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Abstract

In order to better understand the behavior of thorium breeder reactor fuel in a
repository environment, the behavior of thorium oxide was investigated. The kinetics of
crystalline thorium oxide dissolution were studied under argon and argon/10% CO; over a
broad pH range in 0.1 M ionic strength NaClO4 solution. Samples were analyzed for thorium
concentration using ICP-AES, ICP-MS, and NAA. Data was fit to a first order kinetics model.
The kinetic rate constant under pure argon was 0.0107 + 0.00123 h! for pH 2-3. Under 10%
CO,, the rate constant was 0.00511 + 0.000863 h™'. No kinetics resuits could be discerned
from the data at higher pH. Under argon, solubility at pH greater than 3 was at nm/L levels,
three orders of magnitude lower than at pH 3 and below. Under 10% CO,, solubilities

decreased from 10 pmol/L at pH 2.06 to 80 nm/L at pH 3.

Thorium oxide powder remnants from each experiment were analysed using XRD,
FTIR, and BET surface area analysis. Surface area analysis showed a 15% increase in surface
area at pH 10 and higher under argon, and a uniform surface area increase of 15 to 30% under
10% CO,. XRD and FTIR spectra showed that the thorium oxide was otherwise identical to
the untreated standards.
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Chapter 1: Introduction

There has been a recent resurgence of interest in thorium as a potential advanced fuel
for Generation IV nuclear energy systems that can be operated to relatively high burnups at
lower costs than current UO; fuels. In addition, it is thought that ThO,-UO; fuels will be less
expensive to fabricate than uranium dioxide (UO;) fuel, allow higher sustainable plant
capacity factors, result in a more stable and insoluble waste form, be very resistant to
weapons-material proliferation, and reduce the federal government’s costs for spent fuel
disposal [1]. Because there is a likelihood that a thorium based fuel cycle will be implemented
in commercial nuclear power reactors in the future, it is important to study the i)ehavior of

such fuel in the environment. To date, very few experimental studies have been performed.

The purpose of this project was to determine the kinetics and thermodynamics of
thorium oxide dissolution in the environment. Solubility is the concentration of the soluble
form of an element in an aqueous solution at equilibrium. It is a function of temperature and
the components in the system [2]. The rate at which equilibrium is reached is controlled by
kinetics processes, meaning the rate at which solution reaches equilibrium varies based on the
solution. Solubility is important because it establishes an upper concentration limit on the

concentration of a dissolved radionuclide in solution [3].

While understanding the behavior of thorium fuels in the proposed repository at Yucca
Mountain is most applicable, a more rigorous study of thorium solubility over a wide pH
range was performed so that the data could also be used to model the behavior of thorium
fuels in any environmental system. To achieve this, the kinetics and thermodynamics of

thorium oxide dissolution under both pure argon and argen with pCO; of 0.1 were studied



under the full pH range available in each atmosphere. In addition, thorium oxide powder
remnants were studied after each experiment to examine structural changes that may affect

kinetics.

1.1 Experiment overview

The kinetics and thermodynamics of thorium oxide dissolution were studied under two
atmospheres. A pure argon atmosphere was used to examine the formation of the hydroxide
species, and a mixture of 90% argon and 10% CO, was used as the cover gas when studying
carbonate complexation. Thorium oxide powder was placed in a pH adjusted solution of 0.1
M ionic strength and allowed to dissolve over a period of one month. For the experiments
under argon, the pH ranged from 2 through 12 in steps of 0.5. Under the argon/CO, mixture,
the pH range was limited to 2 through 6.5 due to strong carbonate buffering. Steps were also

of 0.5 pH.

Filtered samples were taken every three days for the kinetics data. In addition, with
every third sample, an unfiltered sample was also taken in order to determine if any colloids
greater than the filter size of 0.2 um were forming. Colloids are small particles composed of
either single large rﬁolecules or clusters of smaller molecules which range in size from 0.001
to 1 um. Since the presence of colloids could affect reaction kinetics, it is important to
determine if any are being formed. In addition, mobile colloids in significant concentrations

can increase migration of radionuclides through groundwater {2].
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Samples of sufficient concentration were analyzed using a Spectroflame ICP-AES.
Lower concentration samples were either analyzed using an ICP-MS or by neutron activation

analysis.
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Chapter 2: Background

Due to the resurgence of interest in the thorium fuel cycle, a project is underway in
conjunction with MIT and INEEL to design a thorium based fuel from the perspective of the
final waste disposition. A zirconia based fuel design was chosen due to the high stability of
the cubic fluorite zirconia structure. In order to properly model the behavior of the zirconia-
based ceramic fuel in a repository environment, it is important to understand the solubility of

ThO, on a fundamental level.

2.1 Thorium Breeder Reactor

A thorium breeder reactor is a light water reactor that uses uranium-thorium fuel. The
uranium provides the fissile seed fuel, while the thorium (initially 2!l »2Th) is the fertile
blanket. While in the neutron flux, the 2**Th absorbs a neutron, becoming ***Th. After two B
decays and a half-life of about a month, the ***Th turns into **U, a fissile fuel that produces
more neutrons per reaction than 235 U, the industry standard fissile fuel. This is shown in figure
2.1. Thorium breeder reactors have the potential to increase the length of the fuel cycle, since
new fissile fuel is building into the core as the original fissile content is burned up. In
addition, a thorium breeder core can be designed for direct use in current nuclear power

reactor designs.
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Figure 2.1 2*U production

2.2 Ceramic fuel solubility

A zirconia (ZrO;) based fuel form was chosen because it is known to be both
chemically stable and radiation resistant [4], and has a very low thermal neutron capture cross
section, around 0.2 b [5]. Studies have shown that zirconia is more radiation resistant than
both pyrochlore (Gd;Ti,O7) and zirconalite (CaZrTi,07) ceramics, which are to be used as the
host phase for weapons grade plutonium immobilization [4,6]. In addition, zirconia shares its
face centered cubic fluorite-type structure with ThO, (thoria) and UO, (urania). making it
ideal for combination with the thoria and urania phases [7]. The natural analogue of zirconia,
baddeleyite ((Zr,M)O,, where M is a metal such as hafnium), contains up to 3000 ppm
uranium or thorium [8]. Negligible or no loss of lead, a stable decay product of uranium and

thorium, in natural baddeleyites indicates high chemical durability [4].

Various zirconia ceramics have been fabricated and studied, including ZrO,-PuO,,

Zr0,-U0,, Zr0,-ThO,, and ZrO,-CeO, [4], and there is a lot of information on fabrication
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and behavior of UO,-ThO; ceramics [7,9]. Ceramics that have been fabricated frequently
contain a small amount of Y,0;3 (up to 15 mol% [4]) binder in order to stabilize the ceramic.
All of these ceramic compositions have shown superior durability to their zirconia free
counterparts [4,6,7,9], though there have been problems with urania-thoria phase separations,
though the inclusion of Zr in the lattice tends to strengthen the bonding [7]. No studies have
been performed on these ceramics under neutron irradiation, though there is ample data on

heavy ion bombardment of zirconalite and zirconia [4,6].

Currently there is no published data on combined (Zr,Th,U)O, ceramics. Preliminary
work has been undertaken at MIT to investigate these ceramics. MgO has been used as a
binder for the fuel, since the ZrO,-Y,0; structure is known to break down at temperatures
above 500 °C [10]. Analysis has shown that the MgO binder (0.5 wt%) increases both strength

and density [11].

The stability and solubility of the fuel (and eventual waste form) has not been studied
very extensively. While there have been some studies on the solubility of unirradiated ThO,
[12-16,18,20,21] and a few more on unirradiated (Th,U)O, under various conditions
[13,17,19], the data varies widely, and the majority consider artificial environments such as
acids [13-15,17,18] or other media [12,15]. According to Sunder and Miller [19], dissolution
of uranium from (Th,U)O; is much lower than that from UO, fuel under similar conditions.
ThO; dissolution has also been shown to be fairly low, though most tests were either
performed under artificial conditions or over a limited pH range [20]. Zirconia has also been
shown to have very low solubility, less than 0.1 nmol/L, with very little variation with
temperature [22]. Leach tests that have been performed on zirconalites [6] and some zirconia

ceramics [4] show favorable results, however no dissolution or leach rate tests on
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(Zr,Th,U)02 ceramics have been published to date. No data conceming solubility of
irradiated thoria fuels was found, though leach tests on thoria ceramics containing lanthanum

as a simulated fission product were performed, with favorable results [23].

2.3 Thorium Oxide Dissolution

While the solubility of thorium oxide has been studied sporadically over the past forty
years, little work has been done on the kinetics of dissolution. Because o.f this, many studies
were performed over insufficient time periods to achieve equilibrium. Most kinetics studies
that have been performed were in mixtures of nitric and hydrofluoric acid [24-26], systems
useful for dissolving thorium bearing ore. Because of the high concentration of fluoride and
H*, the acids do not resemble natural waters and the results are the:efore not useful for

determining kinetics and thermodynamics in natural systems.

Carbonate complexation has been shown to be important for many metal ions [27],
though there have been very few studies on the effects of the carbonate and bicarbonate
ligands on kinetics. A study by Osthols and Malmstrém showed that while carbonate
complexation can have a marked effect on kinetics, bicarbonate complexation does not [28].
This study was performed over a very limited and acidic pH range and therefore may not

correspond to natural systems. In addition, it has not yet been verified by anyone else.

2.4 Thoria Behavior in Aqueous Systems

The thorium aqueous phase consists of three parts: the free thorium (Th*), thorium

hydroxide species, and thorium carbonate species, as expressed by
4 4
[Th],=[Th* ]+ Y [Th(OH) {*1+ Y [Th(CO ,);™]
x=1 y=1
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In order to determine the concentration of species in a particular environment, solubility and
stability constants are needed. The formation of the free species can be described by the

hydrolysis reaction
ThO , + 2H,0 & Th ** + 40H "
and the solubility product constant, K, is given by
K,, =[Th*J[OH ]*
For the hydroxide and carbonate species, the formation is described by

4+ -z 4-az
Th* +aL™® < ThL*
Where L is either OH or CO5” (depending on the species), and the equation for the stability
constant is
[ThL**]
Bru, = —
* [Th*™ L]

At any given pH, the concentration of the free species is determined by the solubility
product constant, the concentration of the hydroxide species is determined from the pH, and
the carbonate species concentration is determined from both the pH and the CO, partial

pressure.

Due to buffering by the carbonate system, the maximum attainable stable pH of a system
under CO; is limited. This limit is dependant on the partial pressure of the CO; cover gas. The

carbonate concentration of a system under high CO, partial pressure and low pH can be
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extrapolated to a corresponding system under lower CO; partial pressure and a higher pH

using the following equation [29]:
log[COZ ]==-17.55+0.09+2pH +log pCO,

With this information, the stability constants can be calculated and the total thorium

concentration under those conditions can be determined from the equation:

[Th,, =[Th* 1+ Y Bow, [Th* TOH T + Y Bryco,, [Th* ][CO; T

x=1 y=1

Figure 2.1 shows an initial estimate of the solubility of thorium over a range of pH
(3 through 10). Higher solubility at low and high pH is expected, with a minimum in between.
The pH range of Yucca Mountain (6.7 to 9.3) is expected to lie in the minima. Data for this

graph is from a combination of values from the literature and estimates [30].
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Figure 2.2: Thorium Solubility Estimate
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Chapter 3: Experimental Methods

3.1 Solubility Experiment Setup

Solubility experiments were run under both pure argon gas and a mixture of
argon/10% CO,. The gas was passed through a water or mineral oil bubbler before reaching
the seven 100 mL three necked round-bottomed flasks, which were set up in series (Figure
2.1). Each flask was filled with 90 mL of 0.1 M NaClO,. Flasks were adjusted to pH 2
through 12 in 9.5 pH steps under argon and pH 2 through 6.5 under the argon/10% CO,
mixture due to strong buffering at pH 6.5. 0.1 M HCIO4 was added to lower pH and 0.1 M

NaOH was added to increase pH.

Figure 3.1 Solubility experiment setup

Flasks were allowed to equilibrate under the prescribed atmosphere for at least one
hour before addition of thorium oxide. Approximately 1 g of crystalline ThO, was added to
each flask after atmospheric equilibration. The excess ThO, was added to ensure that there
would be enough for the various analyses, such as BET surface area measurements and x-ray

diffraction, which were to be performed after each experiment.
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Flask pH was measured with a Corning liquid KCI (argon, pH 2-6) or gel electrolyte
filled pH probe calibrated daily at pH 4, 7, and 10 and checked at least monthly over the full
pH range (pH 2 through 12.45) with fresh buffers. The pH of each flask was checked and
adjusted at least once per day. While it was fairly difficult to maintain pH under pure argon at
higher pH (6 and up), pH under argon/10% CO2 remained fairly constant with minimal

adjustments throughout the experiment. Table 3.1 shows the average pH for each flask in the

experiment.

Flask pH Atmosphere | Flask pH Atmosphere} Fiask pH Atmosphere
1 2.07 Ar 13 8.96 Ar 25 3.60 | Ar/10%CO,
2 2.57 Ar 14 9.52 Ar 26 4.13 Ar/[10%CO,
3 2.99 Ar 15 10.07 Ar 27 4.48 Ar/10%CO;,
4 3.68 Ar 16 10.6 Ar 28 5.05 | Ar/10%CO,
5 4.27 Ar 17 11.08 Ar 29 5.51 Ar/10%CO,
6 5.24 Ar 18 11.55 Ar 30 6.03 | Ar/10%CO,
7 5.84 Ar 19 12.04 Ar 31 6.38 [ Ar/10%CO,
8 6.40 Ar 20 4.27 Ar 32 6.48 Ar/10%CO,
9 6.90 Ar 21 5.45 Ar 33 3.00 | Ar/10%CO,
10 7.38 Ar 22 2.06 | Ar/10%CO, 34 4.03 | Ar/10%CO,
11 8.08 Ar 23 2.57 | Ar/[10%CO> 35 4.96 | Ar/[10%CO,
12 8.6 Ar 24 3.1 Ar/10%CO,

Table 3.1 Flask pH and atmosphere

3.2 Sampling Procedure

Flask pH was monitored daily to ensure that it remained relatively stable over the course

of each experiment. On every third day, a 4.0 mL sample was pipetted into a 10 mL B&D
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sterile syringe and filtered through a 0.2 pm Acrodisc syringe filter. From the initial sample,

3.5 mL was transferred into a 15 mL polypropylene centrifuge tube. 23 pL of reagent grade
15.56 M nitric acid was added to each sample to bring the samples to a 0.1 M nitric acid
concentration. Afterwards, the samples were mixed with a vortex and placed in a refrigerator
for storage. For every third sample set, a 3.5 mL unfiltered sample was also taken in order to
determine if any large (greater than 0.2 pm colloids) were being formed. This sample was
directly pipetted into the 15 mL centrifuge tube. Sample preparation was otherwise identical

to the filtered samples.

In order to have enough sample volume to try several different analysis methods, a 5.0 mL
volume was initially removed and filtered from each flask from the last sets of samples (pH
5.5 through 6.5 under 10% CO,). 4.5 mL was then transferred to a 15 mL centrifuge tube, and
30 pul. of 15.56 M nifric was added. Unfiltered samples started with 4.5 mL directly pipetted
to the centrifuge tubes. Unfiltered sample preparation was otherwise the same. All samples

were mixed with a Vortex and stored in a refrigerator until analysis could be performed.

3.3 ICP-AES Procedure

Samples with dissolved thorium concentrations around 0.1 through 10 umol/L were
analyzed using inductively coupled plasma atomic emission spectroscopy, ICP-AES. For the
ICP-AES method, the liquid samples were fed directly as prepared into the instrument for

analysis.

For this experiment, the samples were analyzed using the 401.913 nm emission line.
All samples were diluted to 0.1 M HNOj in order to minimize sorption of thorium to surfaces

such as polypropylene tubes and quartz glass.
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3.3.1 Principle of ICP-AES

The principle behind ICP-AES is that a plasma is generated by an igniting device
consisting of an oscillating electromagnetic field established by a high frequency coil
wrapped around a quartz torch. The oscillating field causes argon atoms to collide,
transferring energy to other argon atoms, which become ionized and cause further collisions.
This process continues until the plasma reaches a steady state. Aqueous samples are
introduced into the system via a peristaltic pump, which pumps the sample through a
nebulizer. The nebulizer creates a fine aerosol mist. Particles that are small enough to be
excited by the plasma are carried away by argon gas into the plasma. Once in the plasma.
sample atoms collide with the rapidly moving plasma atoms and become excited. These
excited atoms eventually relax to a lower energy state and emit characteristic photons. A
spectrometer, set to measure a specific characteristic energy, measures the intensity of the
emitted photons [31]. Figure 3.2 shows the basic arrangement of an ICP-AES. The operation

of the plasma torch is depicted in Figure 3.3.
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Figure 3.2 ICP-AES basic arrangement
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Figure 3.3 ICP-AES plasma torch operation

This sample analysis technique cannot tell an absolute concentration due to
uncertainties in the nebulizer efficiency, optical efficiency. and other aspects of the system. A
relative concentration can be determined by calibrating the system each time with known
standards in order to determine the concentration in the samples. Standard concentrations can
range from the lower detection limit to just below the saturation point of the machine. A linear
regression fit of the data from the standards is then used to determine the concentration of

each unknown sample.

The best way to lower the detection limit of the system is to increase the efficiency of
the nebulizer. A standard pneumatic nebulizer has an efficiency of around 1%-3%, while an
ultrasonic nebulizer can have an efficiency as much as 15 times as high. In addition. samples

should be slightly acidified in order to minimize sorption to the surface of tubes and glassware

22



in the instrument, which can increase the background and therefore the detection limit of the

machine.
3.3.2 Standard Preparation

The method of standard preparation and type of standard used for ICP-AES calibration
can affect the quality of the data and is therefore very important. The most important aspect of
standard preparation is to match the standard matrix to the sample matrix. This is to account
for any interferences the matrix may cause with the optical line of interest. In order to account
for any optical interference that the bright orange flame created by sodium in the torch may
cause, all standards were prepared in a 0.1 M NaClO, solution matching that of the samples. It
is also important to create a large enough range of standards to cover the expected range of
sample concentrations, so that a good calibration curve can be created in the correct region.
This is especially important when determining concentrations near the detection limit of the
instrument, since most curve fitting programs will preferentially weight the curve to the -

higher concentration data.

Initial analysis showed that sample concentrations ranged from below the detection
limit of the instrument to approximately 10 pmol/L. Standards were prepared ranging from
0.1 umol/L to 100 umol/L by diluting Aldrich 970 pg/L (4.18 mmol/L) thorium atomic
absorption standard solution with 0.1 M NaClO4 to match the sample matrix. The standards
were then diluted to 0.1 M HNO; using the appropriate amount of 15.56 M reagent grade
nitric acid, also to match the sample matrix, as well as to limit sample plating in the poly lines
and glassware. In addition, a 10 nmol/L standard was prepared in the same manner and used

as a “matrix blank” in order to determine the background count rate of the instrument. This
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standard was chosen because it was well below the detection limit of the machine, consisted
of the same matrix as the samples and the standards, and there was sufficient volume left over

from neutron activation analysis standard preparation for use in this manner.

3.3.3 Procedure

The standard startup procedure for the Spectro Analytical Instruments Spectroflame
ICP-AES was followed each time the instrument was used. A minimum warm-up time of 15
minutes was allowed while flushing the instrument with purified water at each startup. The
sequential optics were then reprofiled in order to accommodate any changes in instrument
operation parameters since the last use. Two thorium emission lines were available for use.
The sample analysis method was set up to look at both lines simultaneously, but the 401.913
nm line was always preferentially used for data analysis due to its larger intensity and lower
detection limit. The 283.730 nm line was mainly used to check that the ICP-AES was working
properly. After reprofiling the optics, the location of the actual thorium peak was checked
against the machine determined location using the strongest standard in order to assure that
the optics were properly calibrated. The location of the thorium peaks did not move at any

time.

The instrument was flushed with 5 vol% nitric acid after the peak location check in
order to remove any lingering thorium from the system. The background was then checked
against the initial background to ensure that the system was clean. All poly tubes were
replaced periodically to ensure the data was not affected by thorium plating on the tubing. In
addition, the spray chamber and torch were cleaned by soaking in a 5 vol% hydrochloric acid

bath for several hours followed by a thorough rinsing in purified water cvery month.
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Once the lines were sufficiently clean, the thorium standards were run in order of
increasing concentration to create a calibration curve. A matrix background was taken before
the first (lowest concentration) standard. After the final (highest concentration) standard was
analyzed, the system was again flushed with 5 vol% nitric acid until the background returned
to the initial level. This was double checked by running another matrix background for
comparison to the previous one. Samples were then run in order of lowest estimated
concentration to highest. A two minute S vol% nitric flush was performed between each
sample in order to limit plating. Nitric backgrounds were taken pericdically for comparison.
Every ten samples, a blank matrix background was taken to further ensure that sorption of

thorium to the instrument surfaces was not interfering with the data.

Following each ICP use, the instrument was shut down using the Spectro procedure.
The instrument was flushed with purified water for a minimum of ten minutes before the torch
was turned off. The system was then allowed to cool for another five to ten minutes and then

turned off.

3.4 ICP-MS Procedure

Samples from the pure argon atmosphere experiments that were below the detection
limit of the ICP-AES system were analyzed using a quadropole ICP-MS >system at

L’aboratoire d’Analyse Isotopique et Elémentaire at the Commisserat a L’Energie Atomique

(CEA) in Paris, France.
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3.4.1 Principles of ICP-MS§

In plasma mass spectroscopy, the inductively-coupled argon plasma (ICP) is once
again used as an excitation source for the elements of interest. However, in contrast to plasma
emission spectroscopy, the plasma in ICP-MS is used to generate ions which are then
introduced to the mass spectrometer and focused by a cone. These ions are then separated by
the a lens (ion separator). The ions change trajectory when they enter the quadropole magnetic
field (mass filter). and are collected according to their mass to charge ratios in electron
multiplier cup detectors. The constituents of the unknown sample can then be identified and
measured by the detectors. ICP-MS offers extremely high seusitivity for many elements and
can also be successfully applied to a wide range of elements. Figure 3.4 shows the basic
components of an ICP-MS system. Detection limits of ICP-MS systems can be from one to

four orders of magnitude lower or more than their ICP-AES counterparts.
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Figure 3.4 Major Components of an ICP-MS

Like ICP-AES, the ICP-MS technique is used to determine relative concentrations.

Known standards must be use to calibrate the ICP data and determine actual concentrations.
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3.4.2 Sample preparation

ICP-MS analysis was performed at CEA Saclay in Paris, France. Samples were sent as
prepared for ICP-AES to France to be analyzed. Due to difficulties with high sodium content,
which induced instabilities in the thiorium signal. Studies with NaClO, showed that the
maximum allowable concentration before instabilities occurred was 0.02 M. Therefore, all
samples were diluted by a factor of 5 with purified water in order to minimize system

instabilities.

3.4.3 Standard preparation

Standards were prepared in 0.02 M NaClO, with thorium concentrations varying from
20 ppt (86 pmol/L) to 600 ppt (2.6 nmol/L). An initial calibration curve was created using the
standards prior to running any samples. In addition, one standard was introduced every 3 or 4

samples in order to check and correct for any potential fluctuations.

3.5 BET Surface Area Analysis

Surface area measurements were taken of the thorium oxide powders after immersion
in the flasks at various pH levels in order to look at how the surface of the powder was
affected. Surface area was analyzed using a Quantachrome Nova 1000 instrument using grade

5.0 nitrogen gas.
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3.5.1 BET Method

Experimental surface areas are most commonly obtained through the analysis of
adsorption isotherms of nitrogen or some other gas. In the case of explicit-model analys:s
such as the Brunauer-Emmett-Teller (BET) method the experimental isotherm is fit to a
theoretically-obtained adsorption medel, from which is extracted a monolayer capacity of the
material. This capacity is a well-defined quantity and can be used compare experimental and
simulated systems. In order to convert to a surface area, a value for the monolayer density is
needed. which is obtained experimentally using a reference system of known surface area.
The accuracy of this method requires that the monolayer density be transferable; that it is not
dependént on the surface curvature or pore structure, and not strongly dependent on the

chemistry of the underlying surface. The Nova 1000 surface area is shown in Figure 3.5.

3.57 disk drive

Calibration

1 or 2 sampies

Figure 3.5 Quantachrome Nova 1000 BET surface area analyzer [32]

The tendency of all solid surfaces to attract surrounding gas molecules gives rise to a

process called gas sorption. Monitoring the gas sorption process provides a wealth of useful
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information about the characteristics of solids. Before performing gas sorption experiments,
solid surfaces must be freed from contaminants such as water and oils. Surface cleaning
(degassing) is most often carried out by placing a sample of the solid in a glass cell and
heating it under a vacuum. Once clean, the sample is brought to a constant temperature by
means of an external bath. Then, small amounts of a gas (the absorbate) are admitted in steps
into the evacuated sample chamber. Absorbate molecules quickly find their way to the surface
of every pore in the solid (the adsorbent). These molecules can either bounce off or stick to
the surface. Gas molecules that stick to the surface are said to be adsorbed. Figure 3.6 shows
this process. The strength with which adsorbed molecules interact with the surface determines

if the adsorption process is to be considered physical (weak) or chemical (strong) in nature.

1) A section of one s
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Figure 3.6 Surface adsorption of a gas
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3.5.2 Sample Preparation

The thorium oxide remaining in the flask at the end of each experiment was removed
and placed in a 50 mL polypropylene centrifuge tube. Each sample was centrifuged for two to
five minutes. and any excess liquid was removed with a plastic bulb pipette. The samples

were then placed in a freeze drier overnight until completely dry.
3.5.3 Procedure

For each measurement, approximately 0.1 g of thorium oxide powder was placed into
a preweighed sample tube. The sample was placed in a heating mantle and degassed at 300 °C
for a minimum of three hours. After degassing, the sample and tube were removed and
weighed in order to determine the degassed sample weight. The sample was then placed in a
dewar of liquid nitrogen for analysis. Each sample was analyzed using a six point BET

method a minimum of three times.

3.6 X-Ray Diffraction

X-ray diffraction (XRD) was used to look at the thorium oxide remnants after
immersion in the various pH solutions and determine if any major changes of lattice
parameter could be found. Both lattice parameter changes and surface area changes can affect

the kinetics of thorium oxide dissolution.
3.6.1 Principles of XRD

X-ray diffraction is a versatile, nondestructive technique for quantitative analysis and

qualitative identification of the various crystalline phases found in solid minerals and powders
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[33]. Identification is achieved by matching the pattern with a known pattern in a
crystallography database. Databases can contain over 70,000 phases [34]. XRD is based on

Bragg’s law:
nA =2dsin6

Crystalline structures are composed of three-dimensional rectangular lattices arranged
so that they form a series of parallel planes separated from each other by a distance d. The
distance varies according to the characteristics of the material. In a crystal, the planes exist in
a number of different orientations, each with its own d-spacing. To create a diffraction
pattern, monochromatic x-ray beam of wave_l.ength A is projected into a crystalline material.
As the beam moves over the sample, the angle of incidence 6 changes. Diffraction occurs
only when the distance traveled by the x-rays differs by a complete number n of wavelengths.
This occurs when Bragg’s law criteria are met. This is shown in Figure 3.7. A plot of the
angular positions and intensities of the resulting peaks is compared to the database to

determine the structure and composition of a crystalline material.

Figure 3.7 Bragg’s Law
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3.6.2 Sample Preparation

Samples of the dried thorium oxide remnants from the flask solutions were used for
XRD. X-ray diffraction slides were prepared by combining approximately 100 mg of thorium
oxide powder with 20 to 50 mg of standard material. Silicon carbide was used for the initial
slides from the argon atmosphere experiments, and NIST traceable silicon 640c standards
were used for the remaining samples. Standard materials were added in order to adjust for any
shift in lattice parameter. The thorium powder/standard mixture was added to a three to one
mixture of amyl acetate and collodium, stirred, and painted on a small piece of glass

microscope slide cut to fit into the sample holder.

3.6.3 Procedure

Sample analysis was performed on a Rigaku RU300 x-ray generator with a 185 mm
diffractometer operating at 60 kV and 300 mA (18 kW). Scans were performed for theta
ranging from 20 to 80 degrees in steps of 0.05 degrees. 1.0 mm divergence and scatter slits
were used, and a 0.3 mm receiving slit was used. Scans were analyzed for diffraction pattern

matches using Jade.

3.7 Neutron Activation Analysis

Neutron activation analysis (NAA) was used to analyze carbonate samples with
concentrations below the detection limits of ICP-AES. ICP-MS was not pursued any farther

due to the remote proximity of the machine and difficulties with the high sodium
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concentrations of the samples. Neutron activation was performed at the MIT Nuclear Reactor

Laboratory’s S MW research reactor.

3.7.1 Principles of Neutron Activation Analysis

Neutron activation analysis is a very sensitive detection technique. Like ICP-MS, it
detects isotope, not just the element as in ICP-AES. In NAA, a sample is placed in a neutron
flux, which is usually from a nuclear reactor, though accelerator driven sources now exist.
The isotope absorbs neutrons, creating a new isotope. When this isotope decays it emits a
characteristic gamma ray that can be used to detect the presence of the isotope.
Concentrations can be determined directly from NAA if the reactor flux, time in flux, and
detector efficiency are known. As this is usually not the case, samples are typically compared

to a calibrated standard to determine concentrations of nuclides present.

For this experiment, samples were irradiated for 12 hours in the pneumatic facilities of the
MIT reactor. Neutron flux in these facilities is approximately 8 x 10'? n/cm?’s. Samples were

allowed to decay for approximately two weeks in order to get reduce the Na** content to

nearly zero.

3.7.2 Sample Preparation

Standard procedures at the MIT Nuclear Reactor allow liquid samples only under
special circumstances. Because of this, samples had to be dried before irradiation. Initially,

1.5 mL was pipetted from each sample vial into a labeled bag, and the samples were freeze-
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dried. Early NAA data showed the freeze-drying method to be inadequate, possibly because

the vacuum was strong enough to pull out some of the solid salt left behind in the bag.

Samples were prepared for NAA by pipetting 0.5 mL into labeled bags. Each labeled
bag was placed in a 50 mL centrifuge tube. The centrifuge tubes were placed in a large
desiccator containing silica gel desiccant. The large desiccator could handle 36 samples at
once. Once the desiccator was full, it was placed in an oven at 80 °C overnight to allow

samples to dry. Dried samples were removed and then heat-sealed and double bagged.

3.7.3 Standard Preparation

NIST traceable fly ash standards were prepared and irradiated with each sample batch.
In addition, 0.1 M NaClO4 ICP standards were dried along with the samples in order to
determine drying efficiency. Two ICP standards were prepared for each sample batch to
ensure that any irregularities were not sample specific, but system wide. The ICP standards
were prepared in the same manner as the regular samples. 0.5 mL was pipetted into a labeled

bag, then placed in a desiccator overnight at 80 °C.

3.7.4 Procedure

Twelve to fourteen samples from the same flask were placed in each irradiation batch
along with two ICP standards and a NIST fly ash standard. This was done to minimize the
effects of any flux irregularities on the final data, as the entire data set would have
experienced the same irradiation. All batches were irradiated for twelve hours. After a two-

week decay, samples were counted on four Canberra high purity germanium detectors. The
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fly ash standard from each irradiation batch was placed on each detector used for that batch
for calibration. The Pa*** 312 keV gamma peak was used for all measurements. Samples were
counted for six hours live time. A six-hour background was taken on each detector before
sample counting began. In addition, an empty bag was irradiated in order to determine if there
would be any background attributable to the bag. There was no noticeable background from

either the bag or the room.

3.8 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) was used on the ThO, remnants to

determine if anything had sorbed to or precipitated on the surface of the powder.

3.8.1 Principles of FTIR

Infrared spectroscopy is an experimental method employed to to study vibrational
transition energies. Since atoms are not held rigidly apart in a molecule, they can bend or
stretch. Each mode of vibration or stretching has one band of infrared absorption. When
subjected to infrared radiation of that specific frequency, a bond will absorb the energy and
move from the lowest to the next highest vibrational state [35]. Figure 3.8 shows the basic

setup of an FTIR spectrometer.
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Figure 3.8 FTIR setup
2.8.2 Sample Preparation
FTIR samples were prepared by mining about 20 mg of ThO: powder remnants with
up 1o 200 mg KBr powder and grinding with a small agate mortar and pestle: The powder
muniure was placed moa 13 mm dic and pressed at 10 metric tons for three minutes Ten
samiples were prepared. includimg a standard and an array of samples from cach atmosphere

Table 3.2 hists the samples that were analyvzed.

pH 4.»_\;1119sphex_‘c4

2 () ) Ar

? o8 Ar

04 Ar

896  Ar
11.55 Ar

206 10% CO;
360 0% CO-

505 10% COs
048 10% CO»

Table 3.2 FTIR Samples



3.8.3 Procedure

A Perkin Elmer 1600 series FTIR was used for sample analysis. One four second
background was taken. Samples were scanned four times for four seconds each over the

wavenumber range of 600 to 4000 cm™', and the background was removed from the spectra.
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Chapter 4: Results

4.1 Solubility resuits

Several different methods were used to determine the aqueous thorium concentrations
in the samples. ICP-AES was used for only the highest concentration samples. Samples below
the detection limits of the ICP-AES method were analyzed using either ICP-MS or neutron

activation analysis.

4.1.1 ICP-AES Data

The detection limit of the ICP-AES for the Th 401.913 nm line was approximately 0.2
umol/L. Because of this limit, only samples from pH 2 through 3 under argon and ph 2 and
2.5 under 10% CO; could be analyzed using this method. A Cetac 6000AT" ultrasonic
nebulizer was used in order to attempt to detect lower concentrations. While the detection
limit for thorium in 5 vol% nitric decreased by a factor of twelve, the ultrasonic nebulizer
proved to be ineffectual for the sample matrix due to the high content of sodium. The orange

sodium flame was so bright that it completely interfered with the optics at all wavelengths.

Figure 4.1 is an example of a calibration curve from an ICP-AES analysis. This curve

was used to fit the data for flasks 22 and 23, pH 2.06 and 2.57 under 10% CO..
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Figure 4.1 Standard calibration curve example

Figures 4.2 through 4.4 are the curve fits for kinetics data from the argon experiments
at pH = 2.07, 2.57, and 3.00 respectively. All points on these curves were obtained using ICP-

AES. Calibration curves for this data are in Appendix A. Curves were fit in Origin, using the

equation

[Th]=[Th]_(1-e™)

sat

where [Th]s, is the equilibrium concentration in mol/L, and k is the kinetic rate constant in

hr'.
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Figure 4.2 Kinetics curve for pH = 2.07, Argon
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Figure 4.3 Kinetics curve for pH = 2.57, Argon
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Figure 4.4 Kinetics curve for pH = 3.0, Argon

The initial ICP-AES data set for pH 2.06 and 2.57 from the carbonate series had to be
thrown out due to excessive fouling of the torch from several high sodium concentration
experiments that were run over a relatively short period of time. Enough volume remained for
ICP-AES analysis of only the latter half of the series, due to the fact that NAA samples had
been prepared from the first six samples of each series. NAA data from the first two samples
from each series was added to the ICP curve to fill in the holes. This data predates the
problems with excessive vacuum on the freeze drier, as the samples were prepared for NAA
when the vacuum pump was not operating properly and therefore evaporated under close to
atmospheric pressure. Figures 4.5 and 4.6 show the curve fits for pH 2.06 and 2.57 under 10%

CO;.
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Figure 4.6 Kinetics curve for pH = 2.57,10% CO,
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4.1.2 ICP-MS Data

The remainder of the argon sample series was analyzed using a quadropole inductively
coupled plasma mass spectrometer with multicollection. Data gathering on this system proved
to be difficult due to the high sodium content. Samples were diluted by a factor of five to
minimize system instabilities. With this dilution factor and the system instabilities, however,
many samples appeared to be below the detection limit of the instrument. No kinetics curves
could be created from the data with any degree of certainty. The data is therefore only good
for estimating equilibrium concentrations. Figure 4.7 shows the data and corresponding
kinetics curve-fit for pH 6.9. The curve fit is meaningless due to the fact that only two of the

14 samples in the series could be successfully analyzed.

2.5
2.0+
1.5 1

1.0

[Th], nmol/L.

0.5

0.0 Y ————

Time, days

Figure 4.7 Kinetics curve for pH = 6.9, argen
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The figures for the rest of the flasks are in Appendix A. Table 4.1 shows the saturation
concentrations at each pH analyzed. Saturation concentrations were estimated as the average
of all the data points for each experiment. Standard deviations were calculated from all of the
data points as well. Several pH steps are missing because all of the data was either erratic or

below the detection limit of the instrument.

pH [Th]sa, nmol/L

4.27 2.03+0.48
6.40 3.26 £0.20
6.90 1.16 £ 0.35
7.38 2.84+0.18

10.07 2.13+£0.46
12.04 2.46 + 1.56

Table 4.1 [Th]s vs. pH under 100% Argon

4.1.3 Neutron Activation Analysis Data

All carbonate samples below the detection limit of the ICP-AES were analyzed using
neutron activation analysis. Samples were irradiated for 12 hours and allowed to decay for
two weeks. Samples were counted on HPGe detectors for six hours and concentrations were
determined by comparison to a NIST SRM Fly Ash 1633b standard. Table 4.2 shows the
composition of the fly ash standard. The data was corrected for sample matrix effects using

two matrix standards that were prepared and irradiated with each sample set. Matrix standard

concentrations were 0.418 and 0.0418 umol/L.



Element | Elemental Error
name ;| conc. (ug/g) | (ng/Q)
Na® 2010 30
Sc*® 41 1.5
cr™® 198.2) 4.7
Fe® 77800 2300
Co™ 5 1.2
Se™ 10.2 0.17]
As™ 136.2 2.6
Br"' 2.9 0.4
Ba'* 7.9 27,
La'™ 94 2.8
Ce'? 190 4.7
Nd'*® 84 4.7
Eu'® 4.1 0.15
Sm'* 20 0.9
Lu'® 1.2 0.15]
Hf'® 6.8 0.24]
Ta' 1.8 0.05
Th* 25.7] 1.3

' Vi 879 03

Table 4.2 Fly Ash composition

Figures 4.8 through 4.15 show the neutron activation analysis data. This data was
validated by running a second experiment at pH = 3.00. The data from the repeated
experiment is shown in Figure 4.16. for pH 3 through 5.05, the equilibrium concentration was
taken as the average of all of the data points. Experiments with pH greater than 5.05 all
showed a peak in concentration between day six and day nine, then returned to the initial
concentration. Since the peaks are close to or within the margin off error, it is possible that

they are a coincidence. These experiments will be repeated in order to see if this is the case.

45



No kinetics data could be determined from the samples analyzed by NAA. It is also not
possible to prove that the samples achieved equilibrium due to the Iack of kinetics data. The
acidic samples (pH 2 and 2.5) indicated that equilibration times were on the order of two

months, twice as long as these experiments were run.

0.32
0.30 4
0.28
0.26
0.24 4
0.22 4
0.20 -
0.18 -

0.16 4 T
0.14 4 .
0.12 4
0.10 : ® ?
0.08 - .

0.06 4

0.04 - - J
0.02 - 1 -
0.00 : :
-0.02

[Th], umol/L

t (days)

Figure 4.8 Data for pH = 3.10, 10% CO,
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Figure 4.9 Data for pH = 3.60, 10% CO;
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Figure 4.10 Data for pH = 4.13,10% CO;
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Figure 4.12 Data for pH = 5.05, 10% CO,
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Figure 4.14 Data for pH = 6.03, 10% CO;
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4.1.4 Large Colloids

Unfiltered samples were taken every nine days in conjunction with the filtered
samples in order to determine if any large colloids (greater than 0.20 um) were forming in the
solutions. Analysis of these samples showed in general no significant change between the
filtered and unfiltered samples. Bundschuh er al reported colloid sizes of about 20 nm [34],
which is an order of magnitude lower than the filter size of 0.20 um, soAit is likely that any
colloids formed were in the filtered samples as well. Filtered and unfiltered concentrations

can be found in Appendix B.

4.1.5 Kinetics and Saturation

Using the data from these three methods, a plot of [Th]s, vs. pH can be created. Figure
4.17 shows the argon data, and the carbonate data is in Figure 4.18. When the carbonate
system is recalculated for atmospheric CO, concentrations, or pCO; = 107>, the data is

extended to pH = 11.38. Kinetics and saturation data is shown in Tables 4.3 and 4.4 for the

argon and 10% CO; atmospheres, respectively.

Under the 100% argon cover gas, equilibriurn was reached in a slightly less than one
month in acidic solutions. The rate constants are all approximately equal, within the margins
of error. No kinetics data could be extracted from the neutral and alkaline solutions. Under
10% CO,, the equilibration time increased to two months for the most acidic samples. Once

again, the other solutions did not yield any useful kinetics data. While it was assumed that
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equilibrium was achieved, this cannot be proven. Experiments will have to be repeated in

order to see if the equilibration time was sufficient.

From Figure 4.17, it can be seen that the solubility drops dramatically after pH
3, by a full three orders of magnitude in a step of 0.5 pH. This slope of -6 corresponds with
drops reported in the literature. Rai et al showed a slope of -5.5 for amorphous ThO, [36], and
a slope og greater than —4 was given in a literature review by Neck [37]. The carbonate

system solubility decrease is less dramatic, with a slope of -3.3.
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Figure 4.17 [Th]s, vs. pH, 100% Argon
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Figure 4.18 [Th]; vs. pH, 10% CO,

pH k(") [Th]sy, mol/L
2.07 | 0.01078 +0.00185 2.66E-06 + 9.29E-08
2.57 | 0.00981 +0.00162 2.62E-06 + 9.21E-08
2.99 | 0.01158 +0.00275 1.93E-06 + 8.97E-08
4.27 - 2.03E-09 + 0.48E-09
5.45 -

6.40 - 3.26E-09 + 0.20E-09
6.90 - 1.16E-09 + 0.35E-09
7.38 - 2.84E-09 + 0.18E-09
8.08 -

8.60 -

6.96 -

9.52 -

10.07 - 2.13E-09 + 0.46E-09
10.60 -

11.08 -

11.55 -

12.04 . 2.46E-09 + 1.56E-09

Table 4.3 Kinetics and Saturation Data, 100% Argon

53



pH k() [Th]sa;, mol/L
2.06 [0.00605 +0.00122 8.66E-06 + 3.15E-07
2.57 [0.00416 +0.00122 2.21E-06 + 1.79E-07
3.00 - 8.67E-08 + 2.47E-08
3.10 - 8.85E-08 + 4.32E-08
3.60 - 6.78E-08 + 2.80E-08
4.13 - 7.45E-08 + 3.62E-08
4.48 - 8.79E-08 + 6.14E-08
5.05 - 5.98E-08 + 3.06E-08
5.51 - 3.40E-08 + 1.02E-08
6.03 - 5.81E-08 + 2.89E-08
6.48 - 3.40E-08 + 1.02E-08

Table 4.4 Kinetics and Saturation Data, 10% CO,

4.2 BET surface area analysis

A Quantachrome Nova 1000 BET surface area analyzer was used to determine the
surface area of the thorium oxide remaining in the flask following each experiment. For each
sample, a 6 point BET method was used. Samples were degassed at 300 °C for one to three
hours prior to analysis. Comparison of sample weights and BET analysis results after
degassing periods of one to twelve hours showed no significant advantage for degassing times

longer than one hour.

Figure 4.19 shows the BET analysis results for the argon atmosphere samples. The red
line corresponds to the measured value of an untreated thorium oxide sample from the same
batch that was used for the experiments. The green dashed lines represent the upper and lower
bounds of the untreated surface area. Figure 4.20 shows the BET analysis for the carbonate
samples. The red and green lines represent the same untreated thorium oxide data as in the

argon samples.
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Figure 4.19 Surface area vs. pH, 100% Argon
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Figure 4.20 Surface area vs, pH, 10% CO,
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Under the 100% argon atmosphere, surface areas were widely scattered around the
untreated sample standard until pH 9 and above, when the surface areas were uniformly
higher than the standard by about 15%. Surface areas of the samples immersed in the
carbonate systems were higher than the standard for all samples. The lowest pH sample, at
around pH = 2.07, was very close to the upper bound of the untreated surface area. The

remaining samples had surface areas 15 to 30% higher.

4.3 XRD Results

X-ray diffraction patterns were taken of the thorium oxide remnants from each
experiment. The XRD scans were taken on a Rigaku RU300 x-ray generator with a 185 mm
diffractometer. Scans were taken in steps of 0.05 at a speed of 10 degrees per minute. The
scan range was from 20 to 80 degrees. Figure 4.21 shows the scan for the untreated ThO,
standard. Each ThO, peak is labeled with the corresponding plane. Unlabeled peaks belong to
the Si standard. A scan of the pH = 6.48 carbonate sample is shown in Figure 4.22. All of the
samples immersed in the solutions had identical lattice parameters to the untreated sample.

The d-spacings are listed in Table 4.6 below. The remaining XRD scans can be found in

Appendix C.

(hkD | d A

(1,1,1) | 3.232
(2,0,0) | 2.799
(2,2,0) | 1.9987
(0,1,0) | 1.6877
2,2,2) | 1.6159
4,0,0) | 1.3983
(3,3,1) | 1.2841
4,2,0) | 1.2516

Table 4.6 Planes and d-Spacings of ThO,
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Figure 4.22 XRD pattern for pH = 6.48, 10% CO,
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4.4 FTIR Results

FTIR was used to determine if anything had sorbed to or precipitated on the surface
of the ThO; remnants from the solution. A Perkin Elmer 1600 series FTIR was used. Four 4.0
second scans were taken of each pellet. Figure 4.23 shows the FTIR spectra of the untreated
sample. The basic features of this spectra were repeated in the spectra of all samples scanned
with the exception of pH 3.68, under 100% argon. This sample was a different color from the
rest, dirty brown instead of white. The sample was most likely contaminated at some point
while stored. All of the FTIR spectra are included in Appendix D. There is no spectra for the
100% argon, pH = 2.07 sample because the pellet broke while being placed in the sample

holder.

Figure 4.23 FTIR spectrum of ThO,; standard
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All of the major features of the sample spectra corresponded well with the ThO,
spectrum from Nyquist and Kagel [37]. A standard spectrum from the Japanese National

Institute of Advanced Industrial Science and Technology is shown in Figure 4.24 [38].
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Figure 4.24 ThO; Standard spectrum
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Chapter 5: Conclusion

Interest in thermal breeder reactors using a thorium-uranium fuel has increased
recently as research into the next generation of nuclear power reactors has intensified. Since it
is going to be a once through fuel cycle, it is important to study the behavior of the fuel in
long term storage. The first step in understanding this behavior is to characterize the behavior
of the fuei components in the environment. Uranium oxide has been well studied in its two
major forms, UO; and U3;Os due to the prevalence of this fuel in nuclear fuel cycles
worldwide. The behavior of thorium oxide is not as extensively studied as its uranium
counterparts. In order to gain a better understanding of thorium oxide dissolution, a broad

study of the kinetics and thermodynamics of thoria dissolution was undertaken.

The dissolution kinetics of crystalline thorium oxide were studied over a broad pH
range and under both pure argon and a mixture of 90% argon and 10% CO; in 0.1 M ionic
strength NaClOy solution. Under pure argon, the pH range was 2 through 12 in steps of 0.5.
The CO; pH ranged from 2 to 6.5 in steps of 0.5. The maximum pH was limited to 6.5 due to
buffering by the carbonic acid system. Experiments ran for 33 days, with sampling intervals
of approximately three days. Every third time, an unfiltered sample was taken in conjunction
with the filtered sample in order to determine if any colloids were forming. Remnants of the
ThO, powder were removed from solution after each experiment for XRD, BET surface area

analysis, and FTIR spectroscopy.

Results of the experiments showed that thorium oxide is a very stable and insoluble
compound. Solubility is highest at very low pH, generally less than around 3. This is the pH

region where the hydrolysis reaction is believed to be dominant, and ThO,(cr) and Th‘“(aq)
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are in equilibrium [37]. Saturation concentrations varied from nanomolar under argon in
neutral and alkaline conditions to 10 pmol/L under 10% CO, at pH of about 2. Solubility
under CO; reached a minimum of about 50 nanomoles per liter, about an order of magnitude
higher than the 100% argon counterparts. There was a very steep and rapid drop in
concentration between the two solubility ranges. The slope was —6 for argon, and -3.3 for the

carbonate system.

Kinetics data showed that the solutions reached equilibrium in u;lder a month under
the pure argon atmosphere at low pH, and in about two months under 10% CO; for pH 2.5
and below. It is possible that colloidal interactions or precipitation reactions could be slowing
down the dissolution kinetics in the carbonate system at these pH levels. No kinetics data
could be determined from the samples above pH 3 under argon and pH 2.57 under carbonate.
Due to difficuities with system fluctuations from high sodium content, ICP-MS analysis of the
argon neutral and alkaline samples yielded sporadic and scattered data. Most samples could
not be analyzed by the instrument. Equilibrium concentrations were approximated as the
average of the data yielded by the instrument. Samples above pH 2.57 in the carbonate system
were analyzed by neutron activation analysis. Though the quality of this data was superior to
the ICP-MS data, it also failed to yield any useful kinetics data. All samples appeared to be
about the same concentration. Once again, the equilibrium concentration was approximated as
the average of the sample concentrations. It is not certain that equilibrium was achieved in

any of these experiments, due to the lack of reliable kinetics data.

Analysis of the thoria remnants from the experiments revealed that the harsh
environments had little or no effect on the thoria powder in the flask. Initial surface area was

approximately 6.7 m?/g as measured by BET surfacc area analysis. Under pure argon, the
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surface area increased by an average of about 15% under the most alkaline conditions. Below
pH 10, the data was scattered around the untreated thoria standard. In the carbonate
environment, all of the samples showed an increase over the initial untreated surface area. The

increase was relatively uniform and ranged from 15 to 30%.

XRD analysis showed that all of the samples were identical to the untreated powder.
All planes and plane spacings corresponded exactly with the standard. FTIR analysis also
showed that there were no impurities or changes in composition or structure. Bundschuh et al
concluded from their experiments that the bulk of the surface of their crystalline ThO, must
have been covered in an amorphous layer of Th(OH)4 under alkaline conditions [39], but there
was no evidence of this structure in the FTIR spectra. It is possible that there was not enough
present to show up in the spectra. In addition, no standard spectra of Th(OH)s(am) could be

found in the literature for comparison.

Studies at pH greater than about 2.5 will have to be repeated in the future in order to
obtain kiiletics data for comparison, as well as to determine if the previous experiments had
reached equilibrium. Due to the detection limit problems encountered in these experiments
with the various methods used, future experiments may employ Th**® doping in order to allow
direct analysis of samples by an alpha/beta scintillation counter. In addition, the dissolution
behavior of ThO, ceramics containing UO, and stabilized in a cubic fluorite ZrO, lattice will
be studied in order to see both the effects of thoria and zirconia on urania dissolution.
Preliminary modeling of the mixed thoria-urania solubility has been performed on CHESS
and is included in Appendix E. Samples will be analyzed using the same methodology as the
thoria dissolution experiments, including XRD, FTIR, and BET surface area analysis of

ceramics before and after immersion. In the future, experiments on irradiated ceramics should
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also be performed in order to investigate the effects of fission products in the lattice on the

stability of the ceramic.

It is important to study all future nuclear reactor fuels from the perspective of long
term waste behavior, especially given that indefinite storage in a repository is the nation’s
only plan for the disposition of spent nuclear fuel. These experiments have shown that
crystalline thorium oxide would make a very robust waste form. Exposure to excessive pH for
extended periods has little to no effect on the structure, and solubility is very low, especially

in the pH range encountered in natural environmental systems.
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Appendix A: Solubility Data

A.1 ICP-MS Data
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Figure A.1 pH = 6.40, 100% Ar
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Appendix B: Unfiltered Samples

Data for unfiltered samples and the corresponding filtered samples are in the tables

below. Unfiltered sampies are in green.

Time [Th], mol/L £

2141 2.37E-06 4.63E-07
2344 2 30E-06 «.48E-07
430.2 2.48E-06 4.03E-07
S305 2.56E-06 4.17E-07
648.2 3.48E-06 2.15E-07
G538 2 3 85E-06 2.37E-07

Table B.1 Unfiltered comparison, pH = 2.07, 100% Argon

time [Th], mol/L +

214.1 2.34E-06 4.56E-07
St 2. 18E-06 < 26E-07
430.2 2.40E-06 3.90E-07
251606 4 D8E-07
648.2 3.78E-06 2.33E-07
G454 3 A9E-06 2 28E-07

Table B.2 Unfiltered comparison, pH = 2.57, 100% Argon

time [Th], mol/L +
2141 1.84E-06 3.58E-07
. 1.63E-06 3 58E-07
430.2 1.75E-06 2.85E-07
L3005 1.830E-06 2.93E-07
648.2 2.75E-06 1.70E-07
Har 1 272E-06 1 68E£-07

Table B.3 Unfiltered comparison, pH = 2.99, 100% Argon
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time [Th], mol/L +

436 7.28E-06 1.87E-06
436 7.426-06 1 90 06
646 8.52E-06 2.18E-06
546 8.54F-06 2190 R

Table B.4 Unfiltered comparison, pH = 2.06, 10% CO,

time [Th], mol/L *

436 1.57E-06 4.017E-07
436 1 66E 06 A28k -0
646 2.00E-06 5.13E-07
646 203E 08 5 19E 07

Table B.5 Unfiltered comparison, pH = 2.57, 10% CO,

time [Th], mol/L +
216.17 3.87E-08 2.06E-08
21617 | 2 664E-Cb MG

436 2.12E-08 1.13E-08

646 4.64E-08 2.47E-08

o) 377608 P o

Table B.6 Unfiltered comparison, pH = 3.10, 10% CO;

time [Th], mol/L +
216.17 3.74E-08 7.72E-09
21517 4 24E-08 23 75E-09

436 5.23E-08 1.08E-

436 3 B4E-08 J a2l 09

646 7.35E-08 1.52E-08

046 202808 4108 G

Table B.7 Unfiltered comparison, pH = 3.60, 10% CO,
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time {Th], mol/L +
216.17 6.88E-08 2.32E-08
21517 4.71E-08 1.59E-08

436 1.71E-08 5.76E-09

438 4.29E-08 1 44E-08

646 6.85E-08 2.31E-08

848 5.66E-08 2.24E-08

Table B.8 Unfiltered comparison, pH = 4.13, 10% CO,

time [Th], molL £
216.17 3.39E-08 2.28E-08
2ig 17 3.53£-08 2.41E-08
436 3.27E-08 2.21E-08
436 237E-08 1.93E-08
646 1.17E-07 7.87E-08
518 1 8OE-Q7 1 21E-07

Table B.9 Unfiltered comparison, pH = 4.48, 10% CO,

time [Th], mollL £
216.17 4.48E-08 4.70E-08
21617 4.545-08 4.76E-03
436 2.08E-08 2.18E-08
LGG 2450 DR 3 62E-08
646 1.12E-07 1.18E-07
Bk 5 5508 5 30e-08

Table B.10 Unfiltered comparison, pH = 5.05, 10% CO,

time [Th], mol/L +

216 2.87072E-07 | 1.71107E-07

216 7 10043E-08 | 4 23215E-08
431.28 4.96549E-08 | 2.95964E-08
43128 5.57723FE-08 | 3.29446F 08
815.088 1.08382E-07 | 6.46002E-08
SRR LA2OSTE Q7 | & 7R036E 08

Table B.11 Unfiltered comparison, pH = 5.51, 10% CO,

70




216 6.46E-08 3.68E-08
216 407E-08 2 30608
431.28 4.61E-08 2.62E-08
42128 | 3.13E-07 1.78E-07
815.088 1.90E-08 1.08E-08
15.088 | 3 60E-08 2 05£-08

Table B.12 Unfiitered comparison, pH = 6.03, 16% CO,

time [Th], mol/L +
9 9.32E-08 2.957E-08
g 9 78E-08 310808
17.97 1.89E-08 5.98E-09
17 97 1.36E£-08 ' 38t 8§
33.962 3.71E-08 1.18E-08
3% 862 1.33E-07 S 2608
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Table B.13 Unfiltered comparison, pH = 6.48, 10% CO,




Appendix C: XRD Scans
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Figure C.1 XRD pattern for pH = 2.07, 100% Argon
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Figure C.2 XRD pattern for pH = 2.99, 100% Argon
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Figure C.3 XRD pattern for pH = 4.27, 100% Argon
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Figure C.4 XRD patttern for pH = 5.84, 100% Argon
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Figure C.5 XRD pattern for pH = 6.90, 100% Argon
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Figure C.6 XRD pattern for pH = 8.08, 100% Argen
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Figure C.7 XRD pattern for pH = 8.96, 100% Argon
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Figure C.8 XRD pattern for pH = 10.07, 100% Argon
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Figure C.9 XRD pattern for pH = 11.08, 100% Argon
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Figure C.10 XRD pattern for pH = 2.06, 10% CO,
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Figure C.11 XRD pattern for pH = 2.57, 10% CO,
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Figure C.12 XRD pattern for pH = 3.10, 10% CO;
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Figure C.13 XRD pattern for pH = 3.60, 10% CO;
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Figure C.14 XRD pattern for pH = 4.13,10% CO,

78



Intensity

Intensity

14000 -

12000

10000

80060 -

6000 -

2000 4

0 'M#'j

20

70

Figure C.15 XRD pattern for pH = 4.48, 10% CO,
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Figure C.16 XRD pattern for pH = 5.05, 10% CO;
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Figure C.17 XRD pattern for pH = 5.51, 10% CO,

14000 -
12000 ~
10000
8000
6009-
4000

—’J

0

70 80

8
8
8
2

20

Figure C.18 XRD pattern for pH = 6.03, 10% CO,

80



Intensity

12000 -
10000 -
8000 ~
6000 -
4000 -

2000 -

0

20 30 40 50 60 70

Figure C.19 XRD pattern for pH = 6.48, 10% CO;
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Appendix D: FTIR Spectra

Figure D.1 FTIR Spectrum for pH = 3.68, 100% argon
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Figure D.2 FTIR spectrum for pH = 6.40, 100% argon
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Figure D.3 FTIR spectrum for pH = 8.96, 100% argon
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Figure D.4 FTIR spectrum for pH = 11.55, 100% argon
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Figure D.5 FTIR spectrum for pH = 2.06, 19% CO,
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Figure D.6 FTIR spectrum for pH = 3.60, 10% CO,
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Figure D.7 FTIR spectrum pH = 5.05, 10% CO;
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Figure D.8 FTIR spectrum for pH = 6.48, 10% CO,
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Appendix E: Thoria Stabilization of Urania

E.1 Speciation Modelling

The impact of thoria on urania solubility was modeled using the hydro-geochemical
equilibrivm code CHESS. Modeling was performed with J-13 groundwater from the proposed
Yucca Mountain Waste Repository site, Nevada at an Eh of 700 mV and pH 6 through 9. J-13

water’s composition was characterized by Ogard et al. as given below:

Cations | Concentration Anions Concentration
L [mM] [mM]
Naj+] 1.96 F[-] 0.11
K[+] 0.136 Cl[-] 0.18
Li[+] 0.009 NO3|[-} 0.16
Ca[2+] |0.29 SO4[2-] 0.19
| Mg[2+] | 0.072 Quartz 1.07
Mn[2+] | 0.00002 Total Carbonate | 2.81
Fe[3+] | 0.0008
Al[3+] |0.001 PH 7
Eh 700 mV

Table E.1: Characterization of Yucca Mountain J-13 water

The solubility of UO, was modeled using Yucca Mountain conditions and J-13 ground
water at room temperature and 90 °C, which is close to the expected repository temperature.
Figures 1 and 2 show the results at 25 °C and 90 °C respectively. At 25 °C the most prominent
species is the carbonate species UO,(CO3)*, which accounts for the majority of uranium in

solution. Species concentrations are in the micromolar range. Figure E.1 shows the UO;

spectiation at 25 °C.
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Figure E.1 UQ; speciation vs. pH, Eh =300 mV, T = 25 °C

In the higher temperature second case, the dominant species is CaUQ4. which builds in
rapidly around pH 7 to millimolar levels, two to three orders of magnitude higher than the
carbonate species concentrations. Carbonate species concentrations do not change

significantly with temperature. This is shown in Figure E.2.
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Figure E.2 UQO; speciation vs. pH, Eh =700 mV, T = 90 °C

Microheterogeneous fuel will consist of separate urania and thoria pellets. Because of
this, the urania phase will not be stabilized by the thoria phase but will oxidize to U3Ox
instead. similar to conventional reactor fuel. Dissolution of the uranium pellets is modeled as

direct dissolution of U30s in this case. As in the UO; case, dissolution was modeled at room

temperature and near repository temperature.

Figure E.3 shows the 25 °C case for U3;0s. The carbonate species UO»(CO;3)* remains

dominant. In the high temperature case, CaUO4 shows up again as the most important species.
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Figure E.3 U305 specitation vs. pH, Eh =700 mV, T = 25 °C
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Figure E. 4 U0y specitation vs. pH, Eh = 700 mV, T = 90 °C
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E.2 Comparison

Figures 5 and 6 show the differences in uranium species concentration at rcom
temperature and 90 °C. The difference at room temperature is somewhat small. with a
maximum increase of 10% between U3Og and UO; dissolution. At the elevated repository
temperatures, the amount of dissolved uranium is about 50% higher from the U:Og model than

the UO, model around neutral pH (7). and decreases to be less than 25% higher by pH 7.5.

0.00025 ~

-

0.00020 -

0.00015

r

0.00010
-1

0.00005 " 2 '
1 uo,coy, uo,(CO,), /
0.00000 - . )

[U02]-[U3081
mmol/L

-0.00005 A

-0.00010

-0.00015 ~

-0.00020 ———— e

pH

Figure E.5 [UQ;] - [U305], T = 25 °C
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g E  0o0sA
-0.10 A
-0.12 -
-0.14 4
-0.16 —————
6.5 7.0 7.5 8.0 8.5 9.0
pH

Figure E.6 [UO;] - [U304], T = 90 °C

E.3 Conclusion

Mixed thoria-urania phase fuels will behave better in a repository environment than
pure urania phase fuels due to the stabilization of the uranium phase into the less soluble UO
form by the thorium oxide present in the fuel. While the solubility of UO; is only 10% less at
room temperature, it is as much as 50% lower at the predicted elevated repository
temperatures. All modeling was performed under Yucca Mountain Eh and pH ranges, using

water composition from nearby wells.
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