MISSOURI

S&l

Library and

Learning Resources Scholars' Mine
Masters Theses Student Theses and Dissertations
Fall 2002

Iron phosphate glass for the vitrification of INEEL sodium bearing
waste and Hanford low activity waste

Robert Douglas Leerssen

Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses

b Part of the Ceramic Materials Commons
Department:

Recommended Citation

Leerssen, Robert Douglas, "lron phosphate glass for the vitrification of INEEL sodium bearing waste and
Hanford low activity waste" (2002). Masters Theses. 4621.
https://scholarsmine.mst.edu/masters_theses/4621

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.


https://library.mst.edu/
https://library.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/masters_theses
https://scholarsmine.mst.edu/student-tds
https://scholarsmine.mst.edu/masters_theses?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F4621&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/287?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F4621&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsmine.mst.edu/masters_theses/4621?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F4621&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsmine@mst.edu

Iron Phosphate Glass for the Vitrification of INEEL Sodium Bearing Waste
and Hanford Low Activity Waste

Robert Douglas Leerssen

A THESIS
Presented to the Faculty of the Graduate School of the
UNIVERSITY OF MISSOURI-ROLLA

In Partial Fulfillment of the Requirements for the Degree

MASTER OF SCIENCE IN CERAMIC ENGINEERING
2002

Approved by

Delbert E. Day, Advisor Richard K. Brow

David J. Wronkiewicz



© COPYRIGHT 2002

BY

Robert Leerssen

All Rights Reserved

1



PUBLICATION THESIS OPTION

This thesis has been prepared in the style used for publication in the Journal of
Nuclear Materials. Pages 1 through 105 are intended to be submitted for publication in

that journal. Appendices have been added for purposes of normal thesis writing.

iii



v

ABSTRACT

The current study investigates the feasibility of using iron phosphate glass for the
immobilization of nuclear wastes that have limited solubility in the current borosilicate
glass used for vitrification. These wastes contain elements such as sulfur and
phosphorus, which have proven problematic (causing phase separation at >1 wt%) for
vitrification in borosilicate glasses, as well as having a high soda content (50-75 wt%)
which also limits wasteloading.

Simulated Sodium Bearing Waste (SBW) based on the composition at Idaho
National Engineering and Environmental Laboratory (INEEL) was vitrified using iron
phosphate glass at waste loadings up to 45 wt%, at a melting temperature of 1000°C. The
alumina content (27.5 wt%) in the SBW aided in making the final wasteform chemically
durable.

The Low Activity Waste (LAW) streams at the Hanford, WA site contain from
7.42 to 11.50 wt% sulfate, making them ill-suited for vitrification in borosilicate glass at
high wasteloadings. Wasteloadings of up to 30 wt%, at melting temperatures of 950°C
were possible in iron phosphate glasses. Sulfate content of up to 4.5 wt% was found for
these iron phosphate glasses with no evidence of a sulfate layer on the melt surface or
sulfate segregation within the glass. The retention of sulfate decreased with increasing
time and temperature. For melting temperatures below 1000°C and times less than 4
hours more than 50 wt% of the sulfate was retained. The chemical durability of the glass
improved as the wt% of sulfate was reduced.

The high soda content of the SBW and LAW limited the wasteloading that was
possible. A total soda content of approximately 23 wt% in the wasteform (45 wt% SBW,
or 30 wt% LAW) was found to be the maximum where these iron phosphate glasses
formed durable glasses.

The iron phosphate glasses which contained 45 wt% SBW or 30 wt% LAW
crystallized upon slow cooling (<1 °C/min) from the melting temperature to room
temperature as well as when heat-treated at 600°C for 24 hours. When crystallized, the
iron phosphate wasteforms containing SBW or LAW had higher dissolution rates than the

corresponding glassy wasteform.
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Iron phosphate glass for the vitrification of INEEL sodium bearing waste
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Abstract

Simulated Sodium Bearing Waste (SBW) based on the composition from Idaho
National Engineering and Environmental Laboratory (INEEL) was vitrified using iron
phosphate glass at waste loadings up to 45 wt%, at a melting temperature of 1000°C.
The properties that have been measured include chemical durability, density, melt
viscosity, melt AC electrical conductivity, thermal expansion, and Mdssbauer spectra.
The high sodium content of the waste limited the wasteloading to 45% (22.6 wt% Na,O)
for chemically durable waste glasses. Dissolution rates for these iron phosphate glasses
containing SBW were found to be below 8x10” g/cm®/min after 14 days in 90°C water
and the Product Consistency Test (PCT) mass release was less than 1 g/m”. The alumina
(27.5 wt%) in the SBW aided in making the final wasteform chemically durable. These
glasses crystallized upon slow cooling (<1 °C/min) from the melting temperature
(1050°C) as well as when heat-treated at 600°C for 24 hours. When crystallized, the iron
phosphate wasteforms containing SBW had dissolution rates that on average were 10

times higher than the corresponding glassy wasteform.

PACS codes: 28.41. Kw

Key words: iron phosphate glass; sodium bearing waste; chemical durability
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1. Introduction

The use of glass to vitrify nuclear waste has been determined to be an effective
means of ensuring that the radionuclides present in the waste are not released into the
biosphere. This research has been ongoing since the early 1960’s, and currently
borosilicate glasses are the only approved glasses for waste vitrification.

When the vitrification of nuclear waste from the processing of weapons was first
contemplated forty years ago, phosphate-based glasses were considered [1]. These
glasses were formed by adding phosphoric acid directly to a liquid waste stream,
calcining the resulting phosphate composition, and melting the resulting calcine to form a
glass. Because of the high soda content and small concentrations of other components in
the waste, these sodium phosphate melts were chemically corrosive toward the furnace
refractories and the resulting glass had a poor chemical durability. The poor glass
properties found in this early work led to the suspension of research into the use of
phosphate glasses for nuclear waste vitrification in the U.S. [1, 2].

Research on phosphate glass continued in Germany until the late 1970’s in the
form of melting small marbles of sodium-aluminophosphate glass to be embedded in a
metal matrix to avoid devitrification [1, 3]. Researchers in Russia also continued to work
with phosphate glasses, melting aluminophosphate glasses using a joule-heated ceramic
melter in the early 1970’s, and more recently using induction melting. Currently Russia is
the only country utilizing phosphate glasses to vitrify nuclear waste. Over 10,000 m’
(2150 tons) of high level waste (HLW) glass was melted in two joule heated melters from
1987 to 1997, when the last melter was shut down [4].

In the mid 1980’s, interest in phosphate glasses in the U.S. was renewed with the
discovery of chemically durable lead-iron phosphate glasses by Sales and Boatner [5].
These glasses were shown to have a good chemical durability and low processing
temperature (900 to 1050°C) which are advantages for vitrifying nuclear waste. A
concern for the use of lead containing glasses is that lead causes the wasteform to be
classified as a mixed waste, which is subject to additional disposal regulations [6].

Another system that shows great promise for the vitrification of nuclear waste is

iron phosphate glass. Like the lead-iron phosphates, these glasses have properties



favorable for vitrifying nuclear waste. Iron phosphate glass has been studied in detail
recently and there have been numerous studies detailing their effectiveness as nuclear
waste vitrification host glasses as well as their chemical durability, mechanical strength
and structural properties [7-12].

Research has been undertaken to find glasses which can incorporate those wastes
that are not well suited for vitrification in the current borosilicate glasses [3, 13, 14].
These wastes include those that are high in sodium, phosphorus, sulfur, chromium, or
heavy metals [15, 16].

Beginning in the early 1960’s, radioactive wastes that had been collected from
reprocessing nuclear fuel were calcined at the Idaho Nuclear Technology and
Engineering Center. During this time, secondary radioactive wastes from
decontamination, laboratory activities and fuel storage activities were collected and
stored in liquid form. These liquid wastes are collectively called sodium-bearing wastes
(SBW). About 1.3 million gallons of these wastes are now temporarily stored in stainless
steel tanks at the Idaho National Engineering and Environmental Laboratory (INEEL)
[16-19]. The Batt Settlement Agreement, reached in August 1995, between the U.S.
Navy, the State of Idaho and the U.S. Department of Energy (DOE), requires the removal
of the SBW liquid wastes from the INEEL storage tanks by the end of 2013 [4, 20]. The
waste loading for SBW in the borosilicate glass currently used is limited to 20 wt% due
to the high sulfate concentration in the waste [21] that forms a sulfate layer on the surface

of the melt, which attacks the refractory lining of the melter.

In the present work, the vitrification of SBW at INEEL in iron phosphate glasses
was investigated. Iron phosphate glasses containing from 25 to 75 weight percent SBW
were melted and tested. From these glasses, selected compositions were chosen for
closer investigation.

The objectives of the present work were: (1) determine the maximum amount of
SBW that can be vitrified in iron phosphate glass, (2) determine the chemical durability
of iron phosphate wasteforms as a function of composition, (3) identify compositions of
iron phosphate glassy wasteforms with the maximum wasteloading and acceptable
chemical durability and (4) evaluate the chemical durability of glassy and deliberately

crystallized iron phosphate wasteforms.



2. Experimental Procedure

2.1. Simulated waste formulation

The composition of the SBW for the present research is a slightly modified
(simplified) version of the composition from a Savannah River Site report and a Tanks
Focus Area presentation [16, 22]. Table 1 gives the original composition as well as the
simplified version that was used. In the present work, the waste composition was
simplified from the original by ignoring several of the components that were below 0.5
wt% and increasing the remaining components accordingly. One exception is chromium
oxide, which was increased to address concerns about chromium solubility in the glass
[15] and to illustrate that even higher levels of chromium do not adversely affect the
properties of the glass. These slight compositional differences are not expected to affect
the overall properties of the wasteform, nor the results reported herein.

Due to the high nitrate content of the wastes at INEEL, the nitrate forms of the
raw materials were used when possible. Table 1 lists the raw materials used for the SBW
composition. This supply of simulated waste was mixed by tumbling in a plastic
container and stored in a sealed container until used. The calculated weight loss on

ignition for the SBW was 52.1%.

2.2. Glass preparation

Batches that produced 100g of glass were prepared by mixing reagent grade
Fe;Os and P,0Os dry crystalline powders with varying amounts of SBW. The simulated
SBW and additives were dry mixed and melted in a high purity alumina crucible
(CoorsTek 65505) in an electric furnace. The melting conditions were: air atmosphere at
the lowest temperature possible (generally between 1000 and 1100°C) in an uncovered
crucible for 2 hours.

The batch was placed in the crucible in several small amounts at temperatures
ranging from 400 to 900°C, adding more as the batch melted. To ensure that the melt

was homogeneous, each liquid was stirred three times during melting (at approximately



60 minutes, 90 minutes and 10 minutes prior to pouring the melt) using a silica rod. The
melt was poured into steel molds to form 1 cm x 1 cm x 10 cm rectangular bars, which
were annealed at 400°C for approximately 2 hours and then cooled overnight to room
temperature in the annealing furnace. The resulting glasses were black in color and
opaque.

After all of the trial glasses were melted and preliminary chemical durability
measurements had been performed (single sample, not well polished), three glass
compositions were chosen for more comprehensive study. These compositions include
40 wt% SBW (SBW40), 45 wt% SBW (SBW45) and 50 wt% SBW (SBW50). A 200g
batch of each composition was melted in an alumina crucible. The calculated
compositions of these three iron phosphate glasses are given in Table 2.

Since P,Os was used as a raw material, an additional 5 wt% of the required
amount was added in order to compensate for potential volatilization losses during

melting.

2.3. Property measurements

Samples for property measurements were cut from the annealed glass bars. The
density of each glass was measured on five samples by the Archimedes method using
kerosene as the suspension liquid. The average linear thermal expansion coefficient, a,
and dilatometric softening temperature, T4, were measured using an Orton model 1600
auto-recording dilatometer. T4 was determined as the peak of the expansion curve, and a
was calculated from the slope of the expansion curve, using the most linear region of the
curve between 100 and 375°C.

Some of the annealed glass was deliberately crystallized by heat treatment
between 540 and 600°C for 24 hours. Some of the crystallized samples were ground to
-200 mesh powder and the crystal phases were determined from X-Ray Diffraction
(XRD) patterns that were collected over a 20 range from 10 to 90 degrees, at a scan rate
of 1°/min using a Scintag PADX x-ray diffractometer using copper Ka radiation with a

wavelength of 1.5418A.



One SBW45 melt was slow cooled over a period of 24 hours to simulate the
Canister Centerline Cooling rate (CCC) for a glass at the center of the current wasteform
containers. The cooling rate chosen was approximately 40°C/hr from the melt
temperature of 1050°C to room temperature. This rate is about twice the rate used
previously for an iron phosphate glass [23] and about 20 times faster that the actual CCC
rate of about 2°C/hr [24], but the higher rate was considered acceptable for the purposes
of the present study. The objective of this cooling experiment was to determine if there
was a difference in the phases that crystallized from the slowly cooled melt as compared
to the phases crystallizing when the same glass was reheated from room temperature to a
temperature (540-600°C) where crystallization occurs.

A Netzsch Differential Thermal Analysis/Thermal Gravimetric Analysis
instrument (DTA/TGA) was used to determine the glass crystallization temperature and
any weight loss in the sample. Approximately 40 mg of glass was heated in an alumina
crucible to 800°C at a rate of 10°C/min in air.

A JEOL T330A Scanning electron microscope (SEM) was used to examine the
surface of glassy, crystallized and chemically corroded samples. The samples were
affixed to the SEM mounts with carbon tape and sputter coated with gold/palladium to
form a conductive layer.

Inductively Coupled Plasma — Emission Spectroscopy (ICP-ES, Acme Analytical
Laboratories LTD. - Vancouver, British Columbia) was utilized to determine the final
composition of the glass, which was compared to the original batch composition. The
glass samples were digested in a four acid solution (HNO;, HCIO4, HF and HCI) at high
temperature prior to analysis.

The viscosity of the SBW45 melt was measured using a rotating viscometer. A
non-standard alumina spindle was constructed from a 10 cc straight wall crucible and
calibrated using three standard viscosity oils (0.097, 0.099, and 0.965 Pa-s). Spindle
speeds of 10, 20, and 50 rpm were used for each measurement. The estimated error for
this procedure was less than +5%. The melt was held at a selected temperature for 30
minutes to allow it to thermally equilibrate, at which time a preheated spindle was

immersed in the melt. The viscosity was measured three times and then averaged. The



corrosion of the alumina spindle by the melt was negligible, determined by visual
inspection.

The AC electrical conductivity of the molten SBW45 glass was measured at 1000
Hz by inserting 1 cm x 2 cm platinum electrodes 1.7 cm apart into the melt at
temperatures ranging from 800°C to 1200°C. The temperature range chosen was based
on the desire to know the response of iron phosphate glasses containing SBW not only at
the melting temperature used in the present work, but also at temperatures where
borosilicate wasteglasses are melted (~1150°C) for comparison.

The melt was heated to 1200°C where the first measurement was taken. The
temperature was reduced by 50°C and the melt was held at this temperature for 30
minutes, after which the second measurement was taken; this process was repeated to
800°C. Once 800°C was reached, the temperature was increased in increments of 50°C,
held for 30 minutes, and the AC conductivity remeasured to determine if the conductivity
changed with time or thermal cycling.

The electrical resistivity of the melt was measured using an LCR meter connected
to the platinum electrodes, and this resistance measurement was converted to electrical

conductivity (o) using the equation:
1 L
o=K| —e—
[R Sj (M

where R is the electrical resistivity, L is the distance between the two electrodes, S is the
surface area of the electrode immersed in the melt, and K is the cell constant that was
determined to be 1.12 by calibrating the instrument using three different concentrations
of KCl standard solution. The error was estimated to be +5%.

To determine the valence and coordination number of iron in the glass,
Mossbauer spectroscopy was employed. The Mdssbauer spectra were measured at room
temperature on a constant acceleration spectrometer (ASA600) using a 50 mCi rhodium
matrix cobalt-57 source. Mdssbauer absorbers of approximately 85 mg/cm” were

prepared from 200 mesh powders.



2.4. Chemical durability

The chemical durability of the iron phosphate glasses was determined from the
weight loss of bulk samples immersed in deionized water at 90°C and on powders (-100
to +200 mesh) according to the Product Consistency Test (PCT: ASTM C 1285-97) [25].

Bulk Dissolution Rate (DR) samples were cut from annealed glass bars using a
diamond saw with kerosene as the cooling liquid and then polished to 600 grit. The
dimensions of each sample were approximately 1 cm x 1 cm x 1 cm £0.1 cm.

Some of the samples were deliberately crystallized by heating between 570 and
600°C for 24 hours. These heat-treated samples were used to determine the DR of the
crystallized wasteform.

The glassy and crystallized cut monolith samples were rinsed with deionized
water and acetone, dried at 90°C, cooled to room temperature and weighed (£0.01 mg).
Each sample was suspended by a rayon thread in a 125 ml polyethylene bottle containing
100 ml of deionized water. A schematic of the DR setup is shown in Fig. 1. The bottles
containing the wasteforms were placed in a 90°C oven and each sample was removed for
measurement after 3, 7, 10, 14, 21, and 30 days. The samples were rinsed with deionized
water, dried at 90°C, cooled and weighed (+0.01 mg). The pH of the solution was also
measured each time using a Fisher Scientific Accumet”® pH/ion meter model 25 (£0.1
units). The samples were replaced in the same bottle without changing the water and
returned to the oven.

Samples of the Environmental Assessment (EA) glass obtained from the
Savannah River Laboratory were measured under the same conditions and used as a
reference for the DR values of the iron phosphate glasses.

The DR was calculated from the measured weight loss using the equation:

_ AW(g) (2)
A (cm®) - t (min)

where A is the geometrically determined surface area (cm?) of the sample and t is the

time (min) that the sample was immersed in the test solution at 90°C. The weight loss



(AW) is W; — Wy, where Wi, is the initial weight of the sample and W, is the weight of the
same sample after time t.

The chemical durability of the iron phosphate glass wasteforms was also
measured by the PCT. The samples were mechanically crushed and sieved to isolate the
-100 to +200 mesh fraction. The powders were washed thoroughly in water and ethyl
alcohol in an ultrasonic bath to remove particles smaller than 200 mesh, which are known
to reduce the accuracy of PCT measurements [26]. The washed powders were dried at
90°C overnight. The glass powder (1.5 grams + 1mg) was weighed and placed into a
Teflon vessel. Fifteen ml of deionized water was added to the powder. The vessel was
sealed and placed in an oven at 90°C for seven days.

After completion of the PCT, the vessel was weighed to determine if any water
had escaped. Leachate losses were less than 1% of the initial weight of the leachate. The
pH of the water was measured before and after the test. The leachate was filtered through
a Nalgene 0.45 pm filter, acidified with one volume percent 0.4 M Optima HNO; to
ensure the cations remained in solution and the concentration of ions in the leachate was
measured using [CP-ES (ACME Analytical Labs LTD. - Vancouver B.C.). All tests were
conducted in duplicate and averaged. A blank was included in the measurement for
control purposes.

The normalized elemental mass release, r, was calculated in two different units
(g/L and g/m?) from Equations 3 and 4, respectively, to provide easier comparison with

other glasses:

00-5
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where C; is the concentration of element 1 in the solution and f is the mass fraction of

element i in the glass, calculated from the ICP-ES analyzed glass composition given in
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Table 2. A/V is the ratio of the sample surface area to volume of leachate (m™). The
elements used for the analysis of the release rate from the iron phosphate glass are
aluminum, potassium, sodium and phosphorus. Three of the elements differ from those
that are analyzed in borosilicate wasteforms (boron, lithium, sodium and silicon) due to
the compositional differences of the glasses. Sodium is analyzed in both iron phosphate

and borosilicate PCT studies.
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3. Results

3.1. Glass formation

For waste loadings below 60 wt%, homogeneous glasses were black in color and
free of crystals (determined by optical microscopy). Melts above 60 wt% wasteloading
tended to crystallize quickly after pouring. A complete list of all compositions
investigated in the present work is given in Appendix A along with the melting

temperatures and DR in 90°C water.

3.1.1. Compositional analysis

During the melting of these glasses noticeable amounts of white smoke were
given off, which were attributed to the volatilization of P,Os. Once the batch was fully
melted, no more smoke was observed. The loss of P,Os was compensated for by adding
5 wt% more P,Os to the batch than was required for the target composition. The P,Os
content of the glass (Table 2) was 4 to 6 wt% higher in the analyzed composition than the
batch composition in every case, which suggests that the 5% excess P,Os added to
compensate for volatilization was too large and that a 1 to 2% addition would be
adequate.

Note that the ICP analysis (Table 2) showed the Al,O3 content was 1 to 2 wt%
higher than the batch composition in every case, probably due to the corrosion of the
alumina crucible, and incorporation of corrosion products into the melt. A typical
example of the small amount of corrosion at the melt line is shown in Fig. 2 for the
crucible in which SBW45 was melted for 2 hours at 1050°C. The depth of corrosion was
estimated to be 100um by optical microscopy. This amount of corrosion accounts for
approximately 2 grams of alumina, or 1 wt% in the glass composition.

Several other components in the glasses vary between the batch and ICP analyzed
compositions. It is unknown why the wt% of CaO, MnO or NiO are higher in the
analyzed composition than expected from the batch composition, while Na,O and K,O

are lower (Table 2). The small wt% (0.12 to 0.51 wt%) SiO, may have been introduced
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into the glass when the melt was stirred using a silica rod. These elements are at
relatively small concentrations and are not anticipated to have a significant effect on the

measured properties in the present study.

3.1.2. Oxygen to phosphorus ratio

The molar ratio of oxygen to phosphorus (O/P) was calculated from the batch
composition (assuming the oxides are in the form listed in Table 2) as well as from the
analyzed composition (Table 2). The calculated O/P ratio from the batch and analyzed
compositions for the SBW40 and SBW50 glasses were nearly the same (4.14 and 4.09 for
SBW40, and 4.61 and 4.57 for SBW50 respectively). The largest change in O/P was for
SBW45, which had a ratio of 4.36 from the batch composition and 4.06 from the
analyzed composition.

These values are higher than the empirically known range of O/P values, which
range from 3.4 to 3.7 for the best glass forming tendency and good chemical durability
[23, 27]. To reduce this ratio the iron content would have to be lowered or the P,Os
content increased. These compositional changes were expected to lower the chemical
durability, therefore it was decided to proceed, and use this higher oxygen to phosphorus
ratio, knowing that higher iron contents have been shown to increase the durability of
iron phosphate glasses [3, 28].

Another ratio that has been empirically shown to indicate the glass forming ability
of iron phosphate glasses is the molar iron to phosphorus ratio (Fe/P) which for these
SBW iron phosphate glasses is given in Table 2. It has been shown that an Fe/P ratio of
0.67 is favorable for good glass formation in iron phosphate glasses, while at a ratio
below 0.33 the durability is significantly lower, and for a ratio >1.0, glass formation
becomes difficult [10]. The Fe/P ratio for these SBW iron phosphate glasses are all
< 0.33, which would tend to indicate that these will not be durable, however, there has
been work [7] which indicates that alumina in iron phosphate glasses can increase the
durability in much the same way increased iron content does. To understand the extent to
which alumina can aid in the glass forming properties of these glasses, the molar iron +

aluminum to phosphorus ratio (Fe+Al)/P was also calculated. This ratio for all of the
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SBW iron phosphate glasses in the present study was between 0.66 and 0.81, which is in
the range of good glass formation indicated by the Fe/P ratio.

3.2. Physical properties

3.2.1. Density

The average density of each glass changed very little as the waste amount was
increased, as Table 3 shows. Within the estimated error of £0.05 g/cm’, there was little
change in the density of the samples; however, there appeared to be a small decrease in

the density of the glass as the waste loading was increased.

3.2.2. Viscosity

The viscosity of the SBW45 glass is similar to that of other iron phosphate melts
as shown in Fig. 3A. The curve labeled TFB20-40 is for an iron phosphate melt that
contained 20 wt% of a waste [23] whose composition was the average of the waste from
tank farm B (TFB) at Hanford, WA that contained 55% Na,O. The curves labeled
40W10F50P and 48W10F42P are for iron phosphate melts containing 40 and 48 wt%,
respectively, of the SBW at INEEL [29].

At the pouring temperature (1000°C), the viscosity of SBW45 iron phosphate
melt is approximately 0.35 Pa-s which is approximately 30 times less viscous than the
11.55 Pa-s of the SBW-2-25 borosilicate waste glass (containing 25% SBW) at its
pouring temperature (1150°C) [16]. The viscosity of the SBW45 melt is believed to be
representative of the viscosity of the SBW40 and SBW50 melts in the present study.

The log viscosity plotted as a function of 1/T in Fig. 3B indicates that the
viscosity of the SBW45 melt obeys the Arrhenius equation over the limited temperature
range of the present study. The data plotted for comparison in Fig. 3B include the TFB
waste from [23], as well as two glasses containing 40 and 48 wt% SBW from [30], and
the F43 iron phosphate glass (43 wt% Fe,O3, 57 wt% P,0s). The activation energy for

viscous flow was calculated from the slope of the regression line, and is given in Fig. 3B
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for each melt. The activation energy for the SBW45 melt is 14.9 kcal/mol which falls

into the same range as the activation energies for the comparison waste glasses 11.3 to
17.4 kcal/mol [30], but approximately half the activation energy for viscous flow (25.8
kcal/mol) in the alkali-free F43 glass.

3.2.3. AC electrical conductivity

The AC electrical conductivity of the SBW45 melt as a function of temperature is
shown in Fig. 4A. The AC conductivity at the melting temperature of 1050°C is 105
(Qm)™" and is reproducible for heating and cooling. This melt temperature conductivity is
~2.5 times higher than the conductivity of the SBW-22-20 borosilicate glass containing
20% SBW at its melting temperature (42 (Qm)™" at 1150°C) [30] and is similar to results
for iron phosphate glasses containing 40 and 48% SBW (~100 (Qm)" at 1000°C) [30].

As shown in Fig. 4B, the AC conductivity of the SBW45 melt (6.4 kcal/mol)
obeys the Arrhenius equation and is only about half that (13.5 kcal/mol) for the
SBW-22-20 borosilicate and the IP40WG from [30].

3.2.4. Thermal properties

The thermal expansion, Tq and T, in Table 3 are very similar for the SBW40 and
SBW45 glasses. There was a much larger difference between the measurements for
SBW45 and SBW50. The CTE ranged from 169x107 to 198x107 C™' with SBW45
having the lowest measurement and SBW50 having the highest. SBWS50 had the lowest
values for Tg and Td (385°C and 440°C respectively) while SBW40 and SBW45 each
had a Tg of 425°C, and Td measurements of 480°C and 475°C respectively. TGA
indicated there was no weight change for any of the SBW glasses when heated to 800°C.

The DTA curves in Fig. 5 show a crystallization peak at 555°C for SBW40 and
560°C for SBW45. The lack of a distinct exothermic peak in the curve for the SBWS50
glass is likely due to prior crystallization in this glass that most likely occurred during

annealing.



15

3.2.5. XRD

The XRD patterns for the three annealed glasses that were studied in detail are
shown in Fig. 6. The SBW40 and SBW45 samples had no detectable crystalline phases,
while SBW50 contained a small amount of Na,Fe,Al(PO4); which possibly formed
during annealing. The crystallized phases were small irregular shapes dispersed widely
throughout the glass ranging in size from 10 to 50um determined by optical microscopy
at 400x. Due to the small size and the relatively large distance between the crystal
phases, the amount of glass that crystallized is estimated to be <5%.

The most common crystalline phases found in the deliberately crystallized
samples were NazFe,(PO4); and Na,Fe, Al(PO4)3, as shown in Fig. 7. The SBW45 melt
that was cooled at the simulated CCC rate completely crystallized, and the crystal phases
were nearly identical to the glass that was deliberately crystallized by reheating for 24
hours at 570°C.

Peaks which cannot be identified are denoted by “?” in Fig. 7, indicating that

unidentified crystalline phases are present.

3.2.6. M0ssbauer spectra

The results from the Mdssbauer spectroscopy are given in Table 3 and typical
spectra are plotted in Fig. 8. The SBW40 and SBW45 glasses contained about 10%
Fe(IT) which is about half the amount of Fe(II) reported previously in iron phosphate
glasses [28, 31], where 20% Fe(II) was found on average. The lower Fe(Il) percentage
in the SBW40 and SBW45 glasses, however, agrees well with results for other iron
phosphate glasses melted at temperatures below 1150°C [10] and for other iron
phosphate glasses containing 40 wt% SBW [30]. The SBW50 had a high Fe(II)
percentage (~63%) which likely caused the small amount of crystallization in this sample
(see Fig. 6). It is unknown why the SBWS50 sample had a significantly higher Fe(Il) than
the SBW45 sample.
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3.3. Chemical durability

3.3.1. Bulk dissolution rate (DR)

3.3.1.1. Glass samples

The DR was measured on iron phosphate glasses containing from 25 to 50 wt%
SBW using the procedure described above. As shown in Fig. 9, the glassy wasteforms
(solid lines) had a DR ranging from a low of 2 x 10” to a high of 5 x 10™® g/cm*/min after
7 days in water at 90°C. The chemical durability of the iron phosphate glass wasteforms
in the present study was as good as or better than that of the EA borosilicate glass in
deionized water at 90°C, which had a DR of 5 x 10™® g/cm?/min after 7 days. There is a
general tendency for the DR to decrease with time which suggests a chemically
protective layer forms on the samples. Complete data are given in Appendix B, Table
BI1.

The increase in pH of the DI water that occurred during the DR measurements is
shown in Fig. 10. Note that the increase in pH for the EA glass is larger than that for the
iron phosphate glasses, due to the buffering action of the phosphate glasses [23, 28].
Note that the pH of the water used to test the iron phosphate glasses containing SBW did
not exceeded 8. Complete data are given in Appendix B, Table B2.

3.3.1.2. Crystallized sample DR

The DR of the deliberately crystallized iron phosphate SBW wasteforms were
also measured, and are shown by the dashed lines in Fig. 9. In general, the crystallized
samples were not as durable as the corresponding glassy wasteform. Complete data are
given in Appendix B, Table B3. The DR of the slowly cooled SBW45-CCC sample was
1.9 x 10 after 7 days. This sample was so fragile at 7 days that the test was

discontinued.
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3.3.2. Product consistency test - powder dissolution rate

The PCT results for the iron phosphate glass wasteforms and selected borosilicate
glasses are given in Table 4. The quantity of ions (normalized elemental mass release)
for Al, K, Na, and P released from the SBW40 and SBW45 glassy wasteforms was
approximately 18 times smaller than the quantity of B, Li, Na, and Si released from the
EA borosilicate glass [32]. The total quantity of ions released from the SBW40 and
SBW45 iron phosphate glasses was about 3 times less than the quantity released from the
borosilicate CVS-IS glass and was approximately equal to the total released from the
LD6-54-12 borosilicate glass produced at the Pacific Northwest National Laboratory
[33]. The chemical durability of the SBWS50 glass was not as good as that of the SBW45
or SBW40 glass, but was approximately the same as the EA borosilicate glass.

The common element that is present in the PCT analysis for both the borosilicate
glass and the iron phosphate glass is sodium. As Table 4 shows, sodium had the highest
release in nearly every case for the borosilicate glasses as well as the iron phosphate
glasses containing SBW. For the SBW50 the sodium release is 14.89 g/L compared to
borosilicate EA release of 14.11 g/L. The sodium release for SBW45 (0.37 g/mz) is
approximately 4 times lower than that for CVS-IS borosilicate glass (1.3 g/m?), and is
approximately the same as that released from the LD6-54-12 borosilicate glass (0.38
g/m?).

To compare the PCT results with the DR values described earlier, the dissolution
rate of the powdered samples was determined from the total mass release of the powdered
samples after a 7 day PCT using equation (2). A value of 30 cm? was estimated for the
surface area of the powder using the equation in Appendix IX of ref [25]. As shown in
Table 5, the dissolution rate calculated from PCT mass release is ~4 times larger than the
DR measured for the bulk glass samples for SBW40 and SBWS50, while it is ~2 times
smaller for the SBW45. The higher pH values for the water from the PCT than the DR
measurements for SBW40 and SBW50 may account for the higher calculated dissolution
rate, indicating that more ions are in solution. The bulk DR values can be used in a

general way to estimate the mass release of a sample in the PCT.
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The absence of any visually noticeable corrosion of the iron phosphate glass
particles during the PCT was confirmed by their morphology after testing. The
appearance of uncorroded SBW50 glass particles is shown in Fig. 11A while the
appearance of the particles of this less durable glass after the 7 day PCT is shown in Fig.
11B. The sharp corners and edges of the particles in Fig. 11B along with the absence of
any detectable corrosion layer on the surface indicate that this glass is resistant to
chemical attack by water. The SBW40 and SBW45 PCT particles also had nearly the

same appearance with no noticeable corrosion.
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4. Discussion

The present investigation of the iron phosphate glass wasteforms has identified
several properties of iron phosphate glasses that are relevant to the vitrification of SBW

at INEEL.

4.1. Glass properties

The iron phosphate melts containing SBW in the present study are fluid (<1 Pa-s)
and can generally be melted at approximately 1000°C with good results. This fluidity
reduces the necessary melting time substantially, so that homogeneous glasses are
achieved after melting times of one to two hours.

Low melting temperatures and shorter melting times lead to less expensive and
safer melting and mean that smaller furnaces can be used to achieve the same output.
This translates into significant savings both in energy consumed to melt the glass (lower
melting temperature) and into smaller amounts of glass due to the higher wasteloading
potential of the iron phosphate glasses. The lower melting temperature also leads to less
attack of the refractories allowing for longer furnace life.

An alternative technology for melting iron phosphate glasses is cold crucible
induction melting (CCIM). The higher electrical conductivity (relative to borosilicate
melts) of iron phosphate melts is beneficial for induction melting. The higher
conductivity of the iron phosphate melt allows the melt to be more susceptible to the rf
field of the melter. CCIM avoids potential problems with corrosion of refractories and
electrodes since the glass serves as its own refractory and no metal electrodes are needed
[36]. Iron phosphate glasses containing 40 to 48 wt% SBW have been successfully
melted using CCIM technology [30]. Induction melting is still considered a backup
technology due to the immaturity of the melters and power supplies, but it is a promising

melter technology for iron phosphate waste glasses [29, 35, 36].
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4.2. Chemical durability

4.2.1. Composition

The PCT results indicate that the total quantity of all ions leached from the
SBWA45 iron phosphate wasteform (1.25 g/L for SBW45) is ~35 times smaller than the
total quantity of ions leached from the EA glass (46 g/L). The SBW50 glass had a
chemical durability similar to that of the EA glass in both the DR and PCT tests. The
iron phosphate SBW45 glass had a total mass release below the 1g/m? conservative
constraint that has been quoted for acceptable durability [16, 24]. Another study [29] of
iron phosphate glasses containing SBW found similar chemical durability results, where a
DR of 2x10™ g/cm*/min at 16 days in 90°C water was reported for an iron phosphate
glass containing 40 wt% SBW.

The durability of the iron phosphate wasteform decreased as the amount of SBW
in the glass increased, probably due to the increasing soda content. A soda content of 22
to 24 wt% appears to be the limit for acceptable durability in these SBW iron phosphate
glass wasteforms. This maximum soda content is consistent with work performed at
Hanford, WA where iron phosphate glasses containing up to 24 wt% alkali (21 wt%
NayO and 3 wt% K,0) were found to have good durability (PCT total mass release <2
g/m®) [34].

The O/P ratio has been shown to be important to the chemical durability of iron
phosphate glasses [23]. An O/P ratio of 3.5, which corresponds to the P,O;
pyrophosphate composition, seems to provide the best chemical durability [23, 37]. An
increase in the O/P ratio toward the orthophosphate composition (O/P =4.0) or a
decrease in the O/P ratio toward the metaphosphate composition (O/P = 3.0) leads to a
decrease in the chemical durability [23, 37]. The reduction in chemical durability is more
significant when the O/P decreased from 3.5 than when it increases, indicating that
orthophosphate compositions are more chemically durable than metaphosphate
compositions [37].

The DR (14 days in 90°C DI water) is plotted in Fig. 12 as a function of molar
O/P ratio for iron phosphate glasses containing SBW as well as 20 to 40 wt% TFB waste
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(which contains 55 wt% Na,O compared to the 58 wt% Na,O and K,O in the SBW) [23],
as well as NKFP and NCFP [37] which contain (20 mol% alkali, 20 to 32 mol% Fe,O3
and 48 to 60 mol% P,0s), F40M [37] (containing 40wt% Fe,O3; and 60 wt% P,0s) and
FCs17 [38] (which contains 29 wt% Fe,03, 38 wt% P,0s, and 33 wt% Cs,O). The
general trend toward lower durability at O/P ratios above and below 3.5 is shown by the
“V” shape of the shaded area in Fig. 12.

The dependence of DR on the O/P ratio for the SBW glasses in Fig. 12 follows
the same trend as previous data: as the O/P ratio increases, the durability decreases.
However the durability for the SBW glasses is usually better than for the glasses
containing TFB for any given O/P value. This can be attributed to the SBW’s higher
alumina content (27 wt% for SBW compared to 1.3 wt% for TFB), which has been

shown to improve the durability of iron phosphate glasses [7].

4.2.2. Effect of crystallization

The iron phosphate SBW glasses in the present study crystallized on slow cooling
from the melt temperature causing the dissolution rate of the wasteform to increase by
~10 times. The DR of the crystallized samples exceeds that of the glassy samples and the
DR of the EA glass as shown in Fig. 9. The higher DR of the crystallized samples is
possibly a result of the reduced chemical durability of the remaining glass after the
crystalline phase forms. Iron is the limiting element for all of the crystal phases that
formed, therefore the glass that remains after crystallization will contain a majority of
sodium and phosphorus which is more susceptible to chemical attack by water.

An increase in DR with crystallization has been noted in other iron phosphate
glasses containing between 11 and 25 wt% of Na,O [23, 29, 37]. The DR increase in
these previous studies was smaller than that found for the SBW samples in the present
study. These previous studies generally had less than a 10 times increase in DR upon
crystallization; there have been iron phosphate waste containing glasses which show
almost no change or even decrease in DR with crystallization [38].

The general glass forming tendency for the iron phosphate glasses containing

SBW, as indicated by the XRD patterns for the glass samples after annealing in Fig. 6,
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appears to be good with the exception of the SBW50 sample glass, which contained
NayFe,Al(POy)s) crystals in its structure. The Mossbauer analysis of these samples
indicated that SBW50 contained 63% Fe(I1), which explains why Na,Fe, Al(PO4)3)

(Fe(I) compound) crystallized from the glass.

The crystallized compounds (determined by XRD, given in Fig. 7) that formed
when the SBW iron phosphate glasses were deliberately crystallized correlate with the
Maossbauer results. The SBW40 and SBW45 samples that were low in Fe(II) did not
form appreciable amounts of Na,Fe,Al(POs4)s3, but instead formed a majority of
NasFey(PO4); which is a Fe(IlI) compound. The maximum amount of each crystal phase
that could form from the glass is in the same proportion as the amount of iron in the
correct valence found by Mossbauer. Therefore, it would be expected that SBW50 would
form a majority Na,Fe,Al(PO4);) while the SBW40 and SBW45 glasses would form
approximately 90% NasFe;(POy)s.

The unusual structure of the slowly cooled sample (SBW45-CCC) contained more
internal voids than the sample heat-treated at 570°C for 24 hours (SBW45x) as shown by
the SEM images of SBW45 crystallized samples in Fig. 13. Analysis by XRD did not
reveal any major difference between the crystal phases in these samples, but the structural
difference is a possible reason for the higher DR of the CCC sample. It is possible that

the voids in the CCC sample provided more surface area for chemical attack by the water.

4.3. Iron phosphate glass for the vitrification of SBW

Based on the properties of the iron phosphate glasses that were measured in the
present study (waste loading, chemical durability, melting temperature, and electrical
conductivity), it appears that iron phosphate glasses are good potential host materials for
SBW.

The wasteloading for SBW in borosilicate glasses is limited to 20% by its sulfate
concentration [21] which forms a sulfate layer on the surface of the melt. It appears that
the limiting factor for vitrification of SBW in iron phosphate glasses is the amount of
soda in the waste composition. As mentioned previously, once the waste loading reached

~23 wt% Na,O in the glass, the durability decreased substantially.
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If iron phosphate glasses are chosen for the vitrification of this waste, the waste
loading could be more than doubled compared to waste loadings in a borosilicate glass.
Or, in other words, there would be 50% less waste glass when the project is completed.
The lower viscosity of the iron phosphate glasses than borosilicate glasses may provide
for shorter melting times than currently used. This shorter melt time would allow for
smaller melters to be used to achieve the same wasteform output.

The cost savings would be realized not only in the lower energy requirements for
vitrification of the iron phosphate glass itself, but also in the transportation of the waste
glass and in the construction of the final repository for the glass. Considering that there
are 1.3 million gallons of liquid waste at INEEL [16-19], it is estimated that more than
1200 canisters (of the type used at the Savannah River Site) would be required if
borosilicate glass were to be used at a waste loading of 20% [13]. The iron phosphate
glass with a waste loading of 45% would require 550 of the same canisters. The
elimination of 650 containers at an approximate cost of $250,000 each [4] would allow
for a savings of $160 million in disposal alone. A smaller repository could be constructed
to contain the waste because there would be <50% less glass to dispose of.

The production of the borosilicate wasteform would incur larger costs in terms of
raw materials due to the greater amount that would be required to vitrify a given amount
of waste. There is a possibility that a majority of the raw materials needed to form iron
phosphate waste glass could come from industrial metal phosphating waste where iron

phosphate is a by-product, currently being put in landfills.
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5. Conclusions

The results of the present study indicate that the SBW at INEEL can be vitrified
in an iron phosphate glass at 1000°C at waste loadings of up to 45 wt% with a chemical
durability (PCT) that satisfies current DOE requirements, <1 g/m”. The limiting factor in
the waste is the high sodium content, as the iron phosphates studied here were limited to
23 wt% Na,O before the durability became unsatisfactory. Preliminary studies indicate,
however, that alkali contents below 23 wt% do not seem to have a detrimental affect on
the durability of the glass. The relatively large amount of alumina (27 wt%) in the waste
was an advantage in that it appeared to increase the durability of the glass beyond what
would have been expected based solely on the O/P ratio.

The iron phosphate glasses in the present study tended to crystallize on slow
cooling from the melt temperature and the crystallized wasteform had a greater
dissolution rate than the corresponding glass. Crystallization of the wasteform must be
avoided to ensure the highest possible chemical durability. Two possible ways of
avoiding crystallization are to change the composition to reduce the rate of
crystallization, or to cool the melt rapidly after melting.

The higher electrical conductivity of iron phosphate melts than borosilicate melts
may allow for alternative melting technologies such as CCIM, which could be utilized to
melt the glass without the need for electrodes in the glass melt, or refractories lining the
melt tank.

Because of their low viscosity and rapid homogenization, melting times need only
be approximately two hours. The high wasteloadings that are possible for iron phosphate
glasses allow for smaller amounts of final wasteform that need to be disposed of, which

can translate into significant cost savings and smaller repository size.
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Table 1

Sodium bearing waste composition; original composition from INEEL [16, 22] and the

simplified composition and raw materials used.

O{;ﬁizal Slr{;gtlé/fj ed Raw Materials Weight* (g)
ALO; 27.34% | 27.47% | ALO; 27.50
B,0; 0.65% 0.65% H;BO; 1.25
CaO 2.23% 2.24% | Ca(NOs),*4H,0 5.34
Cl 1.04% 1.05% | NaCl 1.65
Cr,05 0.25% 0.50% | Cr203 0.50
Fe,0; 1.55% 1.56% | Fe(NO3),*9H,0 6.85
F 0.98% 0.98% | CaF 2.05
I 0.02%
K,0O 7.91% 7.96% | KNO; 17.17
MgO 0.05%
MnO 0.78% 0.78% | Mn(NO3),*6H,0 3.24
MoOs 0.13%
Na,O 50.05% | 50.30% | NaNO; 130.34
NiO 0.55% 0.55% | Ni(NO3),*6H,0 2.34
P,0s 1.19% 1.20% | (NHs)H,PO4 2.76
PbO 0.31%
RuO, 0.04%
SO; 3.73% 3.75% Na,SOq4 6.57
SiO, 0.18%
SnO 0.02%
71O, 1.00% 1.00% | ZrO, 1.00
Total 100.00% | 100.00% Total | 208.55

* Batch yielding 100 grams of waste
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Table 2

28

Batch and analyzed (as determined by ICP-ES labeled as ICP) compositions of the three

iron phosphate glasses studied in detail. Molar oxygen to phosphorus ratio, iron to
phosphorus ratio, and iron + aluminum to phosphorus ratio given for each composition.

SBW40 SBW45 SBWS50
Batch ICP Batch ICP Batch ICP

Al O4 109% | 12.0% | 12.3% | 13.6% | 13.7% | 15.9%
B,0; 0.3% - 0.3% - 0.3% -
CaO’ 0.9% 1.2% 1.0% 1.3% 1.1% 1.6%
Cl 0.4% - 0.5% - 0.5% -
Cr,04 0.2% 0.2% 0.2% 0.2% 0.3% 0.2%
Fe;Os 16.6% | 15.7% | 14.7% | 13.8% | 12.8% | 11.8%
F 0.4% - 0.4% - 0.5% -
K,O 3.2% 2.7% 3.6% 3.0% 3.9% 3.6%
MgO -—- 0.1% --- 0.1% --- 0.1%
MnO 0.3% 0.5% 0.4% 0.5% 0.4% 0.6%
Na,O 20.0% | 19.6% | 22.5% | 18.4% | 25.0% | 23.4%
NiO 0.2% 0.3% 0.3% 0.3% 0.3% 0.3%
P,0s 44.5% | 46.8% | 41.5% | 47.4% | 38.6% | 40.5%
SO, 1.5% - 1.7% - 1.9% -
Si0, --- 0.1% --- 0.2% - 0.5%
71O, 0.4% 0.2% 0.5% 0.3% 0.5% 0.3%
Total 99.8% | 99.5% | 99.8% | 99.0% | 99.8% | 98.7%

lgfi)o 4.14 4.09 4.36 4.06 4.61 4.57

lliz‘iil; 0.33 0.30 0.31 0.26 0.29 0.26
(Fe+Al)/P 0.67 0.66 0.73 0.66 0.79 0.81

Ratio

" The calcium from the calcium fluoride is included as calcium oxide value measured by
ICP-ES.



Table 3

Properties of iron phosphate glasses containing 40, 45, and 50 wt% SBW.

Property SBW40 | SBW45 | SBW50
Density £0.05 g/cm’ 2.92 2.87 2.81
Average CTE (Ave from 100 to 375°C)C" | 169x107 | 161x107 | 198x10”’
Dilatometric and DTA Transformation 425 425 385
Temp (T, °C) £5°C (440)* | (450)* | (410)*
Dilatometric Softening Point (Tg4, °C) £5°C 480 475 440
DTA Crystallization (T, °C) £5°C 555 565 ---
Melting Temperature (°C) £10°C 1050 1050 1050
Annealing Temperature (°C) £5°C 400 400 400

Massbauer Hyperfine Parameter

Isomer Shifts,  (£0.05 mm/s) 5:((11111)) (1):23 (1):2‘2‘ 8:2}
Quadrupole Splitting, AEq Fe(Il) | 2.11 2.28 2.26
(£0.05 mm/s) Fe(IIl) | 0.86 0.86 0.89
% Fe(Il) 9% 11% 63%

*(DTA value)
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Normalized mass release (PCT) from glassy iron phosphate wasteforms containing 40, 45

and 50 wt% SBW.

Iron phosphate glasses containing SBW

Borosilicate Glasses

Normalized mass

Normalized mass

*

release (g/L) SBW40 | SBW4S | SBW30 release (g/L) EA
Al 0.18 0.10 1.33 Ip 17.38
K 0.93 0.31 19.31 Ly 10.18
'Na 1.11 0.69 14.89 I'Na 14.11
Tp 0.28 0.15 3.18 Tsi 4.29
Tiotal 2.50 1.25 38.71 Tiotal 45.96
Initial pH (£0.1) 6.1 5.6 6.1 Initial pH 5.7
Final pH (£0.1) 9.2 8.7 10.1 Final pH 11.9
Normalized mass Normalized mass CVS- LD6-
release (g/m?) SBW40 SBW45 SBWS0 release (g/m?) I 54-12"
Tal 0.10 0.05 0.69 Tp 1.7 0.11
K 0.50 0.17 10.04 I 1.4 ---
I'Na 0.60 0.37 7.74 I'Na 1.3 0.38
Ip 0.15 0.08 1.65 Isi 0.4 0.10
Tiotal 1.35 0.67 20.12 Tiotal 4.8 0.59
Initial pH (+0.1) 6.1 5.6 6.1 Initial pH 5.9 5.7
Final pH (£0.1) 9.2 8.7 10.1 Final pH 10.3 11.4

"Average data for EA glasses produced at the Savannah River Site [32].
“CVS-IS and LD6-54-12 are standard borosilicate glasses made by PNNL [33].




Table 5
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Dissolution rate measured on bulk glass and crystallized samples and calculated from the

PCT total mass release.

Dissolution rate (g/cm*/min)" SBW-40 | SBW-45 | SBW-50
Calculated from PCT, glass powder | 1.2x10® | 6.2x107 1.9x107
Measured, Bulk Glass 2.9x107 | 1.3x10® | 5.2x10*
Measured, Bulk Crystallized 3.4x107 | 6.9x107 | 1.7x10°
Measured, Bulk CCC | - 1.9x10° | -

7 days in DI water @ 90°C
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Fig. 1. Schematic of bulk durability device.
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Fig. 2. Appearance of the cross section of a dense alumina crucible used to melt iron
phosphate SBW45 for 2 hours at 1050°C. The corrosion at the melt-line (indicated by

the arrows) was approximately 100um deep (optical microscopy). Lower picture is an
increased magnification of boxed area in the upper picture.

33



34

1.2
A —e—SBW45
- 3 - TFB20-40
14 —/— 40W10F50P
%\ —>— 48WI0F42P
s |—0 - F43
08 T \

Viscosity (Pa*s)
o
(2]

04 +
0.2 1+
0 } } } }
800 900 1000 1100 1200 1300
Temperature (°C)
1 } } } i i

051 Q= 25.8 kcal/mol

:"? Q= 14.9 kcal/mol

c 1

S

- Q= 11.3 kcal/mol

2 |

o

o

R

> Q= 17 kcal/mol

o

° ] Q= 17.4 kcal/mol
¢ SBW45
O TFB20-40
A 40W10F50P
X 48W10F42P
O F43

0 } } } } }
6 6.5 7 7.5 8 8.5 9

10000/T (K™
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flow is given for each composition.



140
T 120
E
g
E 100
2
= 80 |
(&)
>
-c 4
5 60
O E o
©
L
= 40
§ —e— Cooling
3 —B— Heating
< 20
0 i i i
800 900 1000 1100 1200
Temperature (°C)
1000 T
1 B ® SBW45
T O SBW-22-20
T AIP4OWG
Q= 6.4 kcal/mol

100

-

log AC Electrical Conductivity (ohm*m) t

[y
o

Q= 13.5 kcal/mol

Q=13.5 kcal/mol

6.5 7 7.5

8 8.5 9

10000/T (K™

9.5

35

Fig. 4. A) AC electrical conductivity as a function of temperature for the iron phosphate

SBW45 melt on heating and cooling.

B) Plot of log AC electrical conductivity vs 10000/T for SBW45 compared with

IP40WG iron phosphate glass and borosilicate glass SBW22-20 [23, 29].
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Fig. 5. Differential Thermal Analysis (DTA) of the SBW glasses measured at a heating
rate of 10°C/min in air atmosphere.



Powder XRD patterns of SBW glasses
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Fig. 6. Powder XRD patterns for iron phosphate glasses after annealing at 400°C.
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Powder XRD Patterns of
Iron Phosphate SBW crystallized samples
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Fig. 7. Powder XRD patterns for the deliberately crystallized SBW40x, SBW45x and
SBW50x waste forms and for the SBW45 melt that was slowly cooled from its melting
temperature of 1050°C (SBW45-CCC).



39

Mossbauer analysis of SBW glasses
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Fig. 8. Mdssbauer spectra obtained at 23°C for SBW45 and SBWS50 iron phosphate
glasses. The SBW40 spectra was nearly identical to the SBW45 and is not shown here.
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Fig. 9. Glass and crystallized sample dissolution rate as a function of time in 90°C DI
water. Solid lines are for glassy samples, dashed lines are for crystallized samples. EA
glass is included for comparison as well as the range for window glass (shaded area). DR

data for glasses containing 25 (SBW25) and 30 (SBW30) wt% SBW are also given for

comparison. Lines are drawn as guides for the eye.
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Fig. 10. Change in the pH of the DI water during dissolution rate measurements for the
iron phosphate SBW glasses (solid lines) as well as EA borosilicate glass (dashed line).
Lines are drawn as guides for the eye.
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Fig. 11. A) SEM micrograph of uncorroded SBW50 glass particles at 500x.
B) SBW50 glass particles after immersion in deionized water at 90°C for seven
days (PCT).
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Fig. 12. Dissolution rate as a function of O/P ratio for iron phosphate glasses containing
SBW. Data for iron phosphate glass containing (20 to 40 wt%) TFB waste from ref. [23].
NKFP and NCFP [37] which contain (20 mol% alkali, 20 to 32 mol% Fe,O; and 48 to 60

general trend in DR with O/P ratio reported previously [23, 37].



44

BOum 500X 40pm 1000X

Fig. 13. SEM images of fracture surfaces:
A and B) SBW45-CCC.
C and D) SBW45 deliberately crystallized at 560°C for 24 hours.
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Table Al

Compositions of Iron phosphate glasses containing SBW that were melted.
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" T Anneal
Name Composition o/P o o DR* Note
P o | Q)
Trial Melts: W=SBW waste, F=Fe,0;, P=P,0s5, U=UO,, M=2%Bi203, 2%CaF2, 2%Ca0, 2%PbO, 2%ZnO
SBW25 25W, 25F, 50P 39 1100 450 3.2-09 good glass
SBW30 30W, 23F, 47P 41 | 1050 | 475 2.8E-09 fluid at 1000
partially crystallized
SBW30 (2) 30W, 23F, 47P 4.1 1100 475 1.7E-09 melted longer than previous
SBW30B 30W, 20F, 50P. 39 1100 475 3.5E-09 good glass
SBW30n 30W, 20F, 50P. 3.9 | 1100 450 3.5E-09 good glass
SBW40 40W, 14F, 46P. 4.1 1050 425 4.9E-09 melted well, good glass
SBW45 45W, 12F, 43P. 44 | 1050 425 6.8-09 good glass
SBWS50 50W, 10F, 40P. 4.6 1050 425 2.1E-08 good glass
SBW40b 40W, 16F, 44P. 43 | 1050 | 425 8.9E-09 melted well, exterior of bar
crystallized after annealing.
SBW45b 45W, 14F, 41P. 4.5 1050 425 6.7E-09 good glass
SBW50b 50W, 12F, 38P. 48 | 1050 | 425 | 2.1p0g | 800dglass,significantamtof
residue in crucible
SBW50 (2) 50W, 12F, 38P. 48 | 1100 | 425 | 2007 | goodsglass, stiredmore, less
residue in crucible
SBW50B 50W, 15F, 35P. 5.1 1100 400 4.6-07 good glass, brown
SBWS55 55W, 10F, 35P. 4.9 | 1100 400 5.0E-06 Partially crystallized
SBW60 60W, 10F, 30P. 5.8 | 1100 400 9.3E-06 crystallized
SBW60 (2) 60W, 10F, 30P. 5.8 | 1300 - 6.8-06 crystallized
SBW60B 60W, 40P. 4.6 1100 400 1.8-06 good glass small crystals
SBW60C 60W, 5F, 35P. 5.1 1100 400 6.4E-06 crystallized
SBW70 70W, 30P 5.8 | 1300 400 Fell apart partially crystallized
75% waste g
SBW75 25% F40 frit 8.9 | 1100 - - didn't melt at 1100
75% waste S
SBW75A 25% F40 glass 8.9 | 1350 - - didn't melt
SBW45M 45W 10F 35P 10M 4.9 | 1100 400 1.9-07 brown Glass
SBW45U 45W 10F 35P 6U 4.1 950 400 8.9E-07 green glass, residue in crucible
Final Melts:
SBW40 40W, 14F, 46P. 4.0 1050 400 1.7E-09 good glass 5 Samples for DR
SBW45 45W, 12F, 43P. 44 1050 400 6.9E-09 good glass 5 Samples for DR
SBW50 50W, 10F, 40P. 4.6 1050 400 5.0E-08 good glass 5 Samples for DR
SBWA40x 40W, 14F, 46P. 40 | 1050 | 400 42E-07 Crystallized 590C 24 frs
5 samples for DR
SBW45x 45W, 12F, 43P. 44 | 1050 | 400 3.4E-07 Crystallized 580C 24 hrs
5 samples for DR
SBW50x 50W, 10F, 40P. 46 | 1050 | 400 1.6-07 Crystallized 530C 24 hrs
S samples for DR
SBW45-CCC 45W, 12F, 43P. 44 | 1050 - 1.9E-06 Cooled 40°C/hr to RT.

* g/cm?/min @ seven days in DI water at 90°C.
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APPENDIX B.

COMPLETE DR DATA FOR IRON PHOSPHATE GLASSES CONTAINING SBW



Table B1

DR data for iron phosphate glasses containing SBW measured from 3 to 30 days. Bold
average values used in Fig. 9.

Dissolution Rate g/cm?/min
3 days 7days 10days 14days 2ldays 30 days

SBW40-1 3.4E-09 | 2.3E-09 | 2.2E-09 | 2.2E-09 | 2.1E-09 | 2.1E-09
SBW40-2 2.3E-09 | 1.8E-09 | 1.6E-09 | 1.6E-09 | 1.5E-09 | 1.3E-09
SBW40-3 4.5E-09 | 3.9E-09 | 3.4E-09 | 3.1E-09 | 2.2E-09 | 2.9E-09
SBW40-4 4.7E-09 | 3.3E-09 | 2.0E-09 | 2.3E-09 | 2.4E-09 | 2.9E-10
SBW40-5 5.8E-09 | 3.0E-09 | 2.5E-09 | 2.1E-09 | 2.1E-09 | 2.2E-09
SBW40 Avg 4.1E-09 | 2.9E-09 | 2.3E-09 | 2.3E-09 | 2.1E-09 | 1.8E-09
SBW45-1 2.1E-08 | 2.0E-08 | 1.4E-08 | 1.2E-08 | 5.1E-09 | 5.0E-09
SBW45-2 1.5E-08 | 1.1E-08 | 8.1E-09 | 6.2E-09 | 6.6E-09 | 4.5E-09
SBW45-3 1.4E-08 | 1.4E-08 | 1.0E-08 | 8.9E-09 | 6.2E-09 | 5.8E-09
SBW45-4 1.4E-08 | 1.2E-08 | 8.4E-09 | 6.3E-09 | 6.6E-09 | 4.7E-09
SBW45-5 1.4E-08 | 9.5E-09 | 8.0E-09 | 6.0E-09 | 6.0E-09 | 5.2E-09
SBW45 Avg 1.6E-08 | 1.3E-08 | 9.8E-09 | 7.8E-09 | 6.1E-09 | 5.0E-09
SBW50-1 8.4E-08 | 5.2E-08 | 3.9E-08 | 3.7E-08 | 3.5E-08 | 3.5E-08
SBW50-2 1.1E-07 | 7.8E-08 | 6.5E-08 | 7.0E-08 | 7.4E-08 | 5.3E-08
SBW50-3 5.4E-08 | 2.8E-08 | 1.9E-08 | 1.4E-08 | 1.4E-08 | 1.5E-08
SBW50-4 5.7E-08 | 3.6E-08 | 2.6E-08 | 2.2E-08 | 2.1E-08 | 2.1E-08
SBW50-5 8.7E-08 | 6.5E-08 | 6.2E-08 | 6.9E-08 | 7.5E-08 | 5.5E-08
SBW50 Avg 7.8E-08 | 5.2E-08 | 4.2E-08 | 4.3E-08 | 4.4E-08 | 3.6E-08
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pH values of water used in dissolution rate measurements for iron phosphate glasses
containing SBW. Bold average values used in Fig. 10.

Initial 3days 7days 10days 14days 21days 30 days
SBW40-1 5.78 5.89 6.63 7.10 6.63 6.96 7.13
SBW40-2 5.78 6.75 6.95 7.18 7.05 7.15 7.25
SBW40-3 5.78 6.99 6.90 7.09 6.98 6.96 7.06
SBW40-4 5.78 6.84 6.93 7.13 7.14 6.90 7.17
SBW40-5 5.78 7.02 7.12 7.27 7.32 6.88 7.14
SBW40 Avg 5.78 6.70 6.91 7.15 7.02 6.97 7.15
SBW45-1 6.16 6.63 6.85 7.17 6.80 7.03 7.05
SBW45-2 6.16 6.86 6.99 7.15 6.96 7.21 7.24
SBW45-3 6.16 6.75 7.05 7.16 7.14 7.28 7.37
SBW45-4 6.16 6.76 6.98 7.17 7.14 7.14 7.25
SBW45-5 6.16 6.70 6.86 7.20 7.07 6.90 7.19
SBW45 Avg 6.16 6.74 6.95 7.17 7.02 7.11 7.22
SBW50-1 5.63 7.81 7.93 7.80 8.13 8.26 8.36
SBW50-2 5.63 7.89 8.16 7.86 8.59 8.35 8.42
SBW50-3 5.63 4.71 5.40 5.51 6.39 6.27 6.43
SBW50-4 5.63 7.37 7.63 7.58 7.91 8.11 8.16
SBW50-5 5.63 7.89 8.10 8.11 8.56 8.49 8.41
SBW50 Avg 5.63 7.13 7.44 7.37 7.92 7.90 7.96
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Table B3

DR data for iron phosphate glasses containing SBW that were deliberately crystallized
(by heat treatment at 550 to 590°C for 24 hours) measured from 7 to 35 days. Bold
average values used in Fig. 9

Dissolution Rate g/cm?/min
3 days 7days 10days 14days 2ldays 30days

SBW40x-1 4.0E-07 | 3.2E-07 | 1.8E-07 | 2.9E-07 | 2.3E-07 | 1.5E-07
SBW40x-2 4.1E-07 | 3.6E-07 | 2.4E-07 | 3.4E-07 | 3.1E-07 | 2.4E-07
SBW40x-3 4.4E-07 | 3.4E-07 | 2.8E-07 | 3.8E-07 | 2.5E-07 | 2.0E-07
SBW40x Avg | 4.2E-07 | 3.4E-07 | 2.4E-07 | 3.4E-07 | 2.6E-07 | 2.0E-07
SBW45x-1 8.3E-07 | 74E-07 | 5.6E-07 | 4.9E-07 | 3.6E-07 | 3.3E-07
SBW45x-2 9.0E-07 | 7.2E-07 | 6.8E-07 | 5.1E-07 | 3.2E-07 | 3.2E-07
SBW45x-3 8.6E-07 | 6.2E-07 | 4.7E-07 | 5.0E-07 | 5.0E-07 | 4.9E-07
SBW45x Avg | 8.6E-07 | 6.9E-07 | 5.7E-07 | 5.0E-07 | 3.9E-07 | 3.8E-07
SBW50x-1 1.6E-06 | 9.9E-07 | 9.5E-07 | 7.5E-07 | 7.8E-07 | 5.5E-07
SBW50x-2 3.0E-06 | 2.6E-06 | 1.4E-06 | 9.4E-07 | 8.1E-07 | 5.4E-07
SBW50x-3 1.9E-06 | 1.6E-06 | 9.3E-07 | 6.6E-07 | 5.5E-07 | 4.0E-07
SBW50x Avg | 2.2E-06 | 1.7E-06 | 1.1E-06 | 7.8E-07 | 7.1E-07 | 4.9E-07
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Iron phosphate glass for the vitrification of Hanford low activity waste with high

sulfur content

R.D. Leerssen, D.E. Day*
Ceramic Engineering Department and Graduate Center for Materials Research,
University of Missouri-Rolla, MO 65409

Abstract

The Low Activity Waste (LAW) streams at the Hanford, WA site contain from
7.42 to 11.50 wt% sulfate content, making them ill-suited for vitrification in borosilicate
glass at high wasteloadings. Iron phosphate glasses melted at 950°C with wasteloadings
of up to 30 wt% had dissolution rates below 6x10” g/cm?/min after 14 days in 90°C
water and Product Consistency Test (PCT) total normalized mass release of less than 1
g/m” in 90°C water for 7 days. The high soda content of the LAW (75 wt% Na,O)
limited the wasteloading to 30% (22.6 wt% Na,O) for a chemically durable waste-glass.
These iron phosphate glasses crystallized upon cooling at <1 °C/min from the melting
temperature (950°C) and when heat-treated at 580°C for 24 hours. The crystallized
wasteforms had dissolution rates that were ten times higher than their glassy form.
Sulfate content of up to 4.5 wt% was found for iron phosphate wasteglasses with no
evidence of a sulfate layer on the melt surface or sulfate segregation within the glass.
The retention of sulfate decreased with increasing time and temperature. For melting
temperatures up to 950°C and times less than 2 hours, more than 50 wt% of the sulfate in
the waste was retained in the glass. The durability of the glass appeared to decrease

somewhat with increasing sulfate content, however, processing conditions varied.
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Key words: iron phosphate glass; low activity waste; chemical durability, sulfur retention
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1. Introduction

Thousands of nuclear warheads were produced in the United States during the
arms race with the former Soviet Union. Inthe U.S., a large nuclear complex (16 major
facilities) was developed to research, manufacture, assemble, and test nuclear materials
and bombs [1]. The largest of the production facilities is the Department of Energy’s
(formerly Department of Defense) Hanford Site in Washington State, where the largest
amount of defense waste in North America is located [2]. This site is where a majority of
the plutonium processing for the nuclear arms race took place. This processing included
nine nuclear reactors used to convert uranium-238 to plutonium that was then reprocessed

in one of five chemical plants.

These plants produced more than 55 million gallons of radioactive waste, which is
stored in 177 underground storage tanks. The majority (149) of the tanks are single-shell
tanks (single carbon steel shell surrounded by concrete) ranging in size from 55,000
gallons to 1 million gallons. These tanks were designed with a life expectancy between
10 and 20 years [1], but many are over 50 years old (built between 1943 and 1964). The
remaining 28 tanks are newer double-shell tanks (two carbon steel shells surrounded by
concrete) with capacities of 1.0 to 1.1 million gallons and were designed to last between
25 and 50 years [1] and currently range in age from 20 to 32 years old. Although none of
the double-shell tanks have leaked, over a million gallons from the single-shell tanks are

estimated to have leaked into the ground [2].

The waste in the tanks consists of a settled sludge layer containing heavy metals,
transuranics and phosphates, and a liquid layer containing sodium, nitrates, phosphates
and sulfates. The liquid layer will be pumped from the tanks and prepared for
vitrification as a low activity waste feed. The majority of the radiation in these tanks is in
the sludge layer, therefore, it will be vitrified as high level waste [3]. The amount of
waste in the liquid fraction is by far the largest [3], and it has been estimated that the
vitrification of this waste will create nearly 500,000 tons of waste glass to be stored in

vaults at the Hanford, WA site [4].
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One complication for the vitrification of these wastes is the fact that there are
more than 40 different waste compositions being stored in the waste tanks. This waste
diversity stems from the three different separation techniques used for the isolation of
plutonium through the years, as well as additives such as NaOH to neutralize the acidic
waste stream (reduce corrosion of the tanks) as well as additions of ferrocyanide to the
tank to precipitate radioactive cesium thus allowing the water with very little
radioactivity to be decanted and transferred to storage ponds, reducing the volume of

liquid in the tanks [1].

One of the concerns with this waste is its high sulfate content, which has proven
to be problematic in borosilicate glasses due to a sulfate layer that forms on the surface of
the melt and is extremely corrosive to the refractory lining in the melter [5, 6]. There is
also a tendency for silicate melts with more than 5 wt% sulfate to form a foam [7] that
can interfere with the melting. A limit of 1 wt% sulfate has been placed on borosilicate
glasses to avoid these problems [6, 8-14]. Other wastes that have proven to be
problematic for vitrification in borosilicate glass are those that are high in sodium,
phosphorus, chromium or heavy metals [8, 15].

Currently, there are two methods of dealing with the high sulfate containing waste
streams: (1) blend the high sulfate waste streams with others that are low in sulfate, or
(2) dilute the waste using an extremely low wasteloading (8-10wt%) [3]. Neither of these
choices are particularly attractive, one involves too much handling of this dangerous
waste, and the other will create an undesirably large amount of final wasteform for
disposal. A possible alternative that would allow direct vitrification of these high sulfate
wastes is to have another approved wasteform which has a higher tolerance for
components that limit the wasteloading in borosilicates.

Research to identify a glass which can contain higher concentrations of the wastes
that are not well suited for vitrification in the current borosilicate glass has been
undertaken [16-18]. Iron phosphate glasses have attracted attention as a possible
candidate in this regard. Iron phosphate glasses containing 5% sulfate have been made
without difficulty [19] due to a higher solubility limit for sulfur in phosphate glasses [20].

There have been numerous publications on the effectiveness of iron phosphate

glasses as nuclear waste vitrification host glasses [21-24]. Iron phosphates have many of
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the same attributes that led to the approval of borosilicate glass as the vitrification
standard: (1) good chemical durability [25, 26], (2) processing temperatures below
1100°C [25, 27] and (3) resistance to crystallization [21], with the added benefit (4) of
high solubility for phosphorus and sulfur [20].

In the present work, the average composition for the Low Activity Waste (LAW)
at Hanford WA was studied for vitrification in iron phosphate glass [28]. This waste is
hereafter called Hanford High Sulfate (HHS) waste. Sixty-eight iron phosphate glasses
containing from 20 to 50 wt% HHS waste have been prepared from which selected

compositions were chosen for closer investigation.

The objectives of the present work were: (1) determine the maximum amount of
HHS that can be vitrified in iron phosphate glass, (2) determine the chemical durability of
iron phosphate wasteforms as a function of composition, (3) identify compositions of iron
phosphate glassy wasteforms with the maximum wasteloading and acceptable durability,
(4) evaluate the chemical durability of glassy and deliberately crystallized iron phosphate

wasteforms, and (5) determine sulfate retention in the wasteform.
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2. Experimental Procedure

2.1. Simulated waste formulation

The composition of the Hanford High Sulfate (HHS) for the present research is a
modified version of the average composition of the LAW at Hanford [28]. Table 1 gives
the original composition as well as the slightly simplified version that was used. The
original waste composition was simplified by ignoring several minor components whose
concentrations were below 0.5 weight percent and increasing the remaining components
accordingly. The slight compositional difference is not expected to affect the overall
properties of the wasteform, nor the results reported herein.

Due to the high nitrate content of the HHS waste at Hanford, the majority of the
NayO (75.3 wt% of the waste) was added as NaNOs. Table 1 lists the raw materials used
for the simulated HHS composition. This supply of simulated waste was mixed by
tumbling in a plastic container and stored in a sealed container until used. The calculated

weight loss on ignition for the HHS was 53.9%.

2.2. Glass preparation

Batches that produced 100g of glass were prepared by mixing reagent grade
Fe,O3 and P,0s dry crystalline powders with varying amounts of HHS. The simulated
HHS and additives were dry mixed and melted in a high purity alumina crucible
(CoorsTek 65505) in an electric furnace. These glasses were melted in an uncovered
crucible at the lowest temperature possible (generally between 900 and 1000°C) for 2
hours in an air atmosphere.

The batch was placed into the crucible in several small amounts at temperatures
ranging from 400 to 900°C, adding more as the batch melted. To ensure that the melt
was homogeneous, each liquid was stirred three times during melting (at approximately
60 minutes, 90 minutes and 10 minutes prior to pouring the melt) using a silica rod. The
melt was poured into steel molds to form 1 cm x 1 cm x 10 cm rectangular bars, which

were annealed at 400°C for approximately 2 hours and then cooled overnight to room
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temperature in the annealing furnace. The resulting glasses were black in color and
opaque.

Since P,Os was used as a raw material, the amount used in the batch included an
additional 5 wt% of the required amount to compensate for potential volatilization losses
of P,Os during melting. Other chemicals such as (NH4)H,POs, or phosphoric acid
(including industrial waste from metal phosphating) can be used instead of P,Os to avoid
the hygroscopic nature of this raw material [29].

Using ammonium phosphate as the source of P,Os causes the batch to be more
reducing during melting. A reducing melt affects the sulfur retention by reducing the
SOs to SO,, causing it to volatilize from the melt faster [30]. Adding sugar to the batch
had a similar effect on the retention of sulfur.

Several additives have been shown to have a positive impact on the durability of
iron phosphate wasteforms. These include calcium fluoride, calcium oxide and
manganese oxide which seem to decrease the tendency for crystallization [21], and lead

oxide and alumina which increase the chemical durability of the glass [31].

After the initial glasses were melted and preliminary durability testing performed,
four of the promising glass compositions, given in Table 2, were chosen for more
comprehensive study. These include three glasses containing 30 wt% HHS and one
containing 25 wt% HHS. The three compositions at 30 wt% HHS included one with 20%
Fe;Os3 and 50% P,0s (HHS30), and two other glasses that included several additives. In
an attempt to reduce the crystallization tendency and to increase the durability of the
glasses, 2 wt% each of Bi,03, CaF,, CaO, PbO and ZnO were substituted for P,Os in
HHS30M, and 5% each of calcium fluoride and alumina were substituted for Fe,O3 in
HHS30CA. The composition with a waste loading of 25% (HHS25) did not include any

additives.

2.3. Property measurements

Samples for property measurements were cut from the annealed glass bars. The

density of the glasses was measured by the Archimedes method using kerosene as the

suspension liquid. The average linear thermal expansion coefficient, a, and dilatometric
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softening temperature, T4, were measured using an Orton model 1600 auto-recording
dilatometer. T4 was determined as the peak of the expansion curve, and o was calculated
from the slope of the expansion curve, using the most linear region of the curve between
100 and 375°C.

Some of the annealed glass was deliberately crystallized by heat treatment
between 540 and 590°C for 24 hours. Some of the crystallized samples were ground to
-200 mesh powder and the crystal phases were determined from X-Ray Diffraction
(XRD) patterns that were collected over a 26 range from 10 to 90 degrees, at a scan rate
of 1°/min using a Scintag PADX x-ray diffractometer using copper Ko radiation with a
wavelength of 1.5418A.

One HHS30 melt was cooled over a 24 hour period to simulate the Canister
Centerline Cooling rate (CCC) at the center of the current wasteform containers used at
the Defense Waste Processing Facility (DWPF) in Aiken, SC. The cooling rate chosen
was approximately 40°C/hr from the melt temperature of 950°C to room temperature.
This rate is approximately twice the rate used previously for an iron phosphate glass [26]
and twenty times faster than the actual CCC rate of about 2°C/hr [32], but the higher rate
was considered acceptable for the purposes of the present study. The objective of this
cooling experiment was to determine if there was a difference in the phases that
crystallized from the slowly cooled melt as compared to the phases crystallizing when the
same glass was reheated from room temperature to 570°C where crystallization occurs.

A Netzsch (Simultaneous Thermal Analysis STA 409) Differential Thermal
Analysis/Thermal Gravimetric Analysis instrument (DTA/TGA) was used to determine
the crystallization temperature as well as note any weight change that occurred in the
sample. Approximately 40 mg of glass was heated in an alumina crucible to 800°C at a
rate of 10°C/min in air.

A JEOL T330A Scanning Electron Microscope (SEM) was used to examine the
surface of glassy, crystallized and chemically corroded samples. The samples were
affixed onto the SEM mounts with carbon tape and sputter coated with gold/palladium to
form a conductive layer.

Inductively Coupled Plasma — Emission Spectroscopy (ICP-ES, Acme Analytical

Laboratories LTD. - Vancouver, British Columbia) was utilized to determine the final
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composition of the glass, which was compared to the original batch composition. The
glass samples were digested in a four acid solution (HNO;3;, HC1O4, HF and HCI) at high
temperature prior to analysis. The analysis package used was the “whole rock analysis”
which does not include detection of the Bi,O3, PbO, SOz and ZnO found in the HHS30M
glass.

The viscosity of the HHS30 melt was measured using a rotating viscometer. A
non-standard alumina spindle was constructed from a 10 cc straight wall crucible and
calibrated using three standard viscosity oils (0.097, 0.099, and 0.965 Pa-s). Spindle
speeds of 10, 20, and 50 rpm were used for each measurement. The estimated error for
this procedure was less than +5%. The melt was held at a selected temperature for 30
minutes to allow it to thermally equilibrate, at which time a preheated spindle was
immersed in the melt. The viscosity was measured three times and then averaged. The
corrosion of the alumina spindle by the melt was negligible, determined by visual
inspection.

The AC Electrical conductivity of the molten HHS30 glass was measured at 1000
Hz by inserting 1 cm x 2 cm platinum electrodes 1.7 cm apart into the melt at
temperatures ranging from 800°C to 1200°C. The temperature range chosen was based
on the desire to know the response of iron phosphate glasses containing HHS not only at
the melting temperature used in the present work, but also at temperatures where
borosilicate wasteglasses are melted (~1150°C) for comparison.

The melt was heated to 1200°C where the first measurement was taken. The
temperature was reduced by 50°C and the melt was held at this temperature for 30
minutes after which the second measurement was taken; this process was repeated to
800°C. Once 800°C was reached the temperature was increased in increments of 50°C,
held for 30 minutes and the AC conductivity remeasured to determine if the conductivity
changed with time or thermal cycling.

The electrical resistivity of the melt was measured using an LCR meter connected
to the platinum electrodes, and this resistance measurement was converted to electrical

conductivity (o) using the equation:

I L
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where R is the electrical resistivity, L is the distance between the two electrodes, S is the
surface area of the electrode immersed in the melt, and K is the cell constant that was
determined to be 1.12 by calibrating the instrument using three different concentrations
of KCl standard solution. The error was estimated to be +5%.

To determine the valence and coordination number of iron in the glass,
Mossbauer spectroscopy was employed. The Mdssbauer spectra were measured at room
temperature on a constant acceleration spectrometer (ASA600) using a 50 mCi rhodium
matrix cobalt-57 source. Mdssbauer absorbers of approximately 85 mg/cm” were

prepared from 200 mesh powders.

2.4. Chemical durability

The chemical durability of the iron phosphate glasses was determined from the
weight loss of bulk samples immersed in deionized water at 90°C and on powders (-100
to +200 mesh) according to the Product Consistency Test (PCT, ASTM C 1285-97) [33].

The bulk Dissolution Rate (DR) samples were cut from annealed glass bars using
a diamond saw with kerosene as the cooling liquid and then polished to 600 grit. The
dimensions of each sample were approximately 1 cm x 1 cm x 1 em (£0.1cm). The DR
for each glass was measured on three samples and averaged.

Some of the samples were deliberately crystallized by heat-treating between 550
and 590°C for 24 hours. These heat-treated samples were used to determine the DR of
the crystallized wasteform.

The glassy and crystallized samples were rinsed with deionized water and
acetone, dried at 90°C, cooled to room temperature and weighed (£0.01 mg). Each
sample was suspended by a rayon thread in a 125 ml polyethylene bottle containing 100
ml of deionized water. A schematic of this setup is given in Fig. 1. The bottles
containing the wasteforms were placed in a 90°C oven and each sample was removed for
measurement after 7, 14, 21, 28, and 35 days. The samples were rinsed with deionized
water, dried at 90°C, cooled and weighed (£0.01 mg). The pH of the solution was

measured each time using a Fisher Scientific Accumet® pH/ion meter model 25 (0.1
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units). The samples were replaced in the same bottle without changing the water and
returned to the oven.

Samples of the Environmental Assessment (EA) glass obtained from the
Savannah River Laboratory were measured under the same conditions and used as a
reference for the DR values of the iron phosphate glasses.

The DR was calculated from the measured weight loss using the equation:

_ AW(Q) (2)
A (cm?) -t (min)

where A is the geometrically determined surface area (cm?”) of the sample and t is the
time (min) that the sample was immersed in DI water at 90°C. The weight loss (AW) is
Wi — W,, where Wi is the initial weight of the sample and W, is the weight of the same
sample after time t.

The chemical durability of the iron phosphate glass wasteforms was also
measured by the PCT. The samples were mechanically crushed and sieved to isolate the
-100 to +200 mesh fraction. The powders were washed thoroughly in water and ethyl
alcohol in an ultrasonic bath to remove particles smaller than 200 mesh, which are known
to reduce the accuracy of PCT measurements [34]. The washed powders were dried at
90°C overnight. The glass powder (1.5 grams + 0.5mg) was weighed and placed into a
Teflon vessel. Fifteen ml of deionized water was added to the powder. The vessel was
sealed and then placed in an oven at 90°C for seven days.

After completion of the PCT, the vessel was weighed and compared to the
original weight to determine if any water had escaped. Leachate losses were less than 1%
of the initial weight of the leachate. The pH of the water was measured before and after
the test. The leachate was filtered through a Nalgene 0.45 um filter, acidified with one
volume percent 0.4 M Optima HNOj to ensure the cations remained in solution and the
concentration of ions in the leachate was measured using ICP-ES (ACME Analytical
Labs LTD. - Vancouver B.C.). All tests were conducted in duplicate and averaged. A

blank was included in the analysis for control purposes.
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The normalized elemental mass release, r, was calculated in two different units
(g/L and g/m?) from Equations 3 and 4, respectively, to provide easier comparison with

other glasses:

1(4)- (;_ 3)

where C; is the concentration of element 1 in the solution and f is the mass fraction of
element 1 in the glass (unitless). The ICP-ES analyzed glass composition given in Table
2 was used to calculate f. A/V is the ratio of the sample surface area to volume of
leachate (m™). The elements used for the analysis of the release rate from the iron
phosphate glass are aluminum, potassium, sodium and phosphorus. These elements
differ from those that are analyzed in borosilicate wasteforms (boron, lithium, sodium

and silicon) due to the compositional differences of the glasses.
2.5. Sulfur retention

Several experiments were conducted to find effects of the melting time and
temperature on the retention of sulfur by these iron phosphate glasses. The first
experiments included melting several small batches of HHS30 (containing 2.85 wt%
SO3) at temperatures ranging from 900 to 1150°C, in increments of 50°C, for one hour at
each temperature. To study sulfur retention in HHS30 as a function of melting time, a
200g melt was held at 900°C and small sample bars (~25g) were poured at time intervals
ranging from 1 to 24 hours. These glasses were analyzed for sulfur content by both
X-ray Fluorescence (XRF) and by the Leco method (Acme Analytical Laboratory LTD —
Vancouver, British Columbia). The wt% sulfur in the glass was then converted to SOs.
Other glass compositions tested for retention of sulfate were HHS40 (containing 3.8 wt%

SO3) and HHS50 (containing 4.75 wt% SO3).
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To determine the effect that the sulfate percentage had on the chemical durability
of the glass, the dissolution rate was measured for the HHS30 samples produced for the

studies of sulfate retention as a function of temperature and time.



63

3. Results

3.1. Glass formation

For waste loadings below 40 wt%, the glasses were black in color and free of
crystals. Melts containing between 40 and 50 wt% wasteloading formed a green glass
(possibly due to iron valence change), while melts above 50% wasteloading tended to
crystallize quickly after pouring. A complete list of all compositions investigated in the
present study along with the melting temperature and dissolution rate in water at 90°C is

given in Appendix A.

3.1.1. Compositional analysis

During the initial melting of these glasses noticeable amounts of white smoke
were given off, which was attributed to the volatilization of P,Os. Once the batch was
fully melted, no more smoke was observed. The loss of P,Os was compensated for by
adding 5% more P,Os to the batch than was required for the composition. The ICP
analysis of the composition in Table 2 shows that the addition of excess P,Os
overcompensated for the volatilization losses, as the analyzed amount of P,Os was
typically higher than the batch composition in all but the HHS30CA glass.

Several other components of the glasses vary between the batch and ICP analyzed
compositions. It is unknown why trace amounts of K,O, MgO and MnO were reported in
the analyzed compositions. Perhaps some of the raw materials used in making the batch
were contaminated, but this is unlikely. The MgO and MnO amounts are small <0.1
wt%, but the amount of K,O was large enough to cause an increase in the PCT
normalized release rate (discussed later).

The Al,O5 content was 1 to 4 wt% higher than was expected in all of the glasses,
most likely as a result of dissolution from the crucible and the incorporation of corrosion
products into the melt (Table 2). However, very little corrosion or chemical attack of the
alumina crucible by the iron phosphate melts below 30 wt% HHS was observed. A

typical example of the crucible corrosion at the melt line is shown in Fig. 2 for a crucible
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in which HHS30 was melted for 2 hours at 950°C. The depth of corrosion was estimated
to be 220 um by optical microscopy. This amount of corrosion accounts for
approximately 4 grams of alumina added to the melt, or 2 wt% in the glass composition.
In melts containing >40 wt% waste (~30 wt% Na,0), the high soda content tends to
attack crucibles. Some of the initial batches containing 40 to 60 wt% HHS leached
through porous fireclay crucibles in an hour at 1000°C. Below 30% wasteloading,
however, these glasses can be melted in fireclay crucibles for several hours without

problems.

3.1.2. Oxygen to phosphorus ratio

The molar ratio of oxygen to phosphorus (O/P) was calculated from the batch
composition (assuming the oxides are in the form listed in Table 2) as well as from the
analyzed composition, and the results are reported in Table 2. For the glass compositions
with no additives (HHS30 and HHS25) the O/P ratios from the analyzed compositions
were lower than the ones calculated from the batch composition (3.57 vs. 3.71 and 3.63
vs. 3.73, respectively), but for the glasses containing 10 wt% additives (HHS30CA and
HHS30M) the opposite is true (3.93 vs. 3.58 and 3.87 vs. 3.68, respectively). This
difference in the HHS30M can be attributed to the large wt% of elements not detected by
the ICP analysis of this sample (Bi,Os, PbO, SO; and ZnO were not detected in the
chosen analysis of these samples, therefore ~9 wt% of the HHS30M batch composition
was not detected by ICP), making the wt % of the detected elements artificially high.

The cause for the low P,Os concentration in the HHS30CA sample is unknown.

These glasses have ratios that fall into the empirically known range of O/P values
for good durability, from 3.4 to 3.7. Generally the glasses that fall in this range have the
best glass forming tendency and good chemical durability [26, 35].

Another ratio that has been empirically shown to indicate the glass forming ability
of iron phosphate glasses is the molar iron to phosphorus ratio (Fe/P) which for these
HHS iron phosphate glasses is given in Table 2. It has been shown in previous studies
[24, 36] that an Fe/P ratio of 0.67 is favorable for good glass formation, while at a ratio

below 0.33 the durability is significantly lower, and a ratio >1.0 glass formation becomes
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difficult. The HHS30CA sample has a Fe/P ratio of 0.17 in the batch composition (0.24
from the analyzed composition) which is significantly below the desired ratio of 0.33.
This low Fe/P ratio may account for the lower chemical durability of the HHS30CA

glass.

3.2. Physical properties

3.2.1. Density

The density of the HHS glasses, provided in Table 3, as measured on five samples
of each glass, ranged from a low of 2.75 g/cm® for HHS30CA (possibly due to lower
Fe, 05 content) to 3.14 g/cm’ for HHS30M (possibly due to replacing P,Os with heavier

elements such as PbO and Bi,03). The estimated error was £0.05 g/cm3.

3.2.2. Viscosity

Because of the high soda content (75.3 wt%) and lack of other major components
in the HHS waste composition, the viscosity of the iron phosphate glasses containing
HHS was low enough that they could be melted and poured at temperatures between
900°C and 950°C. The HHS iron phosphate melts are more fluid at these temperatures
than other iron phosphate melts as indicated by the viscosity curve for HHS30 compared
with other waste containing iron phosphate glasses shown in Fig. 3A. The curve labeled
TFB20-40 is for an iron phosphate melt containing 20 wt% of a simulated waste [26]
whose composition was the average of the tank farm B (TFB) waste at Hanford, WA that
contained 55% Na,O. The glasses labeled 40W10F50P and 48W10F42P are for iron
phosphate melts containing 40 and 48 wt%, respectively, of the Sodium Bearing Waste
(SBW) at the Idaho National Engineering and Environmental Laboratory (INEEL) which
contains 52.3 wt% Na,O [37]. F43 is an alkali-free iron phosphate glass composed of 43
wt % Fe,O3 and 57 wt % P,0s.

At the pouring temperature (950°C), the viscosity of the HHS30 iron phosphate

melt is approximately 0.26 Pa-s; about 40 times less viscous than the 11.55 Pa-s of the
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SBW-2-25 borosilicate waste glass from INEEL, containing 25 wt% SBW (~13 wt%
Na,0), at its pouring temperature of 1150°C [15]. The viscosity of the HHS30 melt is
believed to be representative of the viscosity of the other iron phosphate HHS melts in
the present study.

The log viscosity plotted as a function of 1/T in Fig. 3B indicates that the
viscosity of the HHS30 melt obeys the Arrhenius equation over the limited temperature
range of the present study. The data plotted for comparison in Fig. 3B include the TFB
waste from Hanford [26], as well as two glasses containing 40 and 48 wt% SBW waste
[27], and the F43 iron phosphate glass (43 wt% Fe,03, 57 wt% P,0Os). The activation
energy for viscous flow was calculated from the slope of the regression line, and is given
in Fig. 3B for each melt. The activation energy for the HHS30 melt is 9.3 kcal/mol
which is similar to the activation energy calculated for the 40W10F50P (11.3 kcal/mol)
[27], but significantly lower than the activation energy for viscous flow in the alkali-free
F43 glass (25.8 kcal/mol). The HHS30 melt is less viscous and also has the lowest
activation energy most likely due to the high soda content of the waste, and lack of other
major components.

To find the general trend in viscosity with respect to Na,O content in iron
phosphate melts, the data from previous studies [26, 27] are plotted in Fig. 4, where the
viscosity is plotted as a function of wt% Na,O in the melt. There is a general trend
indicating that as the Na,O content increases, the viscosity decreases and reaches a
minimum between 15 and 20 wt% Na,O and commences to increase with increasing
soda. It is emphasized that the curves in Fig. 4 are intended to indicate the general trend
in viscosity with soda content only since there are other significant compositional
differences between these melts. For example, TFB20-40 contains 33.7 wt% Fe,;O3
compared to 20 wt% in HHS30, and the SBW45, 40W10F50P and 48W1042P melts
contain between 12.9 and 13.6 wt% Al,O3 compared to only 3.43 wt% in HHS30.

3.2.3. AC electrical conductivity

The AC electrical conductivity of the HHS30 melt as a function of temperature is

shown in Fig. SA. The AC conductivity at the melting temperature of 950°C is 100
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(Qm)" and is reproducible for heating and cooling. This melt conductivity at 950°C is
~2.5 times greater than the conductivity (42 (Qm)™) of the SBW-22-20 borosilicate melt
(which contains 20% SBW) at its melting temperature of 1150°C [27] and is essentially
the same as the conductivity (~100 (Qm)™ at 1000°C) [27] of the iron phosphate glasses
containing 40 and 48% SBW.

As shown in Fig. 5B, the AC conductivity of the HHS30 melt obeys the Arrhenius
equation and has an activation energy of 6.3 kcal/mol which is about half that for the

SBW-22-20 borosilicate and the [IP40WG (13.5 kcal/mol) from [27].
3.2.4. Thermal properties

The compositions of the HHS iron phosphate glasses in the present study are
similar in composition and, therefore, it was expected that the thermal properties of these
glasses would be similar. The thermal expansion coefficient for these iron phosphate
glasses ranges from 144x107 °C' to 203x10” °C™', while the dilatometric softening point
(Tg) ranges from 500 to 515°C and the transformation temperature (T,) ranges from 450
to 475°C. Complete data are given in Table 3. TGA showed no weight change for any
of the HHS glasses when heated to 800°C.

The DTA curves in Fig. 6 show the crystallization peaks are between 558 and
600°C for these glasses while T, was between 460 and 472°C, which agrees well the T,
from the dilatometry measurements given in Table 3. All of the DTA samples were run
in an identical fashion in an air atmosphere. It is unclear why the DTA curves are nearly
identical for the HHS30 and HHS30CA, although the high sodium content may have
overshadowed the change that substituting Al,0O3 and CaF, for Fe,O3; would have on the
melt. The HHS30M glass crystallized at a lower temperature and had a much broader
exothermic peak. The HHS25 glass had a lower Na,O content and therefore crystallized
and melted at a slightly higher temperature, but the composition was very similar to the

HHS30, therefore no large difference was expected.
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3.2.5. XRD

The four annealed glasses that were studied in detail did not contain any
detectable crystalline phases after annealing as shown by their XRD patterns in Fig. 7.

The XRD curves shown in Fig. 8 indicate that the most common phases found in
the deliberately crystallized (heat-treated) samples were NaFe(P,O7) and NasFe;(PO4); in
the HHS30 and HHS25 samples, Na,Fe,Al(PO4); and NasFe,(PO4); in the HHS30M
sample and Al(PO;); and NaFe(P,0-) in the HHS30CA sample. With the exception of
Al(POs)s, all of the identified crystalline phases in these samples are either
orthophosphates or pyrophosphates which have been noted as having good chemical
durability in previous work [36].

By a simple calculation using the molar ratio of Na,O, Fe,03, Al,0O3, and P,Os in
the iron phosphate HHS glasses a general indication of the amount of each identified
crystalline phase in each sample was estimated. HHS30 could contain approximately
75 mol% NaFe(P,07) and 25 mol% Na3Fe,(PO4);, however, approximately 50 mol% of
the Na,O is unaccounted for after the iron oxide is exhausted. HHS25 could contain
approximately 50 mol% NaFe(P,07) and 50 mol% Na3Fe,(PO4); which leaves
approximately 25 mol% of the Na,O unaccounted for. HHS30M could contain 25 mol%
NayFe,Al(POy); and 75 mol% NasFe,(PO4)s which accounts for all of the oxides in the
calculation with the exception of 35 mol% of the Na,O. HHS30CA could contain
50 mol% Al(POs3); and 50% NaFe(P,07) which leaves 50 mol% of the Na,O unaccounted
for.

Peaks which cannot be identified are denoted by “?” on Fig. 8, indicating that
unidentified crystalline phases are present..

The HHS30-CCC sample (slow cooled at the simulated CCC rate) appeared to be
completely crystallized, by visual inspection (optical microscope) of the sample. The
crystallization was confirmed using SEM where it can be seen in Figs. 9 A and B that
there are regions of large crystals as well as porosity in the sample. Other locations
within the sample appeared similar; therefore the images shown are considered

representative of the whole sample.
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Micrographs for the heat-treated HHS30x sample are given in Figs. 9 C and D (at
a higher magnification to show the structure) for comparison. The XRD patterns for
these samples did not indicate any significant differences in the crystal phases present in
the two samples. The HHS30-CCC pattern is shown in Fig. 8 to compare with the XRD
patterns for the deliberately crystallized samples. A possible cause for the lower
durability for the slow cooled (CCC) sample is that the voids that are evident in the SEM

images may have created a larger surface area for chemical attack.

3.2.6. Mossbauer spectra

The results from the Mdssbauer spectroscopy are given in Table 3 and typical
spectra are plotted in Fig. 10. Compared to other iron phosphate glasses melted in air
which usually contain 20% Fe(II) [24, 38, 39], there seems to be a low amount of Fe(II)
in the iron phosphate glasses containing HHS (from 5 to 9% Fe(Il)). The lower Fe(Il)
percentage in these glasses, however, is reasonable when compared with results for other
iron phosphate glasses melted at temperatures below 1150°C (12% Fe(II)) [24] and for
other iron phosphate glasses containing 40 wt% SBW (11% Fe(Il)) [27]. The lower
percentage of Fe(I) in the present glasses is attributed to the lower melting temperature

used in the present study since lower melting temperatures are known [24] to favor

Fe(III).
3.3. Chemical durability
3.3.1. Bulk dissolution rate (DR)
3.3.1.1. Glass samples
As shown in Fig. 11, the glassy wasteforms (solid lines) had a DR ranging from a

low of 8.6x10™ (HHS25) to a high of 5.1x10™® g/cm?*/min (HHS30CA) after 7 days in

water at 90°C. The chemical durability of the iron phosphate glass wasteforms in the
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present study was as good as or better than that of EA glass, which had a DR of
approximately 5.2x10® g/cm*/min after 7 days in deionized water at 90°C. There is a
general tendency for the DR to decrease with time which suggests a chemically
protective layer forms on the samples. Complete data are given in Appendix B, Table
BI1.

The increase in pH of the DI water that occurred during the DR measurements is
shown in Fig. 12. The pH change from the EA glass is given as a comparison. Note that
the increase in pH for the iron phosphate glasses is smaller than that for the EA
borosilicate glass, due to the buffering action of the phosphate glasses [26, 38]. Note that
the pH of the water used to test the iron phosphate glasses did not exceeded 7.5.
Complete data are given in Appendix B, Table B2.

3.3.1.2. Crystalline samples

The DR of the deliberately crystallized iron phosphate HHS wasteforms were also
measured, and are shown by the dashed lines in Fig. 11. In general, the crystallized
samples were not as durable as the corresponding glassy wasteform, the DR ranged from
a low of 5.2x10™ for HHS25x to a high of 6.3x10” g/cm?*/min for HHS30CAX after 7
days in water at 90°C. Complete data are given in Appendix B, Table B3. The DR of the
slowly cooled HHS30-CCC sample was 1.5x107 after 7 days. This sample was so fragile

at 7 days that the test was discontinued.

3.3.2. Product consistency test - powder dissolution rate

The PCT results for the iron phosphate glass wasteforms and selected borosilicate
glass wasteforms are given in Table 4. The quantity of ions (normalized elemental mass
release) such as Al, K, Na, and P released from the glassy wasteform was about 10 times
less than the quantity (B, Li, Na, and Si) released from the EA borosilicate glass [40].
The total quantity of ions released from the iron phosphate glasses was less than the

quantity released from the CVS-IS borosilicate glass, but ~2 times higher than the release
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from the LD6-54-12 borosilicate glass produced at the Pacific Northwest National
Laboratory [41]. All of the HHS glasses had normalized mass releases below 1g/m’.

The common element that is present in the PCT analysis for both the borosilicate
glass and the iron phosphate glass is sodium. As Table 4 shows, sodium had the highest
release in every case for the iron phosphate glasses containing HHS as well as the
borosilicate glasses. All of the HHS iron phosphate glasses had a sodium release of
<1.04 g/L compared to the borosilicate EA release of 14.11 g/L. The sodium release for
HHS30CA (0.41 g/m?) is approximately 3 times lower than that for CVS-IS borosilicate
glass (1.3 g/m?), and is approximately the same as that released from the LD6-54-12
borosilicate glass (0.38 g/m?).

It is unknown why the amount of K,O released is as large as reported. A small
amount of K found in the leachate from PCT and divided by the small percentage in the
analyzed composition leads to an inflated normalized mass release number. Because the
wt% of K»O in the analyzed composition is below 1% it should be ignored in the analysis
of these glasses [33], there is an improvement in the total mass release for the iron
phosphate HHS glasses when the K release is omitted, see rio-1x in Table 4.

To compare the PCT results with the DR values described earlier, the dissolution
rate of the powdered samples was determined from the total mass release (AW) of the
powdered samples after a 7 day PCT using equation (2). A value of 30 cm” was
estimated for the surface area of the powder using the equation in Appendix IX of ref
[33]. Asshown in Table 5, the dissolution rate calculated from PCT mass release is 2 to
8 times larger than the DR measured for the bulk glass samples. The higher pH values
for the water from the PCT than from the DR measurement may account for the higher
calculated dissolution rate, indicating that more ions are in solution. The bulk DR values
can be used in a general way to estimate the mass release of a sample in the PCT.

The absence of any significant corrosion of the iron phosphate glass particles
during the PCT was confirmed by SEM examination of their morphology. The
appearance of uncorroded HHS30 particles is shown in Fig. 13A while the appearance of
the HHS30 particles after the 7 day PCT is shown in Fig. 13B. There is no discernible
difference in their appearance and the sharp corners and edges of the particles in Fig. 13B

and the absence of any detectable corrosion layer on the surface indicate that this glass is
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resistant to chemical attack by water. The HHS30M, HHS30CA and HHS25 PCT

powders also appeared virtually identical with no noticeable corrosion.

3.4. Sulfur retention

Visual inspection of the melts each time they were stirred yielded no observable
sulfate layer on the surface of any of the iron phosphate melts. Similarly, no sulfate
droplets were detected in the glass, either by optical microscopy or SEM. Iron phosphate
glasses were formed which contained >4.5wt% SO; after melting at 900°C for one hour.
This was determined for a 50wt% HHS glass that had a SO; content of 4.75wt% in the
batch. The measurement was performed by XRF using standards containing known
amounts of sulfur. This SO; content agrees with previous work [19], where it was found
that 5 wt% SOj; was retained in iron phosphate glasses.

As shown in Fig. 14, sulfur has a tendency to volatilize from the melt as the
melting temperature is increased. These glasses were heated at the specified temperature
in an open crucible for 1 hour in air. Volatilization of sulfur from the melt is also seen in
the HHS30 glass when it was held at a constant temperature (900°C) in air for up to 24
hours, see Fig. 15. Based on data Figs. 14 and 15, it is estimated that for melting
temperatures of up to 950°C, the glass should retain ~50% of the SOj; in the batch for a
melting time of 2 hours.

The addition of 1 wt% sugar to make the batch more reducing caused a lower
retention of sulfate, as shown by the open triangles in Figs. 14 and 15.

The DR (at 14 days in 90°C water) as a function of wt% sulfate in the glass is
plotted in Fig. 16 for the HHS30 glasses melted at various temperatures and time (from
Figs 14 and 15). These data suggest that the DR increases slightly with increasing sulfate
content. However, the differences in melting conditions, especially at the higher
temperature (1100°C) and longer melting times (20 to 24 hours) may also cause some
change in DR. Nevertheless, the data are concluded to indicate that the DR probably
depends upon the sulfate content of the glass. Complete data are given in Appendix C,

Table C1.
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4. Discussion

The present investigation of the iron phosphate glass wasteforms has identified
several properties of iron phosphate glasses that are relevant to the vitrification of HHS at

Hanford, WA.

4.1. Glass properties

The iron phosphate melts in the present study which contain HHS are fluid
(<1 Pa-s) and can generally be melted at approximately 950°C with good results. This
fluidity reduces the necessary melting time substantially, so that homogeneous glasses are
achieved after melting times of one to two hours.

Low melting temperatures and shorter melting times lead to less expensive and
safer melting and mean that smaller furnaces can be used to achieve the same output.
This translates into significant savings both in energy consumed to melt the glass (lower
melting temperature) and by smaller amounts of glass due to the higher wasteloading
potential of the iron phosphate glasses. The lower melting temperature also leads to less
attack of the refractories, allowing for longer furnace life.

An alternative technology for melting iron phosphate glasses is cold crucible
induction melting (CCIM). The higher electrical conductivity (relative to borosilicate
melts) of iron phosphate melts is beneficial for induction melting. The higher
conductivity of the iron phosphate melt allows the melt to be more susceptible to the rf
field of the melter. CCIM avoids potential problems with corrosion of refractories and
electrodes because the glass serves as its own refractory and no metal electrodes are
needed [3]. Iron phosphate glasses containing 40 to 48 wt% SBW have been successfully
melted using CCIM technology [27]. Induction melting is still considered a backup
technology due to the immaturity of the melters and power supplies, but it is a promising

melter technology for iron phosphate waste glasses [3, 37].
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4.2. Chemical durability
4.2.1. Composition

The PCT results indicate that the total quantity of all ions leached from the iron
phosphate wasteforms (0.9 g/L for HHS30M) is ~50 times smaller than the total quantity
of ions leached from the EA glass (46 g/L). All of the HHS30 glasses had mass releases
below the conservative constraint of 1g/m” that has been quoted for good PCT durability
[15,32]. The DR for the iron phosphate glasses in the present study is slightly higher
than the DR reported [37] for iron phosphate glasses containing the SBW (which contains
52.3 wt% soda) where a DR of 2x10” g/cm®/min (16 days in 90°C water) was reported
for a composition that had similar soda content (23 wt%) to the glasses in the present
study.

The additives used in the HHS30M (2 wt% each of Bi,0;, CaF,, CaO, PbO and
Zn0O) and HHS30CA (5% each of CaF; and Al,O3) did not have a large effect on the
durability as measured by either DR or PCT. These additives lowered the PCT mass
release (Table 4) and changed the phases that crystallized from the glass (Fig.8). The
HHS30M glass had a lower DR than HHS30 glass in both its glassy and crystallized
forms; however, the DR for the HHS30CA glass was higher in both cases (Fig. 11).

The durability of the iron phosphate glasses containing HHS decreased as the
amount of waste in the glass increased, most likely due to the increasing soda content. A
soda content of 22 to 24 wt% appears to be the limit for acceptable durability in these
HHS iron phosphate glass wasteforms. This soda content agrees with work performed at
Hanford, WA where iron phosphate glasses containing up to 24 wt% alkali (21 wt%
Na,0 and 3 wt% K,0) were found to have good durability (total PCT mass release of <2
g/m?) [19].

The O/P ratio has been shown to be important to the chemical durability of iron
phosphate glasses [26]. An O/P ratio of 3.5, which corresponds to the P,O;
pyrophosphate composition, seems to provide the best chemical durability [26, 36]. An
increase in the O/P ratio toward the orthophosphate composition (O/P =4.0) or a

decrease in the O/P ratio toward the metaphosphate composition (O/P = 3.0) leads to an
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increase in DR [26, 36]. The reduction in chemical durability is more significant when
the O/P decreases from 3.5 than when it increases, indicating that orthophosphate
compositions are more chemically durable than metaphosphate compositions [36].

The DR (14 days in 90°C DI water) is plotted in Fig. 17 as a function of the molar
O/P ratio for iron phosphate glasses containing HHS. Results from previous studies are
also given, these previous results include 20 to 40 wt% TFB waste (which contains 55
wt% NayO) [26], as well as NKFP and NCFP [37] (which contain 20 mol% alkali, 20 to
32 mol% Fe,0; and 48 to 60 mol% P,0s), F40M [37] (containing 40wt% Fe,Os and 60
wt% P,0s) and FCs17 [38] (which contains 29 wt% Fe,03, 38 wt% P,0s, and 33 wt%
Cs0). The general trend toward lower durability at O/P ratios above and below 3.5 is
shown by the “V” shape of the shaded area in Fig. 17. It can be seen that the DR for
HHS glasses in Fig. 17 falls in the same range as the DR for previous iron phosphate

glasses with similar O/P ratios.

4.2.2. Effect of crystallization

The iron phosphate HHS glasses in the present study crystallized on slow cooling
(<1°C/min) from the melt temperature causing the dissolution rate of the wasteform to
increase by ~10 times. The DR of the crystallized samples exceeded that of the glassy
samples and the DR of the EA glass as shown in Fig.11.

A decrease in durability with crystallization has been noted in other iron
phosphate glasses containing between 11 and 25 wt% of Na,O [26, 36, 37]. The
durability decrease in these previous studies was smaller than that found for the HHS
samples in the present study. The difference in durability noted in these previous studies
was generally less than the 10 times increase in DR upon crystallization; there have been
iron phosphate waste containing glasses which show almost no change or even decrease
in DR with crystallization [31]. It is possible that the durability of the crystalline phases
that formed from these glasses is lower than the phases that formed in previous studies.

In general, all of the compositions in Table 2 were good glass formers, as
illustrated by the XRD patterns in Fig. 7, where no crystalline phases were detectable in

the annealed samples.
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The compounds that crystallized from the glasses, shown in Fig. 8, correlate well
with the Mdssbauer results, which indicate that all of the glasses containing 30 wt% HHS
in the present study contain from 5 to 9% Fe(Il). Iron is in the Fe(IIl) state in
NaFe(P,07) and NazFe,(POy);, which are the major phases found in the HHS30 and
HHS25 samples. HHS30M has some Na,Fe,Al(PO4); where the iron is present as Fe(Il),
but from previous calculations this appears to be the lower concentration compound
while NasFe,(PO,)s is at a higher percentage in the HHS30M sample. The crystalline
phase containing iron that crystallized from the HHS30CA glass was NaFe(P,0-), also
confirmed by Mossbauer.

The higher DR of the crystallized samples is possibly a result of the reduced
chemical durability of the remaining glass after the crystalline phase forms. Iron is the
limiting element for most of the crystal phases that formed, therefore the glass that
remains in the samples after crystallization will contain a majority of sodium and
phosphorus which is more susceptible to chemical attack by water.

There is a difference between the structures of the samples that were heat-treated
at 570°C and the one that was cooled using the simulated CCC rate. The HHS30-CCC
sample appeared to contain more internal voids in its structure compared to the heat-
treated sample (HHS30x). This structural difference is a possible reason for the lower
chemical durability of the CCC sample, because these voids could provide a larger
surface area for chemical attack by the water. Analysis by XRD did not reveal any major
difference between the crystalline phases present in these samples; however, the peak

intensity differences indicate that the phases are present in different concentrations.

4.3. Sulfate retention

Iron phosphate glasses (containing 50 wt% HHS) were made that contained >4.5
wt% SOs. This glass was melted at 900°C for 1 hour, and retained approximately 90% of
the SO; in the batch. The high sulfate solubility of phosphate glasses is related to the
P,Os content of the glass. It has been reported that increasing the P>Os content in a

silicate glass increases the solubility of sulfur [11, 13, 42].
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The fact that iron phosphate glasses containing SBW can be melted at only 950°C
is beneficial for retaining the sulfate in the melt. The sulfate retention of the glass is
reduced as the melting temperature is increased. Below 1000°C and 2 hour melting time,
more than 50% of the sulfate is retained on average; when melted at 1100°C for 1 hour,
less than 10% of the sulfate remains in the glass on average. The retention at 1100°C
agrees with previous results where it was reported that no sulfate was retained in an iron
phosphate glass melted at 1106°C for 10 hours [10]. Under these conditions only a small
fraction of the sulfate would be expected to be retained, as the solubility of sulfate

decreases with increasing temperature [43].

4.4. Iron phosphate glass for vitrifying HHS

Based on the properties of the iron phosphate glasses that were measured in the
present study (waste loading, chemical durability, melting temperature, and electrical
conductivity), it appears that iron phosphate glasses are good potential host materials for
HHS. The iron phosphate glasses in the present study had no observable sulfur layer at
the surface of the melt, as has been noted to be a problem in borosilicate melts that
contain large amounts of sulfur.

It appears that the amount of soda in the waste composition is the limiting factor
for vitrification of HHS in iron phosphate glasses. As mentioned previously, once the
waste loading reached ~23 wt% Na,O in the glass, the durability decreased substantially.

Based on the solubility limits for SO; and P,Os in borosilicate glass (1 wt% each
[6, 8-14]), and the sulfur and phosphorus content of the HHS waste (9.5 wt% SO3, and
7.7 wt% P,0s), a wasteloading of approximately 10% is expected for borosilicate glasses
without preprocessing of the waste to lower these concentrations. Assuming that the
waste will not be processed before vitrification, then the iron phosphate glasses studied
here provide a three-fold increase in vitrified waste per unit of glass. Or, in other words,
there would be only one third as much waste glass when vitrification is completed if iron
phosphate glasses are used.

Assuming a 25% wasteloading for the iron phosphate glasses, there would only be

200,000 tons of wasteform as opposed to the estimated 500,000 tons of borosilicate
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wasteform [3, 4]. In terms of volume, the iron phosphate wasteform would occupy
60,000 m’ based on a density of 2.9 g/cm’, whereas the borosilicate waste form would
occupy 170,000 m® based on a 2.7 g/cm’ density. Assuming the cost of disposal of this
low level waste glass containing HHS is $5,000 per m® [44], then there is a potential for
savings of $550 million in disposal costs alone due to the smaller volume of waste glass.
A smaller volume of waste glass would contribute to lower transportation costs as well as

lower construction costs for the waste repository.
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5. Conclusions

The HHS waste from Hanford can be vitrified in an iron phosphate glass at
wasteloadings up to 30% with a PCT chemical durability that meets DOE requirements,
<1 g/m”mass release. Because of their low viscosity and rapid homogenization, melting
times need only be approximately two hours.

The wasteloading in iron phosphate glasses was limited by the amount of soda in
the waste stream, as opposed to the high sulfur content which limits the waste loading in
borosilicate glasses. The soda content does not have a negative impact on the durability
of the glass until the glass contains about 23 wt% soda.

The vitrification of high sulfate wastes in iron phosphate glasses offers an
attractive alternative to either reducing the level of sulfate by chemical pretreatment of
the waste or diluting the waste to acceptable levels for a borosilicate glass wasteform,
creating large additional volumes of waste that must be stored. No evidence was found
which indicated solubility or phase separation problems with high sulfate contents. There
is a possibility, however, that increasing levels of sulfate may reduce the durability of the
iron phosphate glass.

The iron phosphate glasses in the present study tended to crystallize on slow
cooling from the melt temperature and the crystallized wasteform had a lower chemical
durability than the glass wasteform. Crystallization must be avoided to ensure highest
possible chemical durability. Two possible ways of avoiding crystallization is to change
the composition to reduce the rate of crystallization or to cool the melt rapidly after
melting.

Alternative melting technologies such as cold crucible induction melting (CCIM)
could be utilized which could melt the glass without the need for electrodes in the glass
melt, or refractories lining the melt tank.

More work is needed to determine additives that will reduce the crystallization
tendency in slowly cooled iron phosphate glasses containing HHS. From the present
study it appears that adding a variety of components to the batch in order to complicate
the structure increases the chemical durability, but more work to determine a more

optimized additive group should be undertaken. Further investigation of CCIM as a



potential melt technology for iron phosphate waste glasses should also be a priority.
More testing is necessary to determine the effect of increasing sulfate content on the

chemical durability of iron phosphate glasses.
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Table 1
Hanford high sulfate waste composition, simplified composition and raw materials used.
. Original | Simplified Raw .

Oxide ng% V\I])t% Materials Weight™ (g)
ALO; 4.39 4.4 ALO; 4.4
Bi,03 0.02 --- --- ---
CaO 0.09 --- --- ---

Cl 0.59 0.6 NaCl 1.0
Cr03 0.29 0.4 Cr,03 0.4

F 1.59 1.6 NaF 3.5
Fe,0; 0.08 - -—- -—-
K,O 0.49 --- --- ---
Na,O 74.80 753 NaNO; 177.7
NiO 0.01 --- --- ---
P,0s 7.68 7.7 NH4H,PO4 12.5
PbO 0.01 --- --- ---
SeO, 0.01 --- --- ---
SiO, 0.50 0.5 SiO, 0.5

SO, 9.45 9.5 NaySO4 16.9
Total 100 100 Total 216.9

* Batch yielding 100 grams of waste
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Batch and analyzed compositions, in weight percent, of four iron phosphate glasses that

were studied in detail. The analyzed compositions were determined by ICP-ES.

HHS30 HHS30CA HHS30M HHS25
Batch ICP Batch ICP Batch ICP Batch ICP

Al,O3 1.32 3.43 6.32 10.16 1.32 4.33 1.10 1.97
Bi,03 - --- --- --- 2.00 *ok --- ---
CaO -—- 0.01 -—- 3.14 2.00 3.64 -—- 0.03
CaF, 5.00 2.00
Cl 0.18 -—- 0.18 --- 0.18 --- 0.15 ---
Cr,03 0.12 0.10 0.12 0.10 0.12 0.09 0.10 0.10
F 0.48 - 0.48 -—- 0.48 --- 0.40 ---
Fe,O; 20.00 | 19.01 | 10.00 | 13.60 | 20.00 | 21.40 | 25.00 | 24.16
K>,0O --- 0.23 - 0.15 - 0.21 --- 0.37
MgO -—- 0.04 --- 0.04 -—- 0.06 -—- 0.05
MnO --- 0.04 --- 0.03 --- 0.05 --- 0.04
Na,O 22.59 | 21.23 | 22.59 | 21.87 | 22.59 | 2198 | 18.83 18.4
P,0s 52.31 | 55.26 | 52.31 | 4998 | 42.31 | 46.29 | 5191 | 53.52
PbO --- - --- - 2.00 *ok --- ---
SiO, 0.15 0.18 0.15 0.34 0.15 0.18 0.13 0.83
SO; 2.85 ** 2.85 *ok 2.85 *ok 2.38 *ok
ZnO --- --- --- --- 2.00 *ok --- ---
Total 100 99.6 100 99.4 100 98.3 100 99.5

O/l.) 3.71 3.57 3.58 3.93 3.68 3.87 3.73 3.63

Ratio

Fe/P 0.34 0.31 0.17 0.24 0.42 0.41 0.43 0.40

Ratio

* The calcium from the calcium fluoride is included in the calcium oxide value measured

by ICP-ES.

** Not detected by ICP-ES method used.



Table 3

Properties of iron phosphate glasses containing HHS waste.
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Property HHS30 |HHS30CA [HHS30M| HHS25
Density +0.05 g/cm’ 2.85 2.75 3.14 2.90
Average CTE (100-375°C) C! 157x107 | 159x107 |203x107 | 144x10”
Dilatometric and DTA Transformation 475 450 460 470
Temp (T, °C) £5°C (455)* (460)* (470)* | (472)*
Dilatometric Softening Point (Tg4, °C) £5°C| 515 500 505 513
DTA Crystallization (T, °C) £5°C 583 584 558 598
Melting Temperature (°C) £10°C 950 950 950 950
Annealing Temperature (°C) +5°C 400 400 400 400
Madossbauer Hyperfine Parameters

. Fe(Il) 1.07 1.13 1.10 NM**
Isomer Shifts, & (+0.05 mm/s) Fe(IIl) 043 043 042 NM**
Quadrupole Splitting, AEq Fe(Il) 2.34 2.18 2.39 NM**
(£0.05 mm/s) Fe(I1D) 0.79 0.78 0.81 NM**
% Fe(1l) 9% 5% 5% NM**
*(DTA value)

**NM = not measured



Table 4
Normalized mass release (PCT) from glassy iron phosphate wasteforms containing 25
and 30 wt% HHS.

Iron Phosphate Glasses Containing HHS
Normalized mass | 5675 | HHS30 | HHS30CA | HHS30M

release (g/L)
TAl 0.04 0.09 0.23 0.09
K 0.35 0.07 0.05 0.07
I'Na 1.04 0.97 0.76 0.80
Ip 0.37 0.29 0.24 0.13
Tiotal 1.80 1.42 1.28 1.09
Ttotal-TK 1.45 1.35 1.05 1.02

Normalized mass

2 HHS25 HHS30 | HHS30CA | HHS30M
release (g/m”)

Tal 0.02 0.05 0.12 0.05

K 0.03 0.03 0.02 0.04

I'Na 0.55 0.51 0.41 0.42

Ip 0.19 0.15 0.13 0.08

T'total 0.89 0.74 0.68 0.59

Ttotal-TK 0.86 0.71 0.66 0.55

Initial pH (£0.1) 6.1 5.6 6.1 5.6

Final pH (£0.1) 7.4 7.6 9.1 8.7

Borosilicate Glasses
Normalized mass CV§- LD6-*54- Normalized mass EA™
release (g/mz) IS 12 release (g/L)

s 1.7 0.11 s 17.38
I'ii 1.4 | - I'ii 10.18
I'Na 1.3 0.38 I'Na 14.11
Isi 04 0.10 Isi 4.29
Ttotal 4.8 0.59 Ttotal 45.96
Initial pH 5.9 5.7 Initial pH 5.7
Final pH 10.3 11.4 Final pH 11.9

"CVS-IS and LD6-54-12 are borosilicate glasses made by PNNL [41].
Average data for EA glasses produced at the Savannah River Site [40].
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Dissolution rate measured on bulk glass and crystallized samples and calculated from the

PCT total mass release.

Dissolution rate

3 HHS25 | HHS30 | HHS30CA | HHS30M
(g/cm”/min)*

Caleulated from PCT, | 5 108 | 67108 | 54x10® | 5.2x10°
glass powder
Measured, Bulk - Glass | 8.6x10° | 1.6x10° | 5.1x10% | 1.1x10®
Measured, Bulk - 5.0x10° | 62x107 | 23x107 | 2.0x107
Crystallized
Measured, bulk CCC |  ----- 1.5x10° | ——= | -

* 7 days in DI water @ 90°C
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Fig. 2. Appearance of the cross section of a dense alumina crucible used to melt iron
phosphate HHS30 for 2 hours at 950°C. The corrosion at the melt-line (indicated by the
arrows) was approximately 220um deep (optical microscopy).
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Powder XRD of HHS glass samples
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Fig. 7. Powder XRD patterns for iron phosphate glasses containing HHS waste after

annealing at 400°C.
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Powder XRD patterns of
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Fig. 8. Powder XRD patterns for iron phosphate HHS waste forms deliberately
crystallized (24 hours at 560 to 580°C) and for the HHS30 melt that was slowly cooled
from its melting temperature of 950°C (HHS30-CCC).
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Fig. 9. SEM micrographs of the fracture surface of deliberately crystallized HHS30
samples

A and B) Simulated HHS30-CCC (cooled from 950°C to room temperature at
40°C/hr).

C and D) HHS30x (heat treated at 570°C for 24 hours).
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Mossbauer analysis of HHS glasses
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Fig. 10. Mossbauer spectra obtained at 23°C for HHS30 and HHS30CA iron phosphate

glasses. The HHS30M spectra was nearly identical to the HHS30CA and is not shown

here.
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Fig. 11. Glass and crystallized sample dissolution rate as a function of time in 90°C DI

water. Solid lines are for glassy samples, dashed lines are for crystallized samples. DR
of EA glass (%) is included for comparison as well as the range for window glass in the

shaded area. Lines are drawn as guides for the eye.
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Fig. 12. Change in the pH of the DI water used for dissolution rate measurements of the
iron phosphate HHS glasses (the average increase shown by the solid line with the shaded
area denoting approximate range) as well as EA borosilicate glass (dashed line). Lines

are drawn as guides for the eye.
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B

Fig. 13. A) SEM micrograph of uncorroded HHS30 glass particles at 500x.
B) HHS30 glass particles after immersion in deionized water at 90°C for seven
days (PCT).
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Fig. 14. Retention of SOz in a HHS30 glass after one hour at the temperatures shown.
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The SO; content of the starting batch was 2.85 wt%. Data for glasses made from batches
containing 1 wt% sugar are denoted by open triangles (A). Lines are drawn as guides for

the eye.
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Fig. 15. Retention of SOz in a HHS30 glass after melting at 900°C for the time shown.
The SO; content of the starting batch was 2.85 wt%. Data for glasses made from batches
containing 1 wt% sugar are denoted by open triangles (A). Lines are drawn as guides for

the eye.
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Fig. 16. Dependence of DR on SO; content (analyzed by XRF) for the HHS30 glass

melted for varying times and temperatures, see Figs. 14 and 15. Sulfate content of
starting batch was 2.85 wt%. The line is given as an indicator of the general trend.
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Fig. 17. Dissolution Rate as a function of O/P ratio for iron phosphate glasses containing
HHS. Comparison data for iron phosphate glass containing (20 to 40 wt%) TFB waste
from ref. [26]. NKFP and NCFP [36] which contain (20 mol% alkali, 20 to 32 mol%
Fe;O3 and 48 to 60 mol% P,0s), F40M [36] (containing 40wt% Fe,O; and 60 wt% P,0s)
and FCs17 [38] (which contains 29 wt% Fe,O3, 38 wt% P,0s, and 33 wt% Cs,0).
Shaded area denotes general trend in DR with O/P ratio reported previously [26, 36].



106

APPENDIX A.

COMPLETE LIST OF IRON PHOSPHATE HHS GLASSES MELTED
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Table Al
Compositions of Iron phosphate glasses containing HHS waste attempted.
Name Composition O/P | temp t(lrr]r;)e DR* Note
Trial W=SBW waste, F=Fe,0;, P=P,0s, U=UO,, M=2%Bi203, 2%CaF2, 2%Ca0, 2%PbO, 2%ZnO
Melts
HHS30r 30W, 20F, 50P, 2 Sugar 3.7 950 2,7 Varies Good glass
HHS30S 30W, 15F, 50P, 5Si0, 3.6 950 2| - Silica unmelted
HHS30CA 30W, 10F, 50P, 5Ca0, 5A1,04 3.6 950 2 2.0E-08 Good glass
HHS30CaO 30W, 15F, 50P, 5CaO 3.6 950 2 1.8E-07 Good glass
HHS30(temp) 30W, 20F, S0P 37 Ll‘g gg 1 varies SO; vs temp
HHS30(time) 30W, 20F, S0P 3.7 ‘11%8 1 varies SO vs time
HHS30A1 30W, 10F, 50P, 10A1,04 3.7 1000 2 1.7E-07 Some alumina unmelted
HHS30AI2 30W, 15F, 50P, 5A1,04 3.7 1000 2 8.9E-08 Good glass
HHS30Mn 30W, 15F, 50P, 5Mn,04 3.7 950 2 7.6E-08 Good glass
HHS30MnB 30W, 10F, 50P, 10Mn,0; 3.7 950 2 2.3E-07 Good glass
HHS30MnC 30W, 15F, 45P, 10Mn,0; 3.7 950 2 5.9E-07 Good glass
HHS30Cr 30W, 15F, 50P, 5 Cr,04 3.6 1000 2 1.2E-07 Green residue in crucible
HHS30U6 30W, 50P, 10F, 4U, 4CaF, 2Cr,04 3.5 1000 2 9.0E-07 good glass
HHS30US5 30W, 52P, 15F, 3U 3.5 1000 2 Fell apart partially crystallized
HHS30U4 30W, 52P, 12F, 6U 3.5 1000 2 Fell apart Crystallized
HHS30U3 30W, 50P, 10F, 6U, 2ZrO,, 2Cr,03 3.6 1000 2 Fell apart Uranium oxide unmelted
HHS30 30W, 20F, 50P 3.7 950 A cooled to rt in furnace
HHS30HS 48g Na,S0,, 10F, 25P 3.8 950 2 | - cooled to rt in furnace
HHS30HS3 30W, 20F, 50P 3.7 ‘1“2’58 1 Varies some samples xtal
HHS30HS2 30W, 20F, 50P 3.7 950 2 Varies Good glass
HHS30U2 30W, 10F, 50P 6UO2 4CaF 3.5 950 2 9.0E-08
HHS25HS 25W, 20F, 55P. 35 1o I Varies higher tlf;‘:irsamples
HHS30U 30W, 10F, 50P 6UO, 3.5 1000 2 4.0E-08
HHS30ZCF 30W, 12F, 50P 4CaF 3.5 1000 2| - green glass
HHS25N 25W, 20F, 55P. 3.5 1000 2 Fell apart crystallized
HHS25M(2) 25W, 20F, 45P 10M 3.8 1000 2 5.0E-09
HHS30 Ca2 30W, 18F, 47P 5CaF 3.7 1000 2 1.2E-08
HHS27.5 27.5W, 22.5F, 50P 3.7 1000 2 7.5E-09
HHS25 25W, 25F, 50P 3.7 1000 2 | - cracked on anneal
HHS25b 25W, 20F, 55P 3.1 51000 2 9.5E-09 Good glass
HHS25¢ 25W, 30F, 45P 4.0 1000 2 8.1E-08
HHS20 20W, 35F, 45P 4.0 1000 2 9.5E-09 Glass
HHS30M(4) 30W, 20F, 40P, 10M 4.1 1000 N small crystals in glass
HHS25j 25V, 15F,25.§)CP;§1\/In, 2.5Pb, 3.5 1000 2| - Good glass
HHS25(2) 25W 25F, 50P 3.7 1000 2| - Crystallized
HHS30G 30W, 20F, 42.5P, 7.5CaF, 3.9 950 2 3.3E-07
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HHS30F 30W, 20F, 40P, 10CaF, 4.0 950 2 9.3E-08 Good glass
HHS30M (2) 30W, 20F, 40P, 10M 4.1 950 | I——
HHS25M 25W, 20F, 45P 38 950 2 8.2E-08 good glass
Hgisn?:)M 35W, 20F, 35P 3.9 950 to24 | - Some crystallized
H(Ifesrgsiw 45W, 14F, 41P 36 | Mo TR I Some crystallized
HHS30M 30W, 20F, 40P 4.1 950 2 2.5E-09 good glass
HHS20 20W, 35F, 45P 40 1000 2 1.2E-09 good glass
HHS30C 30W, 25F, 45P 39 950 2 5.3E-10 good glass
HHSA40 (time) 40W, 15F, 45P 4.0 950 to24 | - good glass
HHS40 (temp) 40W, 15F, 45P 44 w gg R all but 9021(;;;’3‘16 good
HHS35C 35W, 20F, 37.5P. 7.5B 5.0 950 2 2.8E-07 good glass
HHS35B 35W, 20F, 30P. 15B 5.0 950 2 3.0E-07 good glass
HHS25 25W, 30F, 45P 4 950 2 2.0E-08 good glass
HHS25B 25W, 25F, 50P 3.7 950 2 1.5E-08 good glass
HHS25c2 25W 30F 45P 3.5 1000 1 8.3E-08 good glass
HHS30 30W, 20F, 50P 3.7 1100 1 9.1E-09 Goo‘éaﬁ‘fgfg;“é;‘lver
HHS30B 30W, 30F, 40P 42 1000 [ I— Sﬁfﬁf}fg‘gg&:
HHS30C2 30W, 25F, 45P 39 900 1 2.2B-06 Xtal
HHS30C3 30W, 25F, 45P 3.9 1000 1 7.5E-08 Sampl;’l Spfing;‘;gif;“ked
HHS30(5) 30W,20F, 50P 3.7 1000 | cracked, Xtal @ Pour
HHS35 35W, 20F, 45P 3.9 950 1 11g-07 | Olassw/ }S,;?i“ Xl @
HHS35(2) 35W, 20F, 45P 39 1000 1 9.5E-08 Good Glass
HHS40 40W, 15F, 45P 39 950 1 1.0E-06 Good Glass
HHS40(2) 40W, 15F, 45P 39 1000 1 8.9E-07 Good Glass
HHS40(3) 40W, 15F, 45P 39 1050 1 4.8E-07 Good Glass
HHS45 45W,10F 45P 39 950 1 | - Good Green Glass
HHS45(2) 45W,10F,45P 39 1000 1 3.6E-06 Good Glass
HHS50 50W, 10F, 40P 42 950 T R— Green Glii:l:v/ Yellow
HHS50B 50W, 5F, 45P 4.0 950 | R Good Green Glass
HHS55 55W, 10F, 35P 4.5 950 | R green glass partial xtal
HHS60 60W, 5F, 35P 45 950 | — xtal
Final
Melts
HHS30 30W, 20F, 50P 37 950 2 6.0E-09 Good glass
HHS30CA 30W, 10F, 50P, 5A1,0s, 5CaF, 36 950 2 1.0E-08 Good glass
HHS30M 30W, 20F, 40P, 10P 3.7 950 2 4.1E-09 Good glass
HHS25 25W, 25F, 50P 3.7 950 2 4.0B-09 Good glass
HHS30x 30W, 20F, 50P 3.7 950 2 1.2E-07 Heat-treat @ 570
HHS30CAX 30W, 10F, 50P, 5A1,05, 5CaF, 36 950 2 2.3E-07 Heat-treat @ 580
HHS30Mx 30W, 20F, 40P, 10P 37 950 2 6.5E-07 Heat-treat @ 560
HHS25x 25W, 25F, 50P 37 950 2 5.2E-07 Heat-treat @ 570
HHS30-CCC 30W, 20F, 50P 3.7 950 2 1.5E-05 | Cooled 40°C/min from

melt temperature

*g/cm?/min @ seven days in DI water at 90°C.
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APPENDIX B.

COMPLETE DR DATA FOR IRON PHOSPHATE GLASSES CONTAINING HHS



Table B1

DR data for glasses measured from 7 to 35 days. Bold average values used in Fig. 11.

Dissolution Rate g/cm?min

7days l1l4days 2ldays 28days 35days
HHS25-1 1.0E-08 | 6.5E-09 | 5.4E-09 | 4.5E-09 | 4.5E-09
HHS25-2 7.1E-09 | 4.5E-09 | 4.0E-09 | 3.4E-09 | 3.1E-09
HHS25-3 8.4E-09 | 5.2E-09 | 5.0E-09 | 4.2E-09 | 3.6E-09
HHS25 avg 8.6E-09 | 5.4E-09 | 4.8E-09 | 4.0E-09 | 3.7E-09
HHS30-1 1.1E-08 | 9.1E-09 | 6.3E-09 | 5.8E-09 | 4.9E-09
HHS30-2 2.0E-08 | 1.3E-08 | 8.7E-09 | 8.4E-09 | 7.1E-09
HHS30-3 1.7E-08 | 1.1E-08 | 7.6E-09 | 6.9E-09 | 5.7E-09
HHS30 avg 1.6E-08 | 1.1E-08 | 7.5E-09 | 7.0E-09 | 5.9E-09
HHS30CA-1 5.3E-08 | 3.3E-08 | 3.0E-08 | 2.5E-08 | 1.4E-08
HHS30CA-2 4.2E-08 | 2.8E-08 | 2.3E-08 | 2.0E-08 | 1.2E-08
HHS30CA-3 5.9E-08 | 4.0E-08 | 3.2E-08 | 2.7E-08 | 1.7E-08
HHS30CA avg | 5.1E-08 | 3.3E-08 | 2.8E-08 | 2.4E-08 | 1.4E-08
HHS30M-1 5.1E-09 | 4.3E-09 | 5.7E-09 | 6.9E-09 | 4.1E-09
HHS30M-2 2.3E-08 | 2.0E-08 | 1.3E-08 | 9.9E-09 | 4.5E-09
HHS30M-3 2.4E-09 | 2.8E-09 | 2.8E-09 | 5.7E-09 | 2.7E-09
HHS30M avg 1.0E-08 | 8.9E-09 | 7.1E-09 | 7.5E-09 | 3.8E-09
EA-1 6.5E-08 | 5.6E-08 | 5.0E-08 | 4.6E-08 | 3.7E-08
EA-2 4.5E-08 | 3.8E-08 | 3.3E-08 | 3.1E-08 | 3.0E-08
EA-3 5.2E-08 | 4.1E-08 | 4.0E-08 | 3.7E-08 | 3.4E-08
EA avg 5.4E-08 | 4.5E-08 | 4.1E-08 | 3.8E-08 | 3.4E-08

110



111

Table B2
pH values of water used in dissolution rate measurements for iron phosphate glasses
containing HHS. Bold average values used in Fig. 12.

InitialpH 7days 1l4days 2ldays 28days 35days

HHS25-1 5.40 6.89 7.02 7.07 7.11 7.03
HHS25-2 540 6.94 7.35 7.25 7.31 7.23
HHS25-3 5.40 7.02 7.28 7.13 7.16 7.03
HHS25 avg 5.40 6.95 7.22 7.15 7.19 7.10
HHS30-1 6.13 6.93 7.14 7.17 7.21 7.32
HHS30-2 6.13 7.08 7.22 7.24 7.30 741
HHS30-3 6.13 7.25 7.52 7.53 7.49 7.59
HHS30 avg 6.13 7.09 7.29 7.31 7.33 7.44
HHS30CA-1 5.60 6.58 6.68 6.71 6.81 6.96
HHS30CA-2 5.60 6.79 6.96 6.89 6.92 6.87
HHS30CA-3 5.60 6.74 6.89 6.78 6.73 6.80
HHS30CA avg 5.60 6.70 6.84 6.79 6.82 6.88
HHS30M-1 5.58 6.69 6.78 6.80 6.67 6.67
HHS30M-2 5.58 6.76 6.81 6.86 6.62 6.62
HHS30M-3 5.58 6.35 6.56 6.68 6.54 6.57
HHS30M avg 5.58 6.60 6.72 6.78 6.61 6.62
EA-1 5.60 8.26 8.08 8.65 8.56 8.86
EA-2 5.60 8.02 8.54 8.75 8.78 8.93
EA-3 5.60 8.36 8.57 8.73 8.61 8.69
EA avg 5.60 8.21 8.40 8.71 8.65 8.83




Table B3

DR of deliberately crystallized HHS iron phosphate wasteforms. Bold average values

used in Fig. 11.

Dissolution Rate g/cm?/min

7 days 1l4days 2ldays 28days 35days
HHS25x-1 2.1E-08 | 4.7E-08 | 5.4E-08 | 4.5E-08 | 4.1E-08
HHS25x-2 5.1E-08 | 54E-08 | 6.2E-08 | 7.2E-08 | 4.6E-08
HHS25x-3 7.8E-08 | 7.2E-08 | 7.9E-08 | 8.1E-08 | 6.1E-08
HHS25 avg 5.0E-08 | 5.7E-08 | 6.5E-08 | 6.6E-08 | 4.9E-08
HHS30x-1 6.4E-07 | 9.1E-08 | 7.3E-08 | 6.8E-08 | 5.0E-08
HHS30x-2 5.3E-07 | 3.6E-07 | 9.7E-08 | 9.0E-08 | 7.1E-08
HHS30x-3 7.3E-07 | 4.1E-07 | 3.6E-07 | 2.9E-07 | 2.7E-07
HHS30 avg 6.2E-07 | 2.9E-07 | 1.8E-07 | 1.7E-07 | 1.1E-07
HHS30CAx-1 1.3E-07 | 2.0E-07 | 1.9E-07 | 2.4E-07 | 1.5E-07
HHS30CAXx-2 4.1E-07 | 3.8E-07 | 2.3E-07 | 2.0E-07 | 2.2E-07
HHS30CAx-3 2.4E-07 | 2.2E-07 | 3.3E-07 | 2.9E-07 | 3.3E-07
HHS30CA avg | 2.3E-07 | 2.8E-07 | 2.5E-07 | 2.5E-07 | 2.3E-07
HHS30Mx-1 8.1E-08 | 6.3E-08 | 5.7E-08 | 6.9E-08 | 5.1E-08
HHS30Mx-2 2.3E-07 | 1.4E-07 | 1.1E-07 | 9.9E-08 | 7.6E-08
HHS30Mx-3 2.8E-07 | 3.0E-08 | 2.8E-08 | 5.7E-08 | 4.7E-08
HHS30M avg 2.0E-07 | 9.1E-08 | 8.0E-08 | 8.1E-08 | 6.1E-08
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APPENDIX C.

DR AS A FUNCTION OF SO3; RETENTION



Table C1

DR for HHS30 glasses melted for determination of SOs retention as a function of time
and temperature. SOz wt% determined by XRF.

Temperature °C DR Wt% SO3 R(;/seiggn
900 5.9E-08 2.10 74%
950 1.2E-08 1.38 48%
1000 7.8E-09 0.52 18%
1050 1.1E-08 0.05 2%
1100 4.0E-09 0.01 0%

Time (Hr) DR | Wt9%SO0; | 0>
1 4.3E-08 2.26 79%
2 3.1E-08 1.43 50%
4 1.8E-08 0.99 35%
8 1.6E-08 0.06 2%
20 9.4E-09 0.05 2%
24 5.0E-09 0.01 0%
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