of the alkali (Na and Cs) in the bed products was highly correlated
with the Al release suggesting an aluminosilicate buffering mechanism was occurring, these
trends were not observed when the same bed products were embedded in the monolithing binders
tested in this study. In addition, before being monolithed the Re, S, and Si in the bed products
were a strong function of solution pH and the leaching trends of Re with S appeared to track each
other. These trends are not observed in the monolith leach results. This is likely due to
interactions of the binder phases (calcium silicates in cement, magnesium phosphates in
Ceramicrete, and zeolites in hydroceramics) with the leachate which complicates the
interpretation of the leachate analyses.

Of great importance is the durability of the monolithed FBSR in terms of the Hanford
specification for Na release (<2 g/m?®) which ensures that the Tc”” release is <2 g/m®in a
congruently dissolving glass. In the FBSR product Re was used as a simulant for Tc” and
Figure 12 and Table 15 indicates that the Na and Re are not released congruently, e.g. Re is
released at lower rates than Na except for Cement D. This type of incongruent leaching behavior
has been widely observed for multiphase ceramic and mineral waste forms.*’
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Figure 12. PCT triplicate leachate analyses for Na and Re in g/m”.
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6.0 CONCLUSIONS

Table 16 indicates that three cement formulations and one hydroceramic formulation met all of
the monolith development criteria including waste loading for Hanford LAW Envelope A,
compressive strength, and durability based on Na and Re via the PCT.

Table 16. Summary of Monolith Performance Vs. Development Criteria

Waste Loading > 500 psi
Monolith Criteria for Co_mpressive PCT Duralz)ility
Hanford LAW Strength <2g/m
Envelope A
Cement A YES YES YES
Cement B YES YES YES
Cement C YES YES YES
Cement D YES YES NO
Cement E YES NO YES
Ceramicrete NO** YES YES
Hydroceramic-A NO NO YES
Hydroceramic-B NO YES YES
Hydroceramic-C YES YES YES

** Not an optimized waste loading, additional testing is required to demonstrate acceptable
performance with higher waste loadings.

7.0 RECOMMENDATIONS/PATH FORWARD

The following are recommended for further study:

e Perform multiple BET analyses on mixture that are subsequently formed into
monoliths. Mixtures may contain more fines than shown in current analyses

e Perform PCT on Set #3 hydroceramics cured at 90°C

e Perform MCC-1 monolith tests for comparison to PCT results

e Evaluate additional binders that may be more compatible with the FBSR products
including high Al,Os containing cements and geopolymers which are made with

kaolin clay and water glass and have been demonstrated at the pilot scale for mining
wastes.
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e Test limits of Ceramicrete to maximize waste loading within limits of compressive
strength. Goal for additional testing is to achieve a minimum of 75% FBSR product
loading in monolith on a dry basis.

e Make larger monoliths to identify scale up issues.

e Perform economic analyses related to monolith scale up and production costs for each
of the various acceptable binder matrices.

e Examine monolith matrix by Scanning Electron Microscopy (SEM) to see if the
FBSR product is encapsulated or if there is reaction with the binder.

e Design experiments to determine if there is a component of the leach rate that is
dependent on macro encapsulate by the binder.
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