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ABSTRACT

EVALUATION OF SODIUM BISMUTHATE CHROMATOGRAPHIC SYSTEMS FOR

THE SEPARATION OF AMERICIUM FROM CURIUM

The development of a successful and efficient americium (Am) and curium (Cm)
separation method is necessary for stockpile stewardship science and for the
simplification and improvement of currently proposed reprocessing schemes towards the
closure of the nuclear fuel cycle. However, the similar chemical properties of these
radionuclides (e.g., similar ionic radii, ionic bonding, and predominant trivalent oxidation
states in acidic media) makes this difficult to achieve. Differences in redox chemistry can
be exploited based on the fact that Am can be oxidized to higher oxidation states in acidic
media while Cm cannot. Recently, the ability of solid sodium bismuthate to oxidize Am
and its ion exchange properties were demonstrated in solvent extraction and
chromatographic systems, but were limited by oxidation stability, kinetics, and flow rates.
This dissertation focuses on evaluating and characterizing new solid-liquid
chromatographic systems that combine both the oxidation and ion exchange mechanisms
into one material for a continuous separation process. In addition, the solution behavior

of NaBiOs in nitric acid and the effect on acidity and dissolution kinetics is determined.
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CHAPTER 1: INTRODUCTION

1.1 Motivation

Fast and efficient radiochemical separation methods are integral to the advancement of
nuclear science and technology and its application to areas such as energy, medicine,
forensics, and defense. Despite the large body of research geared towards the
development of these methods that has been published over the last several decades,
the separation of the two minor actinides (MAs), americium (Am) and curium (Cm),
remains one of the most difficult separations to carry out on both process and analytical
scales. The purification and/or quantification of these MAs has significant implications for

used nuclear fuel (UNF) reprocessing, forensics, and stockpile stewardship purposes.

The similar size and charge of these radionuclides renders traditional size-based or ion-
exchange methods insufficient, making achieving this separation a long-standing
radiochemical challenge. Rather than approaching this separation based on slight
differences in their trivalent chemistry, altering the speciation of Am through redox
reactions can provide a greater difference in chemistry and, therefore, greater separation
factors that can yield a more efficient method. While the redox approach has been
explored, the instability of the higher oxidation states of Am limits its application. This
dissertation aims to characterize both the solution and chromatographic behavior of a
solid oxidizing agent, sodium bismuthate (NaBiOs), in an effort to provide a better
understanding of how this material may be incorporated into industrial and analytical scale

Am/Cm separation processes.



1.2 Dissertation Goals

To address the efficiency, selectivity, and cost limitations associated with current Am/Cm
separation techniques, this dissertation intends to contribute to the small body of research
regarding the solid oxidizing agent, NaBiOs. This material holds favorable redox and ion
exchange properties conducive of achieving the selectivity necessary for a fast and
efficient Am/Cm separation, but little is understood about its behavior in solution and even
less is known about its behavior in chromatographic systems. Thus, this work aims to
explore the solution behavior of NaBiOs in nitric acid systems that are prevalent in used
nuclear fuel reprocessing to highlight the considerations that must be made when
exploring the potential use of this material for such an application. In addition, its use in
chromatographic systems is evaluated through its incorporation onto organic polymeric
supports and its dispersion throughout inorganic filter aid materials. A successful
chromatographic system should provide separation factors far greater than the currently
available values that are below 10, have fast kinetics, and maintain the unstable higher

oxidation states of Am.

1.3 Dissertation Overview

It is the hope of the author that the work presented in this dissertation provides a
foundation for future studies exploring different approaches towards the incorporation of
NaBiOs into chromatographic systems for actinide separations. Chapter one provides a
brief introduction to highlight the role and importance that Am and Cm play within the
nuclear fuel cycle and stockpile stewardship. Focusing on large-scale application, chapter

two discusses the history and processes developed for actinide separations during the



Manhattan Project, the currently proposed reprocessing strategies, and the current
reprocessing needs as they pertain to radiochemical separations. Chapter three provides
background information regarding the fundamental chemistry of the lanthanide (Ln) and
actinide (An) elements as well as a literature review covering the separation methods of
trivalent Am and Cm and the separation of Am in higher oxidation states from Cm. The
fundamental principles of precipitation, solvent extraction, and chromatographic
radiochemical separation techniques and instrumental analysis methods are presented
in chapters four and five, respectively. These chapters intend to provide a historical and
theoretical overview of the concepts that are essential to radioanalytical chemistry and

are far from exhaustive but provide relevant information for the rest of this work.

At the start of this work, only a small amount of literature, mostly focused on solid state
chemistry, discussed the structural and solution behavior of NaBiOs; however, a few
articles have been published since. The dissolution kinetics, effects on acid concentration,
potential for radionuclide hydrolysis, and sorption characteristics of NaBiOs in nitric acid
are presented in chapter six. Chapter seven discusses the collaboration with TrisKkem
International which attempted to develop a polymer supported NaBiOs chromatographic
material. The preparation, adsorption, kinetics, and chromatographic studies of Am and
Cm were carried out but showed that the preparation procedure had degraded the
favorable properties of NaBiOs deeming these materials unsuitable. The adsorption and
chromatographic behavior of uranium, plutonium, and europium was also evaluated on
these polymeric sorbents and is discussed in chapter eight. To investigate alternative

chromatographic systems, chapter nine details how mixtures containing solid NaBiOs and



various inorganic filter aids affect adsorption, kinetics, capacity, and chromatographic
behavior. The use of filter aids and the potential for the incorporation of NaBiOs onto solid
inorganic supports is promising; however, there is much work to be done in the
development, characterization, and optimization of this approach and is discussed in

chapter ten.

1.4 Nuclear Fuel Cycle

1.4.1 Nuclear Energy Outlook

As population growth and economic development continue to increase, the demand for
primary energy is projected to grow by one quarter by 2040. There was a 2.3% increase
in global energy demand in 2018 and subsequently the highest annual increase of carbon
dioxide (COz) emissions of 1.9% was observed.! Currently, 194 parties are a part of The
Paris Agreement which is a global initiative to limit the rise of global temperature to below
2°C relative to pre-industrial temperature as a means to limit the effects of climate
change.? Limiting and reducing the amount of greenhouse gas (GHG) emissions is the
primary pathway to meeting this long-term temperature goal, and the production and use
of energy is the largest contributor to GHG emissions. The main strategy to limit fossil
fuel energy dependence is through the introduction of alternate energy sources (e.g.,
solar, wind, geothermal, nuclear) while also achieving energy security and GHG emission

reduction.

When considering energy resources, their electricity production pathways and

corresponding energy densities are important in identifying alternatives for meeting



energy demands. While it is important to introduce them into the infrastructure, the current
fleet of renewable energy sources (wind, solar) are unable to meet baseload electrical
demands (amount of power needed to power the electrical grid) due to their reliance on
environmental factors. However, nuclear energy can play an important role in the
transition to clean energy through its nearly carbon neutral footprint, while also meeting
baseload needs. The uranium fuel used in nuclear energy has a high energy density, or
energy per unit mass (MJ/kg). The physical process in which energy is produced from
nuclear power is based on nuclear fission where a U-235 nucleus splits, or fissions, upon
the absorption of a neutron. In this process, the nucleus overcomes the potential energy
barrier of the strong nuclear force that holds it. When this occurs, a large amount of energy
is released (~200 MeV per fission). In comparison, the burning of fossil fuels generates
energy through the breaking and making of chemical bonds which has a lower potential,
and therefore a lower energy output, than that of splitting the nucleus. To illustrate this,
one pound of uranium approximately the size of a golf ball has an equivalent energy

density to 3,000,000 tons of coal.?

Thus, the production of electricity through nuclear energy is integral in meeting the
increasing demand for clean energy. As a result, there will be an increase in the
hazardous UNF inventory and, with no long-term storage options, the development of
improved recycling methods is necessary to address the concerns of long-term
radiotoxicity and lifetime. As of 2019, the global UNF inventory was 265,000 tons of heavy
metal (tHM) of which 84,000 tHM are in the U.S. inventory with the U.S. inventory

expected to increase by about ~2,200 tHM per year.* Since the current inventory is kept



in either spent fuel pools at nuclear reactors or dry cask storage, alternatives to used

nuclear fuel handling are necessary.

The United States currently operates on an open, or once-through, fuel cycle meaning
that after the front-end processes of the nuclear fuel cycle (NFC) are complete, UNF that
is generated is slated for decay in a deep geologic repository. While it is generally
internationally agreed that permanent UNF disposal would be best achieved in deep
geologic repositories, there are no approved repositories in the U.S. The fact that the
storage lifetime of this material is on the order of hundreds of thousands of years makes
the development of a disposal site with an equally as long performance lifetime the
biggest engineering project attempted. The storage facility lifetime was initially set to
10,000 years; however, when considering Yucca Mountain as a repository site this time
frame was increased to one million years which has hindered its approval.®> Ultimately,
the main priority of a long-term repository is to limit the exposure to the environment and
public to acceptable levels in the event of the release of radionuclides. As a result of the
engineering difficulties, regulatory requirements, and public/environmental safety
concerns, it is difficult to come to a consensus about an appropriate geological repository
site. While extensive research went into identifying Yucca Mountain as an appropriate
final disposal site with these considerations in mind, funding for this project was

eliminated during the Obama administration.

An alternative to the challenge of identifying a proper disposal pathway would be the

implementation of a Partitioning and Transmutation (P&T) strategy. P&T is the process



of recovering or separating (partitioning) energy-dense radionuclides from UNF for
fabrication into fuel for nuclear reactors. When used as fuel, these radionuclides will
undergo fission (transmutation), generating shorter-lived or stable byproducts. In doing
so, the resource utilization and energy efficiency of the nuclear option can be increased
which can have a strong impact on the front end of the NFC by decreasing the amount of
mining and energy-intensive fuel fabrication processes. Thus, the implementation of P&T
within the NFC is a logical approach to reducing the volume and radiotoxicity of waste.
When considering P&T, one of the greatest scientific challenges regarding the partitioning
stage is the development of efficient actinide separations suitable for an industrial-scale

process.

1.4.2 Nuclear Fuel Cycle: Back-End

When removed from the reactor core, light water reactor (LWR) fuel has a composition of
~94% U, ~5% fission products (e.g., Sr, Cs), and ~1.1% transuranic (TRU) elements
(Figure 1.1).6 However, the amount of the TRU elements continues to increase as a result
of 2#'Pu and ?*'Am production during irradiation. The pdecay of 2*'Pu (t12 = 14.3 y)
produces the longer-lived 2*'Am (t12 = 432 y). In this scenario, 2'Am production occurs
faster than it decays resulting in its buildup in UNF over time. Similarly, the a-decay of
241 Am results in the generation of 23’Np with a much longer half-life of 2.14 x 108 y. As a
result of the buildup of these long-lived radionuclides, the long-term radiotoxicity and

storage time increases, making deep geologic disposal more difficult to achieve.
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Figure 1.1: Composition of used nuclear fuel after irradiation in a light water reactor.

Although the MAs make up the smallest portion of UNF by mass, the longer half-lives of
these radionuclides contribute the most to long-term radiotoxicity. Radiotoxicity provides
a measure of the radiobiological hazard of UNF based on its radiation properties instead
of its chemical toxicity and is therefore determined based on the type/energy of the
radiation, biological half-life, and biokinetic behavior. Radiotoxicity values are typically
reported in terms of ingestion radiotoxicity because the radiobiological risk is a concern
after its migration into the biosphere where the possibility of ingestion arises. Thus, the
ingestion radiotoxicity (Sv/tHM) for UNF is determined by the summation of the product
of the individual radionuclide activities and their respective effective dose coefficients.
The application of effective dose coefficients found in the International Commission on
Radiological Protection (ICRP) Publication 119 accounts for both the radiation and tissue
weighting factors allowing for the use of radiotoxicity as a measure of the adverse

radiobiological effects on humans from the radioactive components in UNF.”



A reference level is implemented to illustrate the radiotoxic risk for UNF and is defined as
the ingestion radiotoxicity of 7.83 tons of natural uranium in equilibrium with its daughter
products (Figure 1.2). If UNF was to be placed directly into long-term storage post-
irradiation, ~130,000 years of cooling time would be required to reach the radiotoxicity

level of natural uranium found in the Earth.8
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Figure 1.2: The effect of various modes of partitioning and transmutation on the ingestion
radiotoxicity (Sv/tHM) of UNF as a function of time in year. Chart prepared using data
from Magill, J. et. al.’®
The magnitude of this time scale is the greatest obstacle in the implementation of an

approved long-term storage plan since it is impossible to ensure that the UNF will remain

contained over that period of time. The fission products (FPs) dominate the radiotoxicity



for the first several decades post-irradiation due to their greater abundance, but short
half-lives result in a more rapid reduction in radiotoxicity. While there is a more favorable
decrease in radiotoxicity for the FPs, they also emit a higher intensity of radiation and
heat load over a shorter period making the handling of freshly irradiated fuel a major
radiological hazard. This consequence of nuclear power generation cannot be avoided,
and its effects are mitigated by cooling the irradiated fuel in spent fuel pools for several
decades in both an open and closed fuel cycle scenario. However, the radiotoxicity curve
for the FPs provides a theoretical limit for the total reduction in radiotoxicity assuming

100% elimination of the actinides in a closed fuel cycle.

1.4.3 Partitioning and Transmutation (P&T)

The complete recovery and elimination of all actinides is limited by both the absence of
an efficient partitioning method as well as the need for advanced fast reactors capable of
burning up the entire actinide inventory. With these limitations in mind, there are several
P&T strategies under consideration, and their effect on the long-term radiotoxicity has
been thoroughly characterized.®8° If the P&T process implemented achieves a 99.5% Pu
multi-recycling and a single Am/Cm recycling with a 90% efficiency, the radiotoxicity
reduction time decreases to ~1,500 years; however, if Cm remains in the waste product,
then ~3,000 years is necessary (Figure 1.2). If this is increased to a 95% Am/Cm
recycling, the crossover point occurs after ~1,000 years. In the best-case scenario where
full multi-recycling (99.5% Pu and 99% Am/Cm) is achieved, this time is further decreased
to ~500 years. While there remains a long storage time for the resulting waste, the

application of P&T strategies can reduce the radiotoxicity of the UNF by more than two
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orders of magnitude which makes the development of high-confidence storage strategies
more feasible. There are a number of additional considerations and scientific challenges
regarding the transmutation process that can be found in the IAEA Technical Reports

Series No. 435.5

1.5 Stockpile Stewardship

Following the first nuclear weapon test, Trinity, on July 16, 1945, and the end of World
War 2, nuclear weapons testing by a number of countries marked the beginning of the
atomic era. A large number of nuclear tests were conducted in atmospheric, underground,
and underwater environments as a means to verify new weapons designs and evaluate
yields. These experiments resulted in a total of 1,054 nuclear weapon detonations by the
U.S. until the final test on September 23, 1992, at the Nevada Test Site (presently known

as the Nevada Nuclear Security Site)."°

A majority of nuclear tests were conducted in the atmosphere between 1945 and 1963;
however, observed environmental effects led to the Limited Test Ban Treaty (LTBT) in
1963 which moved all nuclear tests underground in an effort to reduce radionuclide
releases into the atmosphere.’’ In 1992, President George H. W. Bush declared a
unilateral nuclear testing moratorium, halting the development of new weapon designs
and testing. This was further reinforced in 1996 by President Clinton’s signing of the
Comprehensive Nuclear Test Ban Treaty (CTBT).'? While the elimination of nuclear
testing limits environmental damage, testing is a vital component for nuclear devices.

Since plutonium produced for weapons during the Cold War was intended for eventual
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replacement and the majority of tests were conducted with the focus of verifying design,
there are concerns regarding the effects of material aging on weapon performance. Thus,
the Stockpile Stewardship and Management Program (SSMP) was implemented with the
aim of ensuring the safety and reliability of the current nuclear weapon stockpile through
research geared towards better understanding nuclear weapons physics.'® The SSMP
depends on radioanalytical chemistry, which has played an important role throughout the
history of stockpile science from pit purification and yield determination after weapons

testing.

1.5.1 Nuclear Device Fundamentals

Generally, the detonation of a nuclear device requires that a subcritical configuration of
fissile material is assembled to generate a critical mass to initiate a self-sustained chain
reaction. Upon detonation, a complex neutron reaction network is generated. “Prompt”
fission neutrons that are immediately produced are mostly in the high energy (fast) region.
However, due to numerous interactions within the system post-detonation, neutron
energies will cover a wide range from fast to thermal. Neutron collisions with other nuclei
present occurs, and consequently results in energy losses. In addition, the prompt
neutrons can participate in inelastic and elastic scattering with heavy and light nuclei
present in both the weapon debris and air, thermalizing the neutrons. As a result of these
interactions, the resulting neutrons emitted encompass an energy spectrum, and the
neutrons travel complex paths within the system making understanding the nuclear

weapons physics difficult.*
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A necessary component of a nuclear device is the core, or “pit’, that must contain a
sufficient amount of a fissile isotope, typically 2*°Pu. A pit must be composed of “weapons-
grade” material, meaning that the amount of the non-fissile isotopes of the primary isotope
is minimal. This is because the neutrons required for the chain reaction are produced
through (n, f) reactions with the fissile isotope. However, any non-fissile isotopes present
will undergo (n, y) reactions, thus reducing the neutron economy and decreasing the
explosive yield of the weapon. Other pit characteristics such as shape, size, and density
will affect the resulting yield. As the explosive yield is a measure of device performance,

impurities within the assembly must be kept to a minimum.

Since there are numerous factors regarding the physical and chemical properties of the
pit, understanding the effects of aging on the material is necessary for predicting how the
overall performance is affected. However, this is a complex problem as it has been
understood that properties such as thermal expansion, alloying, self-irradiation, and
impurity ingrowth are characteristic of Pu materials.’”®> One specific area of interest
focuses on the radioactive decay of Pu that results in the ingrowth of non-fissile isotopes
within the pit. The change in isotopic composition over time and its influence on the
performance and reliability of the U.S.’s aging Pu inventory is a primary mission of the

SSMP.

1.5.2 Radiochemical Diagnostics

Ensuring the reliability of the stockpile depends on the fundamental understanding of the

physics and chemistry that describes the performance of a weapon without underground
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nuclear testing. One pathway towards achieving this is through the use of radiochemical
diagnostics for yield determination. Past nuclear weapons tests employed radiochemical
detectors as a means for yield evaluation. Stable isotopes such as yttrium-89 (Y-89) were
loaded into known locations within a device and, following detonation, the isotopic ratio
of the neutron activation products, 8Y and #Y, were quantified. This data, along with
neutron capture cross section data, was then used in theoretical yield and performance
calculations. However, due to the complex neutron reaction network, radioactive nuclides
produced also undergo nuclear reactions due to the high neutron fluence environment.
Reliable cross section data sets for radioactive nuclides were not available or had large
uncertainties.'® Thus, the current computational simulation methods used for testing
device reliability are limited by the accuracy and precision of this data, and obtaining more

reliable data experimentally supports the SSMP mission.!”

Since the composition of the Pu pits changes over time, computational simulations can
be used to address and understand the effects of isotope ingrowth on weapons
performance. Weapons-grade plutonium (WGPu) contains ~94% fissile 23°Pu; however,
there are also additional non-fissile Pu isotopes present. When newly produced, no
impurities from other radionuclides are present and the pit is expected to perform as
designed. However, the current U.S. stockpile of WGPu is old and, while there is no
unclassified data regarding the age of Pu in the U.S. inventory, it is estimated to have an
average age of ~50 years.'®'® Due to the ingrowth of radionuclide impurities,
understanding how this change in composition affects the physics and performance upon

implosion is crucial and obtaining reliable nuclear data is needed to achieve this.
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The half-lives of the Pu isotopes range from 14.4 years to 373,300 years for 2#'Pu and
242py, respectively. The change in isotopic composition as a result of the radioactive
decay of Pu is shown in Table 1.1. Due to these half-lives, U ingrowth will occur
throughout the lifetime of the material. Relevant to this dissertation is the presence of
241Pu which decays more quickly than the other Pu isotopes with its beta decay resulting
in the buildup of 24'Am.20 After 50 years of aging, 89% of the 24'Pu will have decayed and
241 Am would contribute to ~0.17% of the WGPu. An increase in the amount of 24'Am in
Pu pits poses two significant concerns: radiation safety and device reliability. The
handling of Pu pits in gloveboxes by workers is limited by dose received to the hands due
to the intense gamma ray emissions from 24'Am. Thus, this can hinder meeting the goal

of producing 80 pits per year set by congress in 2019.'3

Table 1.1: The change in composition of Pu isotopes weapons-grade plutonium and the
resulting composition of ingrown radionuclides after 50 years of aging. Table prepared
using data from CRS Report 7-5700."

Pu Isotopes in WGPu Half-life (years) Composition in Fresh Composition in 50

WGPu (wt%) year-old WGPu (wt%)
238p, 87.7 0.01 0.01
2%p, 24,110 93.77 93.64
240p, 6,563 6 5.97
1p, 14.35 0.2 0.02
242p 373,300 0.02 0.02
Decay Products
21py 5 'am 432.2 0 0.17
Am — 237Np 2,144,000 0 0.01
238, _, 234 245 500 0 0
239py, _, 25 703,800,000 0 0.13
240p; _, 26y 23,420,000 0 0.03
242p, _, 238 4,468,000,000 0 0
Total 100 100
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Obtaining the nuclear data relevant to the neutron activation of the 2*'Am reaction that

occurs in the weapon’s reaction network is one of particular interest. The (n,y) reactions

on 241Am produce 2*2Am isomers that subsequently B~ decay to 2#2Cm (Figure 1.3).

242mAm

typ = 141 years

no _n9, 241 Am ~
48.6keV

2429Am

t1/2 = 1602 hOUI’S

b- Decay
242C m

ty» = 162.8 days

Figure 1.3: Neutron capture of 2*'Am results in the production of 22"Am and 2429Am
which both decay to 242Cm.

While there is extensive data available regarding the 2'Am(n,y) cross section, these
measurements were obtained over 30 years ago and background from scattered neutrons
contributes to large uncertainties. Consequently, there is poor agreement between the
neutron-capture cross section data sets available.?>2% Thus, accurate measurements of
these cross-section values across the neutron energy range are needed for meeting the

goals of the SSMP.
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Another important aspect of the 24'Am(n,y) nuclear reaction is the subsequent formation
of the 242MAm and 2429Am isomers which can provide additional quantitative information
regarding nuclear device physics. This reaction is interesting as the metastable state
242mAm, t12=141y) is longer lived than the ground state (>*29Am, t12=16.02 h). In addition
to its long half-life, the thermal-fission cross section of 22™Am (~7,200 + 300 barns) is
nearly an order of magnitude greater than that of fissile 23U and 2%°Pu making it an
isotope of interest for nuclear fuel.?62” However, the low availability and high neutron
capture cross section of 2#2mAm limits its use. While the production of 22MAm can be
achieved through neutron capture of 24'Am, the 24>MAm /?429Am population ratio and its
dependence on neutron energy is not well characterized. Therefore, determining both the
(n,y) cross sections and the isomeric population ratio as a function of neutron energy is
essential to understanding potential production pathways and the neutron reaction

network in nuclear device explosions.

Since 2*2MAm decays to *29Am via isomeric transition and 2*29Am B~ decays to 24°Cm,
quantifying 242Cm at various times after irradiation provides a convenient way to obtain
information about the 242MAm /2429Am isomeric ratios as a function of neutron energy. This
can be achieved through the neutron irradiation of 2#'Am targets at various neutron
energies from the sub-eV to several hundred eV range. The amount of the shorter-lived
2420Am isomer produced can be determined by quantifying the 24°Cm daughter
immediately following the irradiation of 24'Am. Additional 2#2Cm quantification at a later
time post-irradiation will then allow for the determination of the amount of 242MAm

produced. Since this approach relies on the accurate and precise quantification of 242Cm
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produced from irradiated 24! Am targets, the complete separation and recovery of 22Cm

is required.28-30
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CHAPTER 2: USED NUCLEAR FUEL REPROCESSING METHODS

2.1 Large-Scale Reprocessing History

Precipitation techniques were among the first separation procedures used for TRU
elements. At the beginning of the Manhattan Project, there were only trace quantities of
Pu in the United States’ inventory and, as a result, considerable resources were put into
place to produce and purify Pu for its use in nuclear weapons.3' Since small amounts of
Pu was produced from the irradiation of several tons of U, the main problem was
developing a method that would achieve a high yield and purity of the desired Pu
product.®? Direct precipitation of Pu is not possible because of the low concentration
making coprecipitations with the use of a carrier necessary for Pu recovery. In addition,
other FPs resulting from the irradiation of 235U are present and must be separated to
eliminate the high gamma radiation dose associated with them. While the lanthanum
fluoride precipitation technique was pursued and was the preferred Pu recovery process
at the Clinton Engineer Works facilities at the Hanford site, it was rejected as the main
separation method due to resulting equipment corrosion. Based on the knowledge that
heavy metal phosphates were insoluble in acid and that the key to achieving this
separation was based on the exploitation of Pu’s oxidation states, S. G. Thompson

pursued the early development of the bismuth phosphate process.3?

The bismuth phosphate process was verified at the X-10 pilot plant in Oak Ridge,

Tennessee in 1944 and resulted in the first Pu shipment to Los Alamos. A 90% recovery

of Pu was achieved and by 1945, X-10 had produced 326.4 grams of Pu.3® The bismuth
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phosphate method was then utilized on a large-scale at the T-Plant, the world’s first large-
scale separation facility for Pu, with the goal of recovering ~250 grams of Pu metal from

one ton of irradiated U every day.3*

The bismuth phosphate process required numerous decontamination stages and is based
on the oxidation-reduction cycle of Pu that carries Pu(lV) and Pu(VI) from an acidic
aqueous solution using Bi(lll) phosphate. The irradiated uranium is dissolved in nitric acid
followed by the addition of sulfuric acid to prevent U precipitation. Bismuth phosphate is
then used to precipitate Pu(lV) which is then re-dissolved in nitric acid and oxidized to
Pu(VI). Bismuth phosphate byproducts are then precipitated leaving Pu(VI) in solution
which undergoes another reduction reaction to Pu(lV) and precipitation with bismuth
phosphate. To further decontaminate and concentrate the recovered Pu so that is it
suitable for weapons use, a similar oxidation-reduction cycle is then carried out with
lanthanum fluoride.32 However, this process is limited by the large amounts of chemicals

used in the batch process and its inability to recover U.

When it was found that tributylphosphate (TBP) could oxidize and extract cerium nitrate
from the trivalent lanthanides in a solvent extraction separation system, this separation
concept was applied to U and Pu systems.3® Thus, the Plutonium, Uranium, Reduction,
EXtraction (PUREX) process was developed at Oak Ridge National Laboratory and, with
over 70 years of research and operation, is the most mature large-scale reprocessing
method.3¢ Since PUREX utilizes solvent extraction, it provides continuous operation with

a more complete extraction while generating less waste relative to the bismuth phosphate
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process. Thus, it was implemented as a replacement for the bismuth phosphate process
at Hanford but has also been modified in more recent years to be more suitable for
commercial use. The PUREX Process uses the accessible higher oxidation states of U
and Pu to isolate them from other chemically similar elements (e.g., Lns, MAs, and fission
products). Adjustment of the U and Pu oxidation states allows for their transition between

the aqueous and organic phases which allows for their separation.

The three main steps in the PUREX process are: 1) Co-extraction of U and Pu from other

fission products, 2) Partitioning of Pu from U, and 3) Stripping (Figure 2.1).

Solvent

TBP TBP to Wash
U/Pu Fission Product J > Uranium Plutonium Uranium I
Coextraction Scrub — Scrub Strip Strip —‘
y | “ “
F.P. Dissolved Scrub Feed Reductant 0.01 M
Raffinate UNF 2M HNO, HNO,
v
Pu u
Product Product

Figure 2.1: General Plutonium, Uranium, Reduction, EXtraction (PUREX) process
flowsheet for a counter-current solvent extraction system. This process utilizes the tributyl
phosphate (TBP) extractant in n-dodecane as the organic phase for the U/Pu and fission
product (FP) separation from the used nuclear fuel (UNF) dissolved in the acidic aqueous
phase and produces pure U and Pu product streams for their conversion into nuclear fuel.
After cladding removal, the irradiated fuel is dissolved in highly concentrated nitric acid
producing the feed solution. U and Pu are extracted from other fission products by

contacting the feed solution with the organic phase consisting of 30% TBP in kerosene

or n-dodecane. Both U and Pu can be back extracted into a dilute acidic aqueous phase,
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and, after the addition of a Pu reductant, U is back extracted into the organic phase
leaving Pu in the aqueous phase. The radionuclides are then stripped from their solvent
streams for conversion to their oxide forms that can be used for mixed oxide fuel (MOX)

fabrication.

2.2 Advanced Reprocessing Methods

While PUREX has been successfully applied to large scale separations, the lanthanides
are not eliminated from the waste stream and the resulting pure Pu stream poses
proliferation concerns. To address this, in 1999 the U.S. developed the URanium
EXtraction (UREX) process that modifies the PUREX process through the addition of
acetohydroxamic acid (AHA).3-3% The addition of AHA prior to the initial extraction step
suppresses the extraction of the TRU elements and FPs into the organic phase and

therefore eliminates the generation of a pure Pu waste stream (Figure 2.2).

30 wit% TBP
AHA
Dissolved . Extraction U/Tc Anion T
UNF Exchange ¢
TRU U
FPs

Figure 2.2: Simplified general block diagram of the URanium EXtraction (UREX) process
the uses the tributyl phosphate extractant and acetohydroxamic acid reductant to
generate two separate U and Tc product streams and a mixed transuranic/fission product
raffinate.
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In addition, the fission product, technetium (Tc), is coextracted in the U stream from which
it can be stripped and vitrified for disposal. Other variations of the UREX process have
been proposed including UREX+, UREX+1, and UREX+2 which introduce additional

separation stages to recover other fission products and actinides.*°

Similarly, the COmbined EXtraction (COEX) process developed in France is another
alternate PUREX process that results in three streams: U, U/Pu, and MAs + Ln. By
adjusting oxidation states to produce a combined U-Pu stream, proliferation risks are
reduced, and the recovered U and Pu are used as MOX fuel in LWRs. The U stream

undergoes purification, conversion, and enrichment for use as recycled fuel.41:42

For a post-uranium separation scheme, the raffinate containing the TRU, rare earth
elements (REEs)/Ln(lll), and FPs would move towards the Fission Product EXtraction

(FPEX) process (Figure 2.3).

0.075 M DtBu18C6
0.007 M BOBCalixC6
0.75 M Cs-7SB Phase Modifier
0.003 M Trioctylamine (TOA) in Isopar L Diluent

UREX . Extraction | Np, Pu, MAs, Ln,
Raffinate AHA, FPs
FPs, MAs, Ln, Np,
Pu, Ba, Ra, AHA
Cs, Sr

Figure 2.3: Simplified general block diagram of the Fission Product EXtraction (FPEX)
process that uses crown ether extractants to recover the Cs and Sr fission products
resulting in a mixed TRU/FP/Ln raffinate.
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Using crown ether extractants (Figure 2.4), the bulk of the heat-generating FPs (Cs, Sr,
Ba, and Rb) can be removed.*34 FPEX has been demonstrated on dissolved UNF in
centrifugal contactor and mixer-settler systems and the sound understanding of the

physical and chemical processes involved makes its presence into reprocessing schemes

standard.
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Figure 2.4: Structures of the BOBCalixC6 and DtBuCH18C6 crown ether extractants
used in the Fission Product EXtraction (FPEX) separation.

Following the FPEX separation, a TBP-based separation called the Neptunium Plutonium
EXtraction (NPEX) process co-recovers Np and Pu (Figure 2.5). This is achieved by
increasing the HNOs concentration of the aqueous phase to remove the FPs, MAs, and
Ln and to ensure that Np and Pu are present in the extractable IV and VI oxidation states.
They would be recovered in a TBP/dodecane organic phase and stripped using AHA to
produce the Np/Pu product stream.*>46 Thus, the incorporation of NPEX into a proposed
reprocessing scheme would also eliminate the concerns regarding a pure Pu product

stream.
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30 wt% TBP in n-dodecane

HNO, Weak HNO4
FPEX . Org . Aq
Raffinate Extraction Strip — Np, Pu
Np, Pu, MAs, Ln,
AHA, FPs Ad
MAs, Ln, FPs

Figure 2.5: Simplified general block diagram of the Neptunium Plutonium EXtraction
(NPEX) process that co-extracts Np and Pu into a product stream and generates a
TRU/FP/Ln raffinate.

The TRansUranium EXtraction (TRUEX) process shown in Figure 2.6 was developed at
Argonne National Laboratory and is another modified PUREX process based on TBP

extraction and introduces the addition of carbamoylmethylphosphine oxide (CMPO).

e 0.2 M CMPO
1.4 M TBP in n-dodecane

|

NPEX Raffinate Extraction MAs, Ln

MAs, Ln, FPs

FPs

Figure 2.6: Simplified general block diagram of the TRansUranium EXtraction (TRUEX)
process that removes the remaining fissions products from the resulting raffinate
containing the MAs and Ln.
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The introduction of CMPO has two benefits: 1) reduction in third phase formation
minimizing criticality hazard through the concentration of Pu and 2) facilitating the
extraction of tri-, tetra-, and hexavalent actinides.*”-%° In theory, the TRUEX process could
be introduced at the beginning of reprocessing to co-recover the TRU and REEs from the
fission products but it has been preferred as a post-FPEX process to separate the MAs
and Lns from the remaining FPs in solution. Since CMPO is the key to this separation,
the need for oxidation state adjustment is eliminated and the resulting waste streams are
easier to handle. Because this process is nearly identical to PUREX, the physical and
chemical behavior is well understood. TRUEX has been demonstrated in commercial
systems using a continuous countercurrent extraction and has also been used in the U.S.

and other countries to decontaminate actinide-containing waste.5'-53

Similarly, the Group ActiNide EXtraction (GANEX) process developed proposes to
simplify the scheme using two post-dissolution extraction cycles. First, U(VI) extraction
would occur using an N,N-dialkylamine (DEHIBA) instead of TBP. A group separation of
the TRU elements along with the REEs and FPs would then follow. The GANEX process
has been performed in both mixed-settler and counter-current systems which achieved
~99.99% U recovery. In addition, there is favorable agreement between calculated and

experimental data.>*-56

The DIAMide EXtraction (DIAMEX) process is another iteration of the TRUEX process

towards the recovery of the MA and Lns from UNF that replaces the phosphorus-based

TBP reagent with oxygen-donor ligands. Malonamide or diglycolamide (DGA) extractants
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have been chosen as suitable reagents for this process based on their high affinity for
MAs. The extractant, N,N,N’,N-tetraoctyl diglycolamide (TODGA), is the most common
DGA used in the DIAMEX process for its superior selectivity and solubility in the organic
phase. However, the necessary third phase modifiers complicate the chemistry in the
system, making it less favorable for large-scale separations. DIAMEX has been

demonstrated using UNF on industrial technology and validated the system’s behavior.%"~

61

Regardless of which of the above processes described above are implemented, they all
leave a MA/Ln bearing raffinate which must be further processed if the desired outcomes
of P&T are to be achieved. The presence of the Ln elements in MA waste streams hinders
the P&T goal since the Lns are considered “neutron scavengers”. Their high neutron
capture cross section makes them a poison in nuclear fuel as they decrease the efficiency
of the transmutation process by absorbing neutrons and generating heavier isotope
byproducts. The predominant trivalent oxidation state for the Lns and MAs results in
similar size to charge ratios and therefore similar electrostatic interactions that would
typically be exploited in separation methods. Thus, the Ln and MAs have similar hard
acid/base interactions with the typically employed oxygen and phosphorus based
extractants. However, it has been found that using ligands containing donor atoms softer
than oxygen (e.g., nitrogen, sulfur) preferentially complex with the MAs over the Lns.
While the underlying chemistry to explain this behavior is still an area of uncertainty, it is
believed that the answer lies within minor differences in the radial extension of the

lanthanide’s 4f and actinide’s 5f/6d orbitals.62
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Extensive research has been conducted that explores the use of soft donor extractants
for selective complexation with the MAs over the Lns. The observed increase in covalent
interactions between the MAs and soft nitrogen donor ligands have been promising as
the shielding effects of 4f orbitals by the 5d and 6s orbitals eliminate these interactions
for lanthanides. Although there is a large body of research demonstrating the successful
use of soft donor atoms for An(lll)/Ln(lll) separations, a separation suitable for industrial

application has yet to be achieved.

The most well-characterized option An(lll)/Ln(lll) separation option is the Trivalent
Actinide Separations by Phosphorous Reagent Extraction from Aqueous Komplexes

(TALSPEAK) process developed at Oak Ridge National Laboratory in the 1960s (Figure

2.7).83
DTPA
Lactic Acid
1 M HDEHP in n-dodecane
I;-;fliJnEa)t(e > Extraction » Am, Cm
MAs, Ln
Ln %
\/\j\/ HO%O HOWAN/\/N\/\Nj/
O\ﬁ/o [e) k{o k{O
O/ \0 oH OH
HDEHP Lactic Acid DTPA

Figure 2.7: Simplified general block diagram of the Trivalent Actinide Separations by
Phosphorous Reagent Extraction from Aqueous Komplexes (TALSPEAK) process for the
lanthanide/actinide separation.
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TALSPEAK uses the organophosphate (HDEHP) and soft N-donor (DTPA) ligand pair
and lactic acid as a pH buffer. In this system, the Ln(lll) are selectively extracted into the
organic phase by HDEHP while the An(lll) are retained by DTPA in the aqueous phase.

Separation factors >100 have been achieved for a group Ln(lll) separation from Am(lll)
which is desirable for large-scale reprocessing; however, the lack of understanding of the
underlying chemistry that occurs in the aqueous and organic phases coupled with the

disagreement between experimental and theoretical data impedes its application.64.65

Recently, in 2014 the Actinide Lanthanide SEParation (ALSEP) method was introduced
which combines a neutral diglycolamide extractant (TODGA or T2EHDGA) and an acidic
extractant (HEH[EHP] or HDEHP) to achieve an An(lll)/Ln(lll) separation. ALSEP has
afforded high Eu(lll)/Am(Ill) separations and its application has been demonstrated using

a commercial centrifugal contactor system.66-68

Based on the methods discussed above, a proposed reprocessing scheme (Figure 2.8)
can be developed by incorporating the separations processes that have the largest body
of research on both the laboratory and process scales. After dissolution of the UNF, the
UREX process can be applied to generate a U/Tc stream and a Pu/MA/FP stream. This
process is more beneficial than the established PUREX process due to the elimination of
a pure Pu stream. The U/Tc stream will undergo stripping using anion exchange to recycle
U as reactor fuel and dispose of Tc. The Pu/MA/FP raffinate will then follow the FPEX
process to eliminate the short-lived, heat producing FPs (Cs, Sr). Subsequently, the

NPEX process will co-extract Pu and Np to eliminate proliferation concerns.
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Figure 2.8: Potential flowsheet for the reprocessing of used nuclear fuel based on well-
characterized separation methods.

The TRUEX process will facilitate the co-extraction of MAs from the remaining FPs and
the subsequent TALSPEAK process will achieve the An(lll)/Ln(lll) separation. In view of
full recycling, the MA waste stream could undergo an additional Am/Cm separation for
the recycling of Am in a nuclear reactor; however, a suitable method has yet to be

identified.

2.3 Current Reprocessing Needs

As can be seen, the large number of elements present in UNF has resulted in numerous

solvent extraction processes and reprocessing scheme variation proposals. Each

30



addresses the major proliferation, engineering, and radiation safety concerns that come
with the P&T option. However, to achieve the complete P&T strategy, a large-scale
separation method for americium from curium needs to be identified and fully
characterized. As these are the primary radionuclides that inhibit the development of a
long-term storage plan for the resulting waste, this separation must be included in P&T

schemes.

The separation of Am and Cm has been historically understood as one of the greatest
challenges in radioanalytical chemistry since their nearly identical chemical behavior
makes even small analytical scale separations difficult to achieve. While this separation
has been demonstrated successfully by taking advantage of americium’s access to higher
oxidation states using strong oxidants, the instability of oxidized americium and the use
of strong oxidants limits their application to industrial scale processes. A literature review
of the current literature regarding the separation of both trivalent and oxidized Am from
Cm is provided in chapter three. This dissertation aims to add to this body of research
through the exploration of chromatographic systems that exploit redox principles. In
addition, the application of this system to a hexavalent group actinide separation from
lanthanides has been investigated to simplify the currently proposed reprocessing

schemes.
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CHAPTER 3: CHEMISTRY OF THE LANTHANIDE AND ACTINIDE ELEMENTS

3.1 Introduction

The lanthanide (Ln) and actinide (An) elements feature electrons that progressively fill the
4f and 5f orbitals, respectively, and are therefore considered f-block elements. Thus, the
An elements are analogous to the Ln elements based on their similar electron
occupancy.®® As a result, the separation of these elements has been a long-standing
challenge due to similar chemical properties (e.g., decreasing ionic radii with increasing

atomic number, charge density, oxidation states).

Both the Ln and An elements are present in UNF and are important considerations in the
development of UNF reprocessing schemes. Efficient transmutation of the long-lived An
elements requires the elimination of the neutron scavenging Ln elements as the
unfavorably large neutron capture cross sections of the Lns decreases the neutron
economy. Current reprocessing schemes have been proposed to implement an An/Ln
separation followed by an Am/Cm separation to achieve the closure of the NFC.70""
However, there is an increasing interest in the development of a group hexavalent An/Ln
separation since the An/Ln and Am/Cm separations would be carried out simultaneously,

decreasing the number of reprocessing steps.”?~74

The management of Cm in MA recycling is a necessary component for both fuel/target

preparation and/or post-transmutation handling in a closed NFC. While Cm could be

incorporated into MOX fuels for MA transmutation in theory, a high spontaneous fission
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probability results in high neutron and heat emissions from Cm that requires advanced
engineering and facility controls. In addition, the neutron irradiation of Cm-bearing targets
results in the production of higher actinides (e.g., californium) that increase neutron dose
rates and poison the back end of the NFC. With this in mind, Cm transmutation is
considered impractical and the generally accepted approach is through the recycling of
Am in fast reactors and the vitrification of Cm with other FPs for geologic disposal.”®”® An
Am/Cm separation is necessary for this to be realized; however, the predominant trivalent
oxidation states in acidic aqueous solutions, bonding characteristics, and ionic radii have

made this separation a technological challenge.

3.2 Lanthanides

Elements with atomic numbers 57 — 71 are a part of the lanthanide series and are also
known as “rare earth elements” (REEs). However, the lanthanides are stable, primordial
elements with abundances comparable to that of nickel and were discovered prior to
1907. An exception to this is promethium which has no stable isotopes and was not
identified until its isolation from irradiated uranium.”® While the MAs are generated from
the neutron activation of uranium fuel, the radioactive lanthanides are produced as fission
products. The fission-produced lanthanides exist in UNF in a much higher concentration
than the MAs; however, a majority of them will decay during cooling due to their shorter

half-lives.

The lanthanides have electron configurations that consist of a xenon core with 4f, 5d, and

6s subshells accessible for electron filling. Since the 5d subshell of lanthanum is lower in
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energy than the 4fsubshell, the addition of the f-electrons begins with the second member
of the series and ends with the 15" member giving a total of 14 felectrons. This is
explained by the lanthanide contraction which describes the rapid contraction of the 4f
orbitals as protons are added across the series. The 4forbitals are then more stable than
the 5d orbitals, and electrons sequentially fill the 4f orbitals with the exception of
gadolinium and lutetium which favor the stability of the half-filled and fully filled 4f

subshells, respectively.5%77

The lanthanide contraction causes the 4f orbitals to penetrate into the xenon core and
therefore the 5s and 5p orbitals. As a result, the 4forbitals are shielded within the 5s and
5p orbitals which are not as effectively shielded from the nuclear charge resulting in
contraction.®®77 This gives rise to the characteristic lanthanide trend of a decrease in both
the atomic and ionic radii as the series is traversed. With the 4forbitals being more core-
like in behavior, they are unable to form bonds with ligands and ionization occurs through
the removal of electrons from the 6s and 5d orbitals limiting the oxidation states available
for the lanthanides and yielding ionic bonding characteristics. The lanthanide contraction
is responsible for the predominant trivalent oxidation states that exist in solution;

therefore, separations must exploit the size and charge differences of these ions.

3.3 Actinides
The actinides are elements with atomic numbers 89 — 103 and are heavy, unstable nuclei
that undergo radioactive decay through alpha or beta emission followed by the release of

excess energy through gamma emission, as well as spontaneous fission. The earlier
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actinides, Ac, Th, Pa, and U are the naturally occurring daughters of the primordial decay
chains, but the transuranic (TRU) elements are synthetically produced through
successive neutron capture of the parent radionuclide followed by subsequent beta
emission.8%78.7° Similar to the lanthanides, the actinides are a part of the 5f block of the
periodic table with progressive electron filling of the 5f subshell. However, the early
actinides (Ac — Pu) feature less pronounced contraction and therefore more complex
chemistry than the early lanthanides due to an energetic overlap between the 6d and 5f

orbitals.89:77

For heavier actinides beyond Pu, relativistic effects are more pronounced as the velocities
of the electrons increase toward the speed of light resulting in an increase in relativistic
momentum. This results in the contraction and stabilization of the s and p orbitals and the
expansion and destabilization of the 5f orbitals.8%8" The 5f orbitals being unshielded by
the 6s and 6p orbitals and the near degeneracy of the 57, 6d, and 7s orbitals allows for
the delocalization of 5f electrons and more outer-shell electrons available for bonding. As
a result, a wider range of oxidation states are available and it is widely believed that an
increased tendency for covalent bonding character is at play; however, a lack of
experimental data does not fully support this hypothesis (Table 3.1).82 Since the 5f
electrons are not as effectively shielded from the nucleus, as the atomic number
increases so too does the effective nuclear charge causing the energy of the 5f orbitals

to decrease.
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Table 3.1: The observed oxidation states of the actinide elements and the electronic
configurations of the most stable species.

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
+2 513
+3 | 5f 5f 5f* 5F 5@ 5f1° 5t G2 5ft*
+4 5f 5f2 5f
+5 5f° 5f2
+6 5f0 Known
+7 Most Stable

As the 5f orbitals continue to contract and become more core-like, there is a greater
energy difference between the 5f and valance orbitals making electrons more localized
and unavailable for bonding. Due to this contraction, the trivalent oxidation state
dominates the heavier actinides beyond Am (with the exception of No). Thus, the main
difference between the oxidation states exhibited by the actinides depends on the energy

required for the 5f > 6d transition.

3.4 Solution Chemistry of Americium and Curium

Americium (Z=95) and curium (Z=96) were first produced by Seaborg, James, Morgan,
and Ghiorso in 1945 and 1944, respectively. Using the 60” cyclotron at the Radiation
Laboratory of the University of California, Berkeley, irradiation of 233U and 23°Pu targets
by 40 MeV helium ions resulted in the synthesis of 24'Am and 242Cm by the following

reactions:83-85

238U(Ot,n)241 Pu~> 241Am

239Py(a,n)?4Cm
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The development of a fast and efficient separation method for these two radionuclides
was necessary for the elucidation of their nuclear and chemical properties; however, initial
separation routes were pursued based on the chemistry of the earlier actinides. As
discussed previously, the early actinides exhibit a wide range of chemical behavior
comparable to that of the d-block elements and attempts to isolate Am and Cm based on

similar chemical properties to that of U, Np, and Pu were unsuccessful.88

Thus, Seaborg’s actinide concept proposed the rearrangement of the periodic table and
predicted that Am and Cm would be chemically similar to the lanthanide homologues,
europium and gadolinium.8:87 The predicted electronic configurations suggested that the
transplutonium elements would instead exhibit trivalent oxidation states which ultimately
resulted in the successful isolation of Am and Cm. However, the nearly identical
properties made achieving the separation of Am from Cm and other lanthanides a time
and resource consuming challenge. To date, the separation of these elements remains

regarded as one of the most difficult chemical separations in the periodic table.

Seaborg’s prediction that actinide chemistry would shift towards more lanthanide-like
behavior around Am or Cm proved to be correct in that Am displays chemical
characteristics similar to both the early and late actinides. While the ground state electron
configuration of [Rn]5f 7s? with a favorable half-filled 5f subshell would indicate divalent
speciation, Am readily exists in the trivalent oxidation state in acidic aqueous solutions as
a hydrated ion. This deviation from Eu-like behavior has been attributed to the near

degeneracy of the 5fand 6d orbitals allowing for accessible electronic transitions from the
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5f orbitals. In contrast, the half-filled 5f subshell that results from the removal of the 7s
and 6d electrons from the [Rn]5f6d"7s? ground state electron configuration of Cm makes

the trivalent oxidation state the most stable in acidic aqueous solutions.

Along with common trivalent speciation, Am3* and Cm?3*+ exhibit nearly identical cationic
radii (0.975 and 0.97 A, respectively), solubilities, and complexation in aqueous acidic
solutions.88 These trivalent species form insoluble precipitates as fluoride, hydroxide,
phosphate, oxalate, and iodate compounds. In addition, Am3+ and Cm3* are sensitive to
hydrolysis as a function of pH with insoluble hydrolysis product formation occurring at pH
5 and are also prone to hydrolysis at elevated temperatures.®® Thus separations are
typically carried out in acidic aqueous solutions to prevent loss of activity to container

walls.

Since Am is located in the middle of the actinide series, the ability to adopt chemical
properties of both the light and heavy actinide elements provides a route towards
achieving the separation of Am from Cm and lanthanides. When determining the chemical
properties of Am after its discovery, the pentavalent (AmO2*) and hexavalent (AmQ22+)
oxidation states were observed spectroscopically and were found to be analogous in
behavior to U, Np, and Pu.%%" While the trivalent oxidation state is most prevalent in
acidic aqueous solutions, Am can also exist in the penta- and hexavalent states as the
trans-dioxo actinyl species. In alkaline or carbonate media, Am can also exist in four

valance states simultaneously through the oxidation of Am(lll) by Am(V1).92
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However, the instability of Am(V) and Am(VI) and the fast disproportionation of Am(V) to
Am(Ill) and Am(VI) in acidic solutions was also observed.® The instability of the higher
oxidation states are a result of both chemical and radiolytic processes. Although there are
significant stability issues with Am(V) and Am(VI), several methods have been developed

for the chemical separation of these oxidized species.

3.5 Separation of Trivalent Americium and Curium

While the solution chemistries of Am and Cm are nearly identical, the slight decrease in
cationic radii observed with increasing atomic number resulting from actinide contraction
has been exploited to achieve the separation of trivalent Am and Cm. The first separations
carried out for the isolation and identification of Am and Cm achieved sequential
chromatographic elution of the trivalent actinides on the Dowex-50 cation exchange resin
with eluent solutions consisting of HClI and ammonium citrate. At lower HCI
concentrations (3 — 9 M), elution order followed Cm>Am>Pu; however, at higher HCI
concentrations (12 M) the reverse elution order of Pu>Am>Cm was observed which
provided insight into the effects of the actinide contraction of 5f element chemistry.%4.9
While the separation was satisfactory for the discovery of Am and Cm, small fractionation

of these radionuclides is insufficient for its application.

The observed elution behavior in the HCI cation exchange system showed that at lower
HCI concentrations, the effect of decreasing ionic radii dominates the chemistry. The
greater charge density of Cm(lll) yields a larger effective hydrated ionic radius that results

in weaker ionic interactions between the metal ion and anionic functional group of the
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resin. Thus, a stronger interaction between solvent molecules is observed for the heavier
actinides relative to the lighter actinides giving a resulting elution profile that is in order of
highest to lowest atomic number. In contrast, at higher chloride concentrations the An(lll)
cations with 5f orbitals that have a greater radial extension form stronger chloride

complexes resulting in their preferential elution.%#9°

Expanding on the work done by Thompson, Street, and Seaborg, a gram scale separation
using the Dowex-1 anion exchange resin containing quaternary amine functional groups
and an NTA chelator in the eluent achieved >99% purity, but only ~60% recovery making
it unsuitable for large-scale reprocessing application.%® The adjustment of the eluent
composition, interfering cations, and holdback reagents was determined to be beneficial
in the tailoring of trivalent actinide separation protocols.?”-'% In addition, anion exchange
methods using Dowex 1 x 8 have been successful for Am/Cm separations using mixed
HNOzs/alcohol and strong electrolyte eluents; however, separations factors remain below

2.5 for these methods.01.102

Horwitz et. al. carried out numerous studies using tertiary and quaternary amines for
trivalent actinide separations from nitrate salt solutions.'%1%4 This work led to the
development of an extraction chromatographic resin prepared through the adsorption of
the quaternary ammonium nitrate Aliquat-336 onto diatomaceous earth.'5106 More
recent advancements in trivalent actinide separations using extraction chromatography

include the successful use of malonamide extractants in countercurrent chromatography,
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lipophilic extractant/hydrophilic complexant systems, tertiary pyridine extractants in mixed

HNOs/methanol eluents, and organophosphorus extractants.

Over the past two decades, a large body of literature has focused on trivalent actinide
separations utilizing solvent extraction based on Pearson’s Hard-Soft Acid-Base
theory.'%” While it is generally understood that soft-donor ligands relative to oxygen (e.g.,
S, N) show preferential complexation with the An(lll) over the Ln(lll), complexation
behavior for the intragroup separation of trivalent An ions is not well understood; however,
a wide array of new extractants have been proposed in view of Am(lll)/Cm(lll)
separations. Crown ether extractants have also been used in liquid-liquid extraction
systems for a size-based Am/Cm separation; but fission products must be eliminated prior
to extraction.’®® Despite favorable separation factors, the large-scale implementation of
these liquid-liquid processes is unfavorable due to the large number of contact stages
and sensitive process flowsheets required. A thorough review of the liquid-liquid

processes for Am(lIl)/Ln(lll) separation can be found in Zsabka et. al.'%°

3.6 Separation of Oxidized Americium from Curium

The adjustment of oxidation states as a means to facilitate chemical separations has been
used for both analytical and industrial scale processes via precipitation, solvent
extraction, and chromatographic techniques. The chemical behavior of metal ions
deviates greatly for different oxidation states offering a path towards the development of

more efficient partitioning techniques. Thus, the separation of higher valent Am from
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various metal ions (mainly Cm3* and Ln3*) can be carried out by exploiting similar

oxidation-reduction cycles utilized for the separation of the earlier actinides.

However, the Am(VI)/Am(lll) reduction potential of ~1.7 V makes finding a suitable
oxidizing agent capable achieve Am(lll) oxidation difficult (Figure 3.1).'° In addition, the
penta- and hexavalent oxidation states of Am are difficult to maintain as they are strong
oxidizers themselves. Redox reactions between the higher oxidation states of Am with
nitric acid, radiolysis products, and any impurities present in the system undergo rapid

kinetics limiting the application of redox-based separations on an industrial scale.

1.68V 207V
L2V H

AmO,E—AmO,t—AmiE—Amit— Ami—Am
1.9V 0.82 V 262V 23V -195V

Figure 3.1: Standard reduction potentials for Am in acidic aqueous media

Initial redox based Am separations took advantage of the different solubility behavior
through precipitation techniques. As trivalent elements are insoluble as fluoride,
carbonate, and oxalate salts, they are able to be separated from hexavalent Am."-113
Am(l1l) oxidation to Am(VI) with potassium peroxydisulfate led to the separation of soluble
Am(Vl) from the CmFs precipitate.' Combining precipitation and column
chromatography, silver-catalyzed peroxydisulfate was used to oxidize Am in solution prior
to its introduction into a calcium fluoride column resulting in the elution of Am(VI) and

retention of the trivalent metal ions.!"®
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Redox reactions have also been coupled with ion exchange and extraction
chromatography to yield better separations factors. A phosphorus-based extractant
selective for hexavalent actinides at low acidities was successful in separating K2S20s-
oxidized Am(VI) from Cm(lll); however, this method would not perform well in large-scale
environments that require greater acidity.''® Recently, metal (IV) pillared phosphate
phosphonate unconventional metal organic frameworks (UMOFs) were used as ion

exchangers that retained Am(V) giving SFam(vycmqn as high as 20.17

The separation of Am in higher oxidation states has been carried out in solvent extraction
systems; however, the instability of these higher oxidation states has resulted in rapid
reduction and separation factors undesirable for large-scale application. A group
hexavalent actinide separation was demonstrated using copper(lll) periodate as an
oxidant and resulted in the quantitative oxidation of Am under molar HNO3

concentrations, but requires short (~10 s) contact times to prevent Am(VI) reduction.'8

3.6.1 Am(VI)/Cm(lll) Separations Using Sodium Bismuthate

Increased interested in sodium bismuthate (NaBiOs) as a promising solid oxidizing agent
for Am/Cm separations has emerged due to the large Bi(lll)/Bi(V) reduction potential of
~2.03 V). The first use of NaBiOs for the oxidation of Am3+ to AmO2* and AmO2%* was
demonstrated by Hara and Suzuki through the recovery of Am(V) and Am(VI) using

fluoride precipitations.9
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In solvent extraction systems, solid NaBiOs was used to oxidize Am(lll) prior to
tributylphosphate, diamylamylphosphonate, or dibutylbutylphosphonate extraction.'20-122
Since these extractants require higher acidities, the compatibility of NaBiOs at HNO3
concentrations up to 6 M makes this a suitable candidate for Am(lll) oxidation. While
immediate Am(VI) reduction upon contact with the organic phase occurred, it was found
that the addition of HCIO4 prevents this by promoting the dissolution of Bi(V) that acts as
a holding oxidant for Am(VI). The separation factors achieved in these solvent extraction
systems were low, however, and the interference of the Ce(lll)/Ce(IV) redox couple
interfered with Am(VI) extraction. Am(VI) solvent extraction was also demonstrated with
three N,N-dialkyl amide extractants on both bench-scale and centrifugal contactor
systems, but the presence of the fine NaBiOs powders proved incompatible with the
mechanical systems thus limiting its use on an industrial scale. 23124 Am(lll) oxidation with
perxenate ions and NaBiOs allowed for the 90% recovery of Am(VI) using 30%
tributylphosphate, but the addition of solid sodium bismuthate would retain Am(lll)

preventing its oxidation and separation.'?®

While the presence of solid NaBiOsin solvent extraction systems is unfavorable for large-
scale application, it was found that NaBiOs has a layered ilmenite structure similar to
aluminum oxide that offers ion exchange behavior.'?® Thus, solid NaBiOz was used in a
column chromatographic system taking advantage of the fact that both oxidation and ion
exchange mechanisms are combined into one material. Due to the poor flow properties
of NaBiOs, the oxidant was dispersed into a Celite 535 filter aid and the chromatographic

method afforded 97% and 98% recovery of Am and Cm, respectively. This method was
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limited by the gas evolution resulting from reactions between NaBiOs and HNOs, showed
some Am contamination in the Cm fraction, and faces column bed inhomogeneity due to

the density differences between NaBiOs and Celite.?’

To date, NaBiOs is the most promising candidate for the chromatographic separation of
Am/Cm and would allow a shift from large-scale solvent extraction separations to reduce
costs, hazardous waste volumes, and simplify reprocessing flow schemes. However, a
more thorough understanding of the structural changes throughout the separation
procedure, behavior of NaBiOsin acidic aqueous solutions, and the interferences of other

metal ions present in reprocessing raffinate is necessary.
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CHAPTER 4: RADIOCHEMICAL SEPARATION TECHNIQUES

4.1 Introduction

Chemical separations have played an integral role in the discovery, purification, and
application of elements throughout history and are the foundation of current separation
technologies. The basis of all separation techniques lies in the exploitation of differences
in chemical behavior, such as size and bonding characteristics, between the analyte of
interest from other contaminants present in a sample. Classical separation methods that
were developed for stable nuclides have been successfully applied to the separation of
radioactive nuclides due to the fact that the chemical behavior of an element (and its
isotopes) is driven by electronic structure. Since the isotopes of a given element differ in
their number of neutrons, not electrons, the use of these classical methods led to some
of the first identifications of primordial radionuclides and, subsequently, the creation of

the field of radioanalytical chemistry.

While these techniques are commonly used for conventional separations, modification is
often necessary for their use in radiochemical separations to account for low radionuclide
concentrations, short half-lives, and high activities requiring rapid and complex
procedures. Common radiochemical separation techniques used for the preconcentration
and/or purification of radionuclides includes precipitation and co-precipitation, solvent
extraction, ion exchange, and extraction chromatography. The selection of an appropriate

separation technique and corresponding process parameters depends on a number of
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factors including sample type and composition, availability of reagents, resulting waste

streams, and economics.

4.2 Precipitation and Co-precipitation

The emergence of radiochemical separations occurred when the naturally occurring
radioactive elements polonium (Po) and radium (Ra) were isolated through the co-
precipitation of the sulfide and chloride forms, respectively, by Marie and Pierre
Curie.'?129 As a result, precipitation and co-precipitation were key methods for the
discovery of additional radionuclides and radioisotopes, nuclear fission, and for the
understanding of radioactive growth and decay.'3%-'38 Precipitation techniques continued
to play an important role in the advancement of nuclear science when it was applied to
the discovery of the transuranium elements (Np, Pu, Am, and Cm) and to the large-scale

bismuth phosphate purification during the Manhattan Project.3%-42

Precipitation achieves the isolation of a radionuclide from other undesired ions in solution
through the formation of an insoluble ionic solid, or precipitate, when cations and anions
combine in solution.'#3144 The isolation of the target analyte can be approached by
precipitating the analyte of interest or by precipitating unwanted ions. Successful
precipitations require the quantitative recovery of the analyte, a resulting product suitable

for source preparation or subsequent handling, and be free of impurities.

Precipitation is governed by the solubility equilibria that describe a solid dissolving in or

forming from a solution. The solubility product, Ksp, is the equilibrium constant that
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describes this process. The dissolution and dissociation of an ionic compound, AxMy, can

be described according to Equation 4.1:

A, M Ad XAn+(aq) + YMn_

xMy o) Equation 4.1

(aq)

where A and M represent the cation with charge "* and anion with charge ™, respectively.
The activity coefficient, y, is a thermodynamic measure of the extent of an ion’s deviation
from ideal behavior in solution. The product of the component ions’ concentrations and
activity coefficients yields Ksp which is useful in determining its precipitation behavior.
However, for the dilute solutions typically used in radiochemical separations, vy is
approximately one. Thus, Ksp can then be expressed in terms of the molar concentrations

of the ions in solution at equilibrium (Equation 4.2).

Ksp = [AMF]*- [MPT]Y Equation 4.2

Ksp is used as a comparative measure to the ion product, Q, that can determine if a
precipitate will form when two solutions are mixed. The ion product is calculated in the
same manner as Ksp; however, while Ksp reflects equilibrium concentrations, Q is
determined at concentrations that are not at equilibrium. The behavior of an ionic solid in

an aqueous solution can then be determined by the following parameters:'44

Q < Ksp: Unsaturated solution, the ionic solid will dissolve and no precipitation will

occur
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Q = Ksp: Saturated solution, no precipitation

Q > Ksp: Supersaturated solution, the ionic solid will precipitate

Thus, the selection of an appropriate counter ion that yields a compound with a Q value
that exceeds the Kgp value is necessary. The relationship between Q, Ksp, and solution
conditions can be further described by the processes involved that induce precipitation.
The general steps of precipitation are supersaturation, nucleation, and growth.
Supersaturated solutions (Q > Ksp) conducive of rapid nucleation and solid growth are
necessary to initiate precipitation. It is not possible for the precipitation processes to begin
in saturated solutions and does not necessarily begin once supersaturation is reached
depending on the Gibbs free energy and interfacial tension in the system. This is because
a crystal of a “critical” size, determined by its ratio of concentration to solubility, is required

to begin the nucleation process. 45146

Nucleation can occur through heterogeneous or homogeneous pathways. Solutions
containing dust, colloids, or other foreign particles act as heteronuclei that provide a
surface for solute adsorption. This will form layers larger than the face of a particle to
reach critical size and initiate nucleation and growth. Homogeneous nucleation occurs
when a small fraction of subcritical particles (embryos), reach critical size through thermal
fluctuation; however, this process is more difficult to achieve due to the likelihood of

heteronuclei present in solution. 45146
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Since the nuclei formed during nucleation are small, the precipitate nuclei are not
observed during nucleation but rather when they have been developed through growth.
Growth occurs through the addition of layers of molecular units by diffusion through the
crystal-solution interface which forms the crystal lattice. The growth process can follow
different patterns such as mononuclear or polynuclear layer formation, rough surface, or
spiral step growth and is dependent on kinetic processes.*® Subsequently, the precipitate

can be collected through centrifugation or through a filtration apparatus.

However, when radionuclides in solution are at trace levels, insufficient concentration
prevents direct precipitation. Since this was the case for the first experiments designed
to recover Pu, a coprecipitation technique using carriers was implemented to isolate and
study Pu.'#’ Carriers are added in large (mg) amounts and are typically stable isotopes
of the same chemical form as the radionuclide of interest due to their similar chemical
behavior. If the actinide metal ion forms an insoluble salt with the anion of the bulk

precipitate, it will also be carried on the precipitate.#®

The addition of a carrier increases the concentration of the analyte to achieve the desired
separation; however, both the carrier and radionuclide must be in the same oxidation
state and chemical form. The addition of the carrier must occur early in the process so
that it is treated in the same manner as the radionuclide. Since radionuclide
concentrations are low, any losses are significant and the addition of a carrier aids in
preventing losses during any preceding precipitations of other analytes in the solution.

However, in cases where there is no suitable or readily available isotopic carrier, non-
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isotopic carriers are used. Non-isotopic carriers are still chosen based on their chemical
similarity to the radionuclide of interest but are instead selected based on other similarities

such as the position in the periodic table, ionic charge, or crystalline morphology.

For actinide precipitations, especially those for Pu and other fissile actinides, control over
nucleation, growth, and product properties is necessary. Thus, parameters such as
temperature, time, acid concentration, precipitant type/concentration, and matrix
constituents can influence the reaction behavior and resulting precipitate characteristics.
Rapid batch processes used for Pu isolation are beneficial for their simplification of
criticality safety operations and extensive research has been conducted to identify optimal
conditions to achieve the desired product. Adjusting the system is necessary to achieve
larger particle sizes while limiting the formation of the undesired soluble anionic

complexes that reduce the product yield.

The bismuth phosphate process was a coprecipitation method implemented for industrial
scale Pu production for the Manhattan Project that has now been replaced with solvent
extraction processes.®? However, precipitations remain an invaluable tool for actinide
preconcentration and purification. Actinide precipitations using oxalates, peroxides,
hydroxides, and fluorides remain valuable for both analytical and industrial scale
applications due to their good recoveries, suitable product form and purity, and
convenience. A summary of the precipitation reactions for actinide metal ions of various

oxidation states in aqueous media is shown in Table 4.1.
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Table 4.1: Precipitation behavior of actinide metal ions of various oxidation states in
acidic aqueous media. | = Insoluble, S = Soluble

Anion M3+ M4+ MO2* MOz
OH- | | | |

E | | 12 S

103 | | S S

0% S | - I
C204% | | | |
COs* 13 13 14 S
CH3COz S S S |
PO4% | | 15 I
Fe(CN)s* | | S |

10H- and CO4* precipitations occur in alkaline solutions

2 RbPuQ4F; and NHsPuO.F; precipitate by addition of RbF or NH4F at pH &

3 Complex carbonates are formed

4 NaPuO3(CH1CO,): precipitates from a solution of Pu(V1) in CH;CO:H after Na* addition

5 NH4HPuQPO, precipitates from Pu(V) solutions after addition of (NH,)HPO,
SHPuO,PO,*xH-0 precipitates on addition of HsPD,
5U04*2H,0 precipitates at pH 2-4, Np(V), Pu(V), Np(Vl), and Pu(V1) reduced by H:0-

4.3 Solvent Extraction

Precipitation was the preferred separation technique for radioanalytical separations prior
to and during the Manhattan Project. However, solvent extraction was found to be a
favorable alternative to the bismuth phosphate precipitation process as it was able to
recover valuable U present in the irradiated feed in addition to Pu.'® The ability for
solvent extraction to achieve kilogram scale separations through continuous and remote

operations resulted in the development of the REDOX and PUREX processes.

Solvent extraction is based on the differences in solute solubility properties for a given
solution in two liquid phases. Accordingly, this method is also commonly referred to as
liquid-liquid extraction. The partitioning of solutes occurs when they are distributed

between immiscible acidic aqueous and organic solvent phases. Fundamentally, all
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solvent extraction processes begin with the dissolution of the solute in an acidic aqueous
phase where equilibrium is established between the ionic (M?*ag) and neutral complex

(M(NO3)2(aq)) of the metal ion (Equation 4.3).1%0.151

Equation 4.3

2+ -
M%) + 2NO3 .« M(NO

3)2(aq)

Complexation of the metal ion with an organic extractant (E) increases the hydrophobicity

and therefore partitioning of the complex (Equation 4.4).

M(N03)2 a + E(Org) < M(NO3)2E(0-,-g) Equation 4.4
(aq)

In solvent extraction, the aqueous phase containing the dissolved metal ions is called the
“‘pregnant feed” and the organic phase is the solvent. The organic phase is typically made
up of a diluent (nonpolar hydrocarbon) and one or several extractants and phase
modifiers. An extractant is a complexing component that aids in the transfer of a metal
ion between phases by introducing more favorable solubility characteristics. The
solubility-based distribution of the solutes occurs when each phase is dispersed into one
another through mixing. After settling, the solutes remain in their preferential phase
(Figure 4.1). After this process, the loaded organic phase is called the “extract” and the
depleted aqueous phase is the “raffinate”. Stripping or back-extraction refers to the

transfer of species back to the aqueous phase from the extract.
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Figure 4.1: Simplified schematic of a solvent extraction process that recovers a trivalent
metal ion from the aqueous phase into the organic phase using an organic extractant
ligand.

The quality of a separation can be quantified by the distribution ratio, D, which is a
dimensionless measure of the concentration of a metal ion in the aqueous and organic
phases (Equation 4.5). Therefore, the distribution ratio describes the solubility behavior

of a metal ion in one phase relative to the other at equilibrium (when the net change of

the metal ion concentration between phases remains constant).

Equation 4.5

Measurement of the distribution ratio as a function of various parameters (e.g., acid/ligand
concentration, temperature, time) allows for a comparison of the efficiency and
optimization of various solvent extraction systems. The distribution ratios of two different
solutes in the same solvent extraction system is determined by the separation factor (SF)

shown in Equation 4.6:
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SFM1/M2 = g—xz Equation 4.6

, where Dm1>Dwm2 gives an SF > 1. The distribution ratio of the target solute to be extracted
must be >1 and the distribution ratio for the undesired solute(s) to be separated must be
<1 to be considered a successful solvent extraction system. Large D values are difficult
to achieve and, due to the complex chemistry in these systems, large-scale application

requires numerous solvent extraction stages.

Generally, metal ions and charged complexes are more soluble in the aqueous phase as
a result of their hydration from coordinating water molecules. To achieve extraction, the
coordinated water ligands must be replaced to dehydrate the metal ion and form a neutral
species that is soluble in the organic phase. There are a number of different chemical
processes that form an extractable metal species which are divided into numerous
classes. Four major extraction classes that play a predominant role in radiochemical

separations include chelate, solvate, ion pair formation, and synergistic extractions.50.15

Extraction of a neutral metal species can be achieved through chelate complexation with
the metal ion that forms a stable, neutral, and hydrophobic complex. Typically, bidentate
or polydentate chelating agents are used to replace the water molecules in the metal ion’s
coordination sphere. In doing so, the chelates form a stable hydrophobic ring around the
metal ion to be extracted. The metal ion is then located within the cavity of the chelate
and the resulting neutral complex readily dissolves into the organic phase.'®%%! As shown

in Equation 4.7, the distribution of the neutral complex is a function of the hydronium ion
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concentration and is therefore favored by low acidity. The extraction of U into chloroform

using 8-hydroxyquinoline in a chelate extraction process has been demonstrated.'%?

ME + nHLgpg < MLy org + 3HG Equation 4.7
Phase transfer can also be accomplished for electroneutral metal ions that are complexed
with an anion in the aqueous phase (e.g., mineral acid) through solvation extraction
(Equation 4.8). A solvating reagent in the organic phase replaces the remaining
coordinated water ligands to increase hydrophobicity and form the extractable complex.
Oxygenated solvents are used for this process as the lone electron pair on the oxygen
atoms gives rise to the basicity that enables its incorporation into the coordination sphere
of the metal ion.'>3 As a result, the solute is contained within the cavity of the solvent and
is an extractable solvated complex. Solvating extraction systems have been important for
radioanalytical separations as it is the principal extraction pathway for the recovery of

hexavalent U and Pu in the PUREX process using TBP as a solvating extractant.

M?a_l’—il) + SX;Q + nSOFg « MX3Sn,org Equation 4.8

A neutral extractable species can also be produced by ion pair formation via electrostatic

forces (Equation 4.9).1%4

M) + 3Xaq + ATXorg © MX Ao Equation 4.9
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lon pair formation is also referred to as liquid anion exchange because it follows a similar
process to that of ion exchange. For example, metal ions in the aqueous phase can
complex with the inorganic anions (e.g., NOs, CI) in the aqueous phase forming an
anionic complex. Cationic organic molecules present in the organic phase can extract the
mineral acid from the aqueous phase to form an ion pair salt that is insoluble in the
aqueous phase. The anionic metal complex can then be extracted via ion exchange and
ion pair formation with the organic cation. Historically, tertiary and quaternary alkyl amines
such as trioctylamine and Aliquat 336 have been used as liquid anion exchangers for

actinide and lanthanide separations in solvent extraction systems.55

To afford a greater extraction efficiency, a synergistic solvent extraction system uses a
combination of two extractants (Equation 4.10). Synergistic systems feature chelates and
solvating extractants that will both neutralize and dehydrate the metal ion in the aqueous
phase to form the extractable species.’®®'®!" However, the higher distribution ratios

obtained are often at the expense of lower selectivity. 156

MZt) + 3HLorg + nSqrg ¢ ML3S;, org + 3Hig Equation 4.10
These extraction classes and their associated equilibria above are simplified and it is
common for several of these mechanisms to occur in one system simultaneously. As a
result, the equilibria that describe any given solvent extraction system are extensive and
their elucidation remains a research priority. Given the differences in solute

characteristics such as charge, size, and electronic structure, a large deviation in the
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extraction behavior for different metal ions in the same extraction system can be

observed.

The phase distribution behavior of a solute is altered by solute-solute and solute-solvent
interactions that are dependent on a number of parameters. When considering solute-
solute interactions, the charge density and electronic structure of metal ions influence
complex formation and correlates to the extraction efficiency of the system.!50.151
Similarly, the organic phase diluent has an effect on solute-solvent interactions and
influences the distribution of the extractant and resulting neutral metal complex in the
system. The concentration and type of salts in the aqueous phase can affect the metal
complex distribution through a “salting-out” effect that reduces the hydration of the metal
ion. Other considerations such as reagent solute concentrations, temperature, donor
ligand behavior, sterics, and coordination type have a significant impact on extraction

behavior.

These parameters can influence the kinetics of the system that describes the rate at which
the metal ion is transferred between phases. Since solvent extraction systems are
biphasic, chemical reactions can occur in either of the bulk phases as well as at the phase
boundary where current mechanistic understanding is limited. In addition, these chemical
reactions contribute to the rates of diffusion describing how the various species move
from higher concentration to lower concentration. Thus, the chemical reaction and
diffusion rates associated with a given solvent extraction system govern the kinetics.

While complex, the kinetic data and the influence of the above parameters can be
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evaluated using available experimental information. However, due to the complex nature

of these systems, it is common for several mechanisms to be proposed.'%0.15!

In practice, solvent extraction can be performed in batch small-scale studies using
accessible laboratory equipment. These analytical-scale studies are useful for the
preliminary determination of extraction efficiencies and for preconcentration and
separation methods necessary in typical laboratory operations. However, more advanced
equipment is required when applying these systems to large-scale industrial processes
like UNF reprocessing. As mentioned previously, the distribution ratios obtained with the
most developed solvent extraction processes are low and multiple stages of contact are
required to accomplish the desired separation. To achieve this, continuous extraction
processes that consist of mixer (phase contact/mass transfer) and separator (phase
separation) components are applied on an industrial scale. These processes feature
consecutive single-stage contacts between the aqueous and organic streams in a

counter-current (opposite flow) directionality.

Mixer-settler systems are commonly used for large-scale processes due to their ease of
operation, construction, and low cost. A single mixer-settler consists of a mixing chamber
for phase contact and a gravity-settling chamber for phase separation (Figure 4.2) and
provides a single extraction stage. Adding numerous mixer-settlers in tandem is relatively
simple and provides the number of extractions stages necessary for a given process;
however, the time to reach steady-state conditions and large volume of organic solvent

required can limit the use of this equipment. Extraction processes that are easily
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separated by gravity and require longer mixing times are suitable for mixer-settler

extractions.®’”

Aqueous Stream
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Figure 4.2: Block diagram of a mixer-settler system operating under a continuous,
counter-current flow.

Similar to mixer-settlers, centrifugal contactors provide a single extraction stage and can
be connected to yield numerous stages of contact. However, they have high extraction
efficiencies in a single stage, rapid phase separation, and fast kinetics. Each contactor
has a spinning rotor that rapidly mixes the aqueous and organic phases that are then
separated inside the rotor where the two phases are separated. This system also has the
benefit of higher capacity with a smaller volume but are more mechanically complex and
sensitive to solids present in the system.'” Operations that follow a counter-current,
continuous multistage process improve the mass transfer of solutes and afford higher

separation factors and flow rates (Figure 4.3)."%8

60



Aqueous

Organic
Feed Solution Product
Extraction Scrub Scrubbing Stripping Strip
R:ffinate r‘ ) Raf'ﬂ'ngte |—T . |J :Sol ution
Extract Extract Solvent
(Scrubbed) (Stripped)

Regeneration

|
!

Figure 4.3: Block diagram of a counter-current, continuous multistage extraction process.

To date, these techniques remain the most established on both small and large scales
for radiochemical separations. Since advanced solvent extraction infrastructure is already
in place, the improvement and development of solvent extraction systems remains at the
forefront of radioanalytical chemistry research. Furthermore, the ability to apply this
technique to both atom-scale and large-scale separation processes makes this a powerful

technique for both analytical and industrial application.

4.4 Solid-Liquid Extraction

Solid-liquid extraction techniques also feature the distribution of solutes between two
phases similar to of solvent extraction. However, they differ in the fact that solutes are
partitioned through their distribution between a solid (stationary) phase and a liquid
(mobile) phase. Solutes are dissolved in the mobile phase and are passed through solid
particles that certain solutes have a greater affinity for resulting in their retention onto the

stationary phase.
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Stationary phase materials include adsorbents (e.g., silica, alumina), natural or synthetic
ion exchangers, and extractants. Recently, there have been advancements in solid phase
extraction (SPE) that are performed using equipment such as cartridges, disks, pipette-
tips, and permeable membranes that incorporate sorbents. Solid liquid extraction has
emerged as a favorable alternative to solvent extraction systems because of the ease of

operation, elimination of organic solvents, faster operations, and low costs.159.160

Separations are achieved when there is a difference in the strength of interaction between
various ions of interest with the stationary phase. This can be quantified through batch

methods by calculating the weight distribution ratio (Dw) shown in Equation 4.11.

Ag /m

Dy = W'Where A=A, — A, Equation 4.11
\%

q

Dw is determined by measuring the activity concentration of the analyte on the solid (As)
per unit mass (m) relative to the activity concentration in the aqueous phase (Aaq) per unit
volume (V). The greater the Dw, the greater the affinity of the ion for the stationary phase
and the lower activity of the ion in the aqueous phase. The greater the difference in Dw

between two solutes, the greater the separation factor, SF (Equation 4.12).

SF = [Dwlw1 Equation 4.12
[Dwlm2
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The Dw of a given solute depends on the same parameters that influence solvent
extraction systems such as solvent type, pH, ionic strength, and temperature. The
dependency on these parameters can be determined through the measurement of a Dw
value at specific sample conditions. In addition, the solute affinities for the solid sorbent
can be enhanced based on the chemical nature, surface chemistry, and the incorporation
of ion exchange groups or extractants within the stationary phase. Quantitative adsorption
behavior can be elucidated through batch studies and is useful in estimating how different
solutes will migrate throughout a chromatographic system. However, distribution ratios
determined during batch studies cannot often be translated directly to chromatographic
behavior due to the different operating parameters and phenomena that occur in a

chromatographic system.

4.5 Chromatography

Chromatography was first used over 100 years ago to separate pigments using a column
packed with calcium carbonate. Bands of color appeared that were associated with
different species as they migrated throughout the column at various rates.'®! Since then,
the field of chromatography has expanded significantly and the mechanistic theories of
operation have grown more complex. The ease of operation and ability to develop and
tailor new materials to achieve specific separations has resulted in its use across a wide
range of applications. However, the detailed processes that take place in a
chromatographic system are so numerous and complex that the development of

mathematical models that accurately describe experimental data remains incomplete.
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Fundamentally, chromatographic methods rely on the differential migration of various
components in a mixture influenced by flow, diffusion, and kinetic phenomena. The
influence of these parameters on zone migration was first introduced by J. N. Wilson. 162
Soon after, Martin and Synge published a Nobel Prize winning paper describing the plate
theory of chromatography.'®® Plate theory was an adaptation of a model developed to
describe fractional distillation and treats chromatographic systems as if made up of
“plates” or zones where individual equilibrations occur. However, the assumption of
equilibrium conditions in these zones is not valid in dynamic chromatographic systems
and does not accurately represent these systems. Nonetheless, plate theory has
introduced concepts that have been built upon in subsequent models and is deeply

embedded within the chromatographic literature.

Solutes are dissolved in a mobile phase and are introduced at the top of a column packed
with a solid, stationary phase where distribution between the two phases begins. As fresh
mobile phase is continuously added to the column, the solutes move through the column
as a series of transfers between the two phases. Since solutes are only able to travel
down the column in the mobile phase, their migration is dependent on the distribution
ratios. Solutes that spend less time in the mobile phase when more strongly retained on

the stationary phase migrate at a slower rate resulting in zone formation.

However, the downward migration of a solute is variable due to the interplay of various

random processes. Thus, the random walk theory of chromatography was introduced by

J. C. Giddings where the individual paths a solute follows within a column occurs
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unpredictably. This is due to molecular diffusion, sorption-desorption kinetics, and flow
phenomena that result in zone spreading or brand broadening.'®* Band broadening
describes the distance between the solutes in a column as they travel down a column
and is an important consideration in evaluating the performance of a given
chromatographic system. A successful chromatographic separation results in the elution
of solutes in narrow, resolved elution peaks and can be quantified through the efficiency
(N) and resolution (R). Band broadening can result in a deviation from the ideal, Gaussian
profile of elution peaks and decreases column efficiency by decreasing the separation

between elution curves.

The efficiency of the system relates to the relative retention times of the solutes and the
peak width of their associated elution peaks. Efficiency can be quantified by determining

the number of theoretical plates (N) expressed as:
2
N= (16%‘) Equation 4.13

, Where tr is the solute retention time and W is the peak width. When considering the
number of theoretical plates, a greater separation efficiency is achieved with a greater
number of theoretical plates as more stages of equilibration are introduced to exploit

differences in a solute’s distribution coefficients.16®

The height equivalent to a theoretical plate (HETP) can then be determined using

Equation 4.14, where L is the column bed length.
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Equation 4.14

Z|e

Measuring the peak-to-peak separation of the eluted solutes gives the resolution, R,

which can be calculated with Equation 4.15:

_2AMg
W 4W,

Equation 4.15

, Where Atr is the resolution at peak maxima and W1 and W2 are the peak widths. The
resolution provides an adequate way to describe the peak separation between two

solutes where the baseline separation requires an R ~1.5.165

Band broadening influences the efficiency and resolution of the column due to longitudinal
diffusion, eddy diffusion, and resistance to mass transfer phenomena. Longitudinal
diffusion is a result of solute diffusion away from high concentration to low concentration
regions. Inequalities in the radial flow through a packed bed introduces eddy diffusion
effects causing the solutes to follow different channels with different path lengths as they
travel through solid particles. Mass transfer describes the mechanism of which solutes
move through the boundary between phases and is determined by the diffusion in and
out of the mobile and stationary phases. These three main contributions to band
broadening and plate height have been combined to generate the van Deemter equation

(Equation 4.16).166-168
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H=A+-+(Cs+Cy)u  Equation 4.16

Eddy diffusion is represented by the A term and can be minimized by using small particle
diameters with a narrow size range. Longitudinal diffusion is represented by the B/u term
and is inversely proportional with the mobile phase velocity, u. Thus, longitudinal diffusion
can be mitigated with higher flow rates; however, smaller particle sizes used to reduce
the contribution of eddy diffusion limits the use of higher flow rates. The C terms are the
contributions of mass transfer in the stationary and mobile phases and are proportional
to the flow rate. Since it is beneficial for solutes to undergo distribution quickly, faster flow
rates result in fewer interactions between the solute and stationary phase. In addition, the
use of smaller particles decreases the void volume between particles decreasing diffusion

time and broadening.'®”

While the manipulation of parameters offers a means to improving column performance,
the selection of parameters to optimize the system is complicated due to the complex
relationships between them. When considering the other requirements of radiochemical
separations, such as the need for rapid methods, the use of small particle size and low
flow rates leads to a longer operation time. Thus, the adjustment of parameters must be
chosen based on both theoretical principles and experimental demands and a balance
must be found between the two. Generally, long and narrow columns with uniform resin
bed packing yields better separations. The selection of a flow rate that avoids the
introduction of channels or air pockets in the resin bed while providing faster separations

is favorable.
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4.5.1 lon Exchange Chromatography

lon exchange was first introduced over a century ago when Thompson and Way observed
that some soils had the ability to retain molecules to a greater extent than others.69.170
This led to the identification of natural ion exchange materials that feature fixed ionic sites
within their framework. The first synthetic organic ion exchangers were prepared in 1935
by Adams and Holmes. During the Manhattan Project, a large body of work explored the
use of ion exchangers for the separation of rare earth elements and actinides and was
published several years later in a series of papers by G. E. Boyd et. al."”'-'73 |on exchange
features selectivity and reaction mechanisms similar to that of solvent extraction but offers
a more convenient and rapid setup resulting in its widespread use for laboratory

separations.

Radiochemical separations using ion exchange chromatography rely on the reversible
exchange of ions between the mobile phase and a solid, porous, inert material having ion
exchange sites. Typically, ionic functional groups are covalently bound onto inert
polymeric supports where oppositely charged ions (counter ions) can be displaced by
charged polar solutes present in solution (Figure 4.4).'74-176 Cation and anion exchangers
are materials that feature negatively and positively charged fixed functional groups,
respectively. This process is governed by the relative affinities between the solutes
dissolved in solution and the exchange sites on the solid. The choice of the type of ion
exchanger and functional group is determined by the charge of the analytes of interest in

solution. These resins are available in various ionic forms (defined by the counter ion)
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that can also be converted and the ionic form should be such that the functional group

has a more favorable selectivity for the analyte relative to the counter ion.””

Cation Exchange Anion Exchange
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Figure 4.4: lllustration of the ion exchange concept where cation exchangers (left) feature
the exchange of positively charged ions and anion exchangers (right) of negatively
charged ions. lon exchange resins are comprised of insoluble permeable polymeric beads
with charged functional groups covalently bound to the surface.

Mineral ion exchangers are cation exchangers and undergo surface reactions through
two mechanisms. Cations in solution can displace those already present on the surface
and are held there through electrostatic forces in a cation exchange process.
Alternatively, solutes can undergo sorption processes where they are able to adsorb onto
the solid surface as surface ions are not coordinated and have an electrostatic charge.

These processes can happen individually or together and are enhanced by the nature of

the solid surface (e.g., amorphous solids feature high electropotential surface charges).
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Other ion exchangers can feature interstitial ions within the structure that can exchange
with those present in the sample solution. However, mineral ion exchangers are limited

due to their lower ion exchange capacities and narrow operational pH ranges.!”8

Synthetic ion exchange materials have found widespread use since they can be prepared
with cationic or anionic functional groups (or a mixture of the two). Cation and anion
exchangers have a similar behavior to that of acids and bases and are therefore further
classified as strong or weak acid or base ion exchangers.'”® Strong acid cation
exchangers are typically useful across a wide pH range while weak acid cation
exchangers are not useful below a pH of 4-6. Similarly, anion exchange resins featuring
strongly basic function groups function well over the entire pH range and those of weak
basicity cannot be used in alkaline solutions. A summary of common functional groups

can be found below (Table 4.2).

Table 4.2: List of common functional groups for cation and anion exchangers

Resin Type Functional Group Chemical Formula
Strongly Acidic Sulfonic RSOz H*
Cation Exchange Resins | Moderately acidic Phosphoric PO(CH),
Weakly Acidic Carboxylic Acid RCOOH
Strongly Basic Tetraalkylammonium [RN(CHa)s]'CI
Anion Exchange Resins | Weakly Basic Ternary Amine [RN(CHj3)s]"CI
Weakly Basic Secondary Amine [RNH(CH3),]'CI

Synthetic ion exchange resins are prepared using polymeric supports which can feature
either minimal pores (microporous gel resins) or multichannel structures (microporous
resins). The internal structure influences the surface area, stability, functionalization, and

overall ion exchange behavior of the material. Cross-linking of the polymeric structure
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occurs during synthesis and contributes to the chemical and physical properties of the
material such as pore and particle size, moisture content (hydration of functional groups),
and overall strength of the resin. Important characteristics of ion exchange resins that
must be taken into consideration include resin matrix, ion exchange capacity, and the
functional group type and concentration. Generally, a suitable material should feature
chemical/radiolytic stability, uniform particle size, high surface area, fast kinetics, and high
capacity. The exchange capacity is a measure of the number of counter ion equivalents
that can be adsorbed in some mass of the solid ion exchange material (in meqg/g) and
indicates the number of sites available for exchange. The capacity depends on the
chemical and physical properties of the reaction and the ionization of the exchanger

groups.

Just as the nature of the functional group plays an important role in selectivity, so too
does the nature of the counter ion in solution. The electrostatic interactions between the
two depend on the valance and size of the counter ion as well as on other interactions
between the counter ion and its environment. Equation 4.17 shows how a cation

exchange reaction can be expressed as a reversible and stoichiometric reaction:

R—SO3H* + M* & R—SO3;M* + H* Equation 4.17

, where R-SOs represents the resin matrix with an anionic function group, H* represents

the counter ion, and M* represents the metal ion in solution. Characteristics of a metal ion

such as hydration/ionic radius, valance, polarizability, and complexation drive the
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selectivity behavior, and therefore, distribution coefficients of a given ion exchange

process.

The equilibria kinetics have been explored for various ion exchange systems using
various theories and models.'®-18 |n theoretical models, ion exchange occurs by an
adsorption mechanism and is a diffusion-controlled process. In these systems, a liquid
film with differing properties forms around the resin beads resulting in an additional
interface for diffusion to occur. During any given ion exchange reaction, the counter ions
must diffuse through the bulk solution, hydrated film, and within the resin matrix. Once
the ion exchange reaction occurs, the exchanged species must then diffuse outside of

the resin bed and into the bulk solution.

Adsorption isotherms are commonly used to describe the phenomena that govern the
retention or mobility of a solute in these systems based on the adsorption equilibria. These
models are often applied to experimental data obtained from batch systems where the
concentration of solute adsorbed per unit mass is plotted as a function of equilibrium
concentration. The Langmuir and Freundlich isotherms are among the numerous
proposed models and are based on kinetic considerations. The Langmuir isotherm
assumes reversible, monolayer adsorption, that no lateral movement occurs, and that the
adsorption energy is the same for all sites. In contrast, the Freundlich isotherm is not
restricted by monolayer adsorption or uniform distribution of adsorption heat. The
resulting behavior of these models is indicative of the adsorption behavior of the

adsorbent.184-187
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lon exchange processes are used in a diverse number of applications in radiochemistry
and are principally applied for lanthanide and actinide separations. Based on electrostatic
interactions, diffusion processes typically represent the rate limiting step yielding fast
kinetics that are favorable for rapid separations. In addition, their customizable selectivity,
lower waste generation, and lower costs make ion exchange-based techniques a more

favorable alternative to solvent extraction.

4.5.2 Extraction Chromatography

Extraction chromatography (EXC), also known as reverse phase chromatography, has
been used for a wide range of chemical separations for over 70 years. In radiochemistry,
it has played a role in element discovery and rare earth and actinide separations.'88189
Currently, there is a large research focus on the development of new extractants,
polymeric supports, and integration of these materials into complex radiochemical

separation systems.

In EXC, a liquid extractant is adsorbed onto an inert polymeric support resin bead (Figure
4.5). The incorporation of organic ligands on the resin offers the selectivity of solvent
extraction methods while providing the benefit of the multistage separation process found
in chromatography. The extraction of the analyte(s) of interest occurs when the resin
beads contact with the aqueous mobile phase that contains the metal ions. The addition
of complexants or redox agents in the mobile phase can enhance selectivity or facilitate

the stripping of strongly retained metal ions from the resin bed.
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Stationary Phase —

Porous Inert Support —>

Figure 4.5: Structure of an extraction chromatographic resin bead impregnated with an
extractant located within the pores of the inert support.

The favorable extraction behavior of solvent extraction system was translated to
extraction chromatographic materials prepared through the physiosorption of liquid
organic extractants onto a chromatographic support. To maintain the extraction behavior,
the nature of the stationary phase is an important consideration in EXC. Early material
development looked at diatomaceous earth and silica microspheres as support materials,
but required pretreatment to prepare a hydrophobic surface.’® Soon after, polyacrylic
ester supports were the primary backbone of these materials and are the basis of most

commercially available EXC resins.91:192

Suitable supports must be inert with uniform particles, have the ability to retain the
stationary phase, be mechanically and radiolytically stable, affordable, and provide
sufficient surface area/porosity. The porous character of the support is important as they
retain the stationary phase but must be kept in a narrow size range as the effects of pore

size on kinetics are similar to that of particle diameter. Like ion exchange, the resin
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properties (e.g., size distribution, capacity) have significant effects on column

performance.

The extractants present in the stationary phase drive the selectivity in EXC and are
designed based on the chemical behavior of the ions of interest. Polar groups are
attached to nonpolar substituents that interact with the metal ions to enhance phase
transfer. The polar and nonpolar donor groups are selected to limit loss of the extractant
from the support, alter electron donating/withdrawing and steric effects, and influence
kinetics. The loading amount of the extractant depends on the pore volume of the support.
When approaching the loading capacity, lower column resolutions are observed due to
slower kinetics and band broadening.'%° A selection of commercially available extractants
is shown in Table 4.3.

Table 4.3: Commercially available Eichrom, LLC EXC resins, their associated
extractants, and applied separations.

Resin Extractant Separations
TEVA Aliquat-336 An(IV)/An(llILV,VI)
LN HDEHP Trivalent f-elements
LN2 HEH[EHP] Ln/Ln', An/Ln, An/An'
LN3 H[DTMPP]
Actinide Dipex An(lILVEIV)/matrix
UTEVA DAAP An(IV,VI)/An(lILV)
TRU CMPO in TBP An(IV,VI)/An(ll)
DGA TODGA/TEHDGA An(lI/An(IV)/An(V1)

When considering the extraction mechanisms at play, EXC provides a better alternative
to separating metal ions with nearly identical chemical behavior than IEX. While IEX relies

solely on the charge and ionic radii of the ions involved in the reaction, the reaction
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mechanisms present in EXC mainly rely on complexation.'® Similar mechanisms
observed in solvent extraction such as chelate formation, solvation, ion pair formation,

and complex formation are also present in EXC.

Thus, successful separations still rely on the difference in the strength of interaction
between ions of interest with the extractant. Separations can therefore be characterized
using the distribution ratio and separation factor from Equations 4.11 and 4.12. This ratio
can be converted to the retention factor, k', by determining the volume distribution ratio,

Dv (Equation 18).
D, =Dy, (M) Equation 4.18

Dw is the weight distribution ratio, pext is the density of the extractant, and micad is the
amount of the extractant loaded onto the supportin grams of extractant per gram of resin.

The retention factor can then be calculated by Equation 4.19:

k' =D, (ﬁ> Equation 4.19

Vm

, where vs and vm are the stationary and mobile phase volumes, respectively. For a well

characterized EXC resin, k’ can be converted from Dw directly by Equation 4.20:

k' = D, F. Equation 4.20
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, Where Fcis a conversion factor that represents the number of free column volumes to
peak maximum. Fc is determined by measuring the interstitial space of a column packed
with a specific resin. For commercially available EXC resins, Fc is known and adsorption
data is typically reported as k' as it provides information about the efficiency of the

system. 90

EXC has been a powerful technique for radioanalytical applications and continues to
expand as an alternative to solvent extraction or ion exchange methods. While EXC
provides a rapid separation alternative with less waste generation and increased
purification, the resins are much more expensive than the ion exchange alternative, have

flow rate limitations, lower capacities, and face radiolytic degradation issues.
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CHAPTER 5: INSTRUMENTAL ANALYSIS TECHNIQUES

5.1 Liquid Scintillation Counting (LSC)

5.1.1 Theory

For single nuclide analysis, liquid scintillation counting (LSC) is the preferred method to
quantify the activities of the alpha and beta emitting radionuclides as it offers nearly 100%
counting efficiency. Following a decay event, the kinetic energy of the emitted ionizing
radiation dissipates its energy through collisions with the components in the sample’s

medium and is converted into light that can be detected (Figure 5.1).

c———=4 @ Radionuclide
GD\‘ — Radioactive Decay
;% S ) Solvent Molecule
fs\, s} Excited Scintillator
M.\A:Z P Emitted Photon

Figure 5.1: lllustration of the collision process between the particles emitted by a
radionuclide with a solvent molecule that leads to the excitation and subsequent photon
emission of the scintillator.

To achieve this, the radionuclide of interest is dissolved in a liquid scintillation cocktail
that consists of a solvent, surfactant, organic scintillator, and a waveshifter. The solvent
ensures the efficient energy transfer between the decay particle and the solution. The

surfactant is included to allow for analysis of radionuclides in both polar and nonpolar

solvents. The liquid organic scintillator converts the ionizing radiation into light through
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fluorescence that results from the electronic transitions occurring within the molecule.
Since not all photons emitted by the scintillator may be compatible with the photomultiplier
tubes (PMTs), the waveshifter absorbs photons that are emitted by the scintillator and re-
emits them at longer wavelengths that can be detected by the photomultipliers tubes and

reduces self-absorption by the cocktalil.

Following a decay event, a portion of the released energy is imparted on the solvent
molecules that transfers the energy to other solvent and scintillator molecules (Figure
5.1). When this energy transfer occurs, the electrons in the scintillators are promoted to
an excited state. When the electrons return to the ground state, the energy is emitted as
a light photon in the low-energy ultraviolet region. The photon’s energy is measured when.

it collides with two PMTs that convert the radiant energy to electrical energy.

The PMTs are coated with a photosensitive material that produces photoelectrons
following photon collision. Applying an electric field to the PMTs accelerates the
negatively charged photoelectrons that then collide with a surface called a “dynode”. This
collision produces secondary electrons that are accelerated into another dynode. This
process results in electron multiplication at each electrode and produces an electron
cascade. This electron cascade generates an electrical pulse and, due to the linear
conversion of energy to photons, the intensity of light detected by the PMTs is proportional

to the initial energy of the emitted particle.
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However, the high sensitivity of PMTs generates noise which is a fundamental limitation
with this technology. Thus, a coincidence technique is applied to modern LSC techniques
that uses two photomultiplier tubes that prevent the counting of single-photon events that
influences analysis (Figure 5.2). Single-photon events can arise from chemical reactions

in the sample, static electricity from the sample vial, and electrical noise from the PMTs.

)\\ Coincidence Pulse

' o ' Coincidence Summation A Amplifier ADC J'U'I.I'L/\

Spectrum Analyzer

PMT 2

Figure 5.2: Block diagram of a general liquid scintillation counter set up.

A nuclear decay event produces 10 photons per keV of energy and, when these photons
produce the first photoelectron in one of the PMTs, the signal opens an electronic gate in
the coincidence circuit that remains open for ~6 — 20 ns. The signal from each PMT is fed
into the circuit and is only considered a decay event if both signals occur during that
period. Therefore, the counter only recognizes coincident events for processing to
eliminate false positives. To address the effect of the geometrical location of the emitted
photon from the scintillation vial relative to each PMT, a summation circuit is also
employed. Through the summation of the pulse amplitudes from each PMT, the output is
proportional to the total scintillator intensity (Figure 5.2). This design reduces the

instrumental background and increases counting efficiency.
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The amplitude of the electrical pulse is converted into a digital value by the analog to
digital converter (ADC). This value represents the energy of the particle that is stored as
a count in a 4000-channel multichannel analyzer (MCA). The energy spectrum ranges
from 0 — 2000 keV thus equating each channel to one-half keV. The number of pulses in
each channel is recorded and displayed as a spectrum. From this spectrum, information
about the energy and activity of the radionuclide in the sample can be acquired. Region
limits can be defined to determine the activity for a radionuclide specific to that energy

region.

The system efficiency can be reduced as a result of energy loss through a process called
quenching. Quenching can occur through physical, chemical, or optical mechanisms. The
loss of energy during transfer from solvent to solute or when another chemical in the
sample competes with the scintillator is referred to as chemical quenching. Optical
quenching is relevant for colored samples that absorb the light emitted by the scintillators
and attenuate the photons. These processes reduce the number of photons produced
and, therefore, reduce the detected counts per minute (CPM) and counting efficiency. In
addition, the energy spectrum experiences a shift to lower energies. To mitigate the
effects of quenching on sample analysis, the level of quench must be quantified. This is

achieved through quench indicating parameters (QIPs) that relate to counting efficiency.

To determine the shift in the energy spectrum caused by quench, the Special Index of the

Sample (SIS) method uses the sample isotope spectrum to monitor the quench of the

solution. The SIS value decreases inversely with quench and is only accurate for single-
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nuclide analysis with activity great enough to give a clear distribution. The transformed
Spectral Index of the External Standard (t-SIE) QIP uses an external Ba-133 gamma
source under the sample vial to produce the Compton spectrum induced in the scintillation
cocktail. The t-SIE value also decreases with increasing quench. Unlike the SIS QIP, t-
SIE is independent of the radionuclide and sample identity and its large dynamic range

provides a reproducible quench-tracking method.

Both QIPs can generate quench curves and a standard quench curve can be generated
using standards with a constant activity (in disintegrations per minute, DPM) and varying
quantities of quenching agents. The measured CPM as it relates to the known DPM value

are used to determine counting efficiency by Equation 5.1.

% - 100% = Counting Efficiency (%) Equation 5.1

When plotting % Counting Efficiency vs. QIP, direct DPM calculations can be determined

automatically through Equation 5.2.

DPM = cPul Equation 5.2

Efficiency (expressed as a decimal)

5.1.2 Operation
Perkin Elmer Tri-Carb 2800TR and Tri-Carb 5110TR LSCs were used for analysis of all
alpha or beta samples. Prior to sample analysis, the LSC was calibrated, normalized, and

the performance was assessed. A C-14 standard source with a known activity is used for
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calibration that adjusts the voltage applied to both PMTs to obtain synchronized
responses. During normalization, the C-14 standard, H-3 standard, and blank are
measured and a t-SIE value of 1,000 is assigned to each sample. Any value below 1,000
indicating quenching. Instrument Performance Assessment’s (IPA) were performed daily
to record the background counts, counting efficiencies, sensitivities, and reproducibility of

these standards.

Samples contained 1.0 mL aliquots of the solution to be analyzed and 15 mL of Ultima
Gold AB cocktail (Perkin Elmer) in 20 mL high-density polypropylene (HDPE) LSC vials.
The plastic vials provide a lower background and higher counting efficiency than glass
vials and are more suitable for sample transportation and waste disposal. In addition,
matrix blanks for background correction and standards containing total sample spike
activity were prepared for each acid concentration and analyzed. Each sample was
counted for one hour or until 40,000 counts were obtained (0.5% relative uncertainty).

Data acquisition and analysis was performed using the QuantaSmart 5.01 software.

5.2 UV-Vis-NIR Spectroscopy

5.2.1 Theory

UV-Vis-NIR spectroscopy is an analytical method used to identify both the identity and
concentration of a molecule through the interaction of electromagnetic radiation with a
sample. Samples can be exposed to ultraviolet (UV) to visible (Vis) wavelengths in the
range of 190 — 900 nm as well as the extended near-infrared (NIR) region of 800 — 3,200

nm.
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The energy of the electromagnetic radiation is defined by Equation 5.6 as:

E = hv Equation 5.6

, where E is the energy in joules (J), h is Planck’s constant (6.62 x 103 Js), and v is

frequency (s'). Due to the wave-like nature of electromagnetic radiation, it can be

classified in terms of frequency or wavelength related by Equation 5.7:

Equation 5.7

>la

, Where c is the speed of light (3 x 108 m s'), and 1 is wavelength (m). Through these
relations, electromagnetic radiation with a higher energy (and frequency) has a shorter

wavelength. UV light has the highest energy in this system.

The general components of a spectrophotometer include a light source that generates a
continuous spectrum of electromagnetic radiation across the UV-Vis-NIR regions, a
monochromator that separates the broadband radiation into individual wavelengths, a
sample cell, and a detector that measures the intensity of the transmitted or reflected

light.

The light source should provide constant intensity over all wavelengths with long-term
output stability and a high signal-to-noise ratio. Deuterium arc lamps operate using an arc

discharge from deuterium gas and provide good intensity in the UV spectrum and part of
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the visible region (185 — 400 nm). The steady deterioration of these lamps over time
(operation time ~ 1,000 hours) and the generated noise are limiting factors. Tungsten-
halogen lamps provide good intensity over the entire visible region and part of the UV
region (350 — 3,000 nm). When a current is passed through the lamp filament, light is
emitted as it is heated. Tungsten-halogen lamps provide low noise, low drift, and have a
lifespan of ~10,000 hours. Typically, UV-Vis spectrophotometers utilize both lamps to
either generate specific energies in their operable regions or simultaneously to provide a
broadband source. A Xenon flash lamp operates in the 185 — 2500 nm wavelength range
requiring no secondary sources and the life span is extended due to light emission in brief

flashes only during sample irradiation.

The broad spectrum of white light produced is passed through a monochromator prior to
sample irradiation to obtain the wavelengths of interest. The monochromator consists of
an entrance slit, a dispersion device to separate wavelengths, and an exit slit. The main
types of monochromators include prisms and diffraction gratings. Diffraction gratings are
the most common and are composed of glass with narrow grooves etched onto the
surface. The dimensions of the grooves correspond to the wavelengths to be dispersed.
The interference and diffraction of the light hitting the grating reflects off an aluminum
coating at different angles depending on the wavelength of interest. Filters can be added

to the system to further tailor the wavelengths that will interact with the sample.

Spectrophotometers can operate with either a single or double monochromator system.

Single monochromator spectrophotometers do not provide as narrow wavelength
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selectivity and are therefore only useful for general spectroscopy with samples that have
broad absorption peaks. In contrast, a double monochromator system arranged two

monochromators in series yielding better spectral accuracy.

Samples are positioned so that the resulting beam from the monochromator interacts with
the sample. These compartments are matte black to absorb and mitigate stray light from
the surroundings. Liquid samples are typically contained in a glass, quartz, or plastic
cuvette with a fixed pathlength. Plastic cuvettes are unable to transmit UV light, so are
only used for measurements in the visible region. To ensure good transmittance of UV

light, quartz cuvettes with a 10 mm pathlength are standard.

UV-Vis-NIR spectrophotometer systems can have single or double beam setups. In a
simple single beam system, light passes through the sample to the detector requiring
fewer optical components. A baseline measurement of a blank sample must be performed
prior to sample measurement to account for any absorbance of the sample holder or
solvent. However, the measurement may be less accurate due to variations within the
system between baseline and sample measurements. In a double beam system, the light
that exits the monochromator is split into two beams. The two identical beams interact
with a reference sample and the sample of interest simultaneously to correct for

instrument fluctuations.

The detector should provide a linear response over the wide range of wavelengths, have

low noise, and high sensitivity. Detectors are typically PMTs or photodiodes, which have
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different sensitivities and wavelengths. The PMT detectors provide high sensitivity and a
high signal-to-noise ratio at low light levels making them an attractive option for dilute
samples. When light hits the semiconductor material of a photodiode, electrons flow and
deplete the charge in the capacitor. The light intensity is proportional to the charge
required to recharge the capacitor. Photodiodes offer a wider dynamic range when
compared to PMTs, good linear response, and high sensitivity. In NIR systems, lead
sulfide (PbS) detectors are used in conjunction with PMTs for coverage across all

wavelengths.

When light interacts with a sample, different processes like absorbance, reflection,
scattering, and fluorescence/phosphorescence can occur. Spectra are obtained through
the measurement of transmittance or absorbance and are plotted as %T or A as a function

of wavelength (nm). The transmittance is typically defined in terms as a fraction of one

and calculated using Equation 5.8.
T= Ii or %T = Ii* 100 Equation 5.8

lo is the incident radiation, and | is the transmitted radiation. From the transmittance, the

absorbance can be determined with Equation 5.9.

A = —logT Equation 5.9
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Absorption of light results in the increase of the total energy in an atomic or molecular

system and is represented as a sum of the discrete energy levels (Equation 5.10).

Etotal = Eelectronic + Evibrational + Erotational Equation 5.10

When the absorbed energy is equal to the energy required to promote an electron from a
lower energy level to an excited energy level, narrow absorbance bands are observed.
The bands in the resulting spectrum are characteristic of the electronic energy levels for

a specific species. In atoms, spectra would appear as monoenergetic lines (Figure 5.3).
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Figure 5.3: Spectrum of monoenergetic absorbance lines with wavelengths proportional
to the energy difference between two discrete energy levels.

However, in molecular species the vibrational and rotational energy levels are
superimposed on the electronic energy levels. As a result of the many transitions of
different energies, the spectral bands are broadened (Figure 5.4). The energies of these

transitions are discrete, or quantized, and aid in the elucidation of structure information
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for species identification. In addition, observation of the shifts in wavelength or changes

in intensity provides insight into chemical reactions, equilibria, and kinetics.
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Figure 5.4: Absorbance spectrum of the different photons produced from transitions
within the electronic, vibrational, and rotational energy levels of a molecular species.

The linear relationship between absorbance, concentration, and pathlength as described
by the Beer-Lambert Law (Equation 5.11) provides a route for the quantification of the

concentration of the analyte of interest.

A = ebc Equation 5.11

A is the absorbance, ¢ is the extinction coefficient (L mol' cm™), b is the sample path

length (cm), and ¢ is the sample concentration (mol L'). The extinction coefficient is

defined for a specific substance under a defined set of conditions (e.g., solvent,
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wavelength, temperature, instrument) and a calibration curve should be used for the

measurement of .

5.2.2 Operation

An Agilent Cary 6000i UV-Vis-NIR spectrophotometer with deuterium and tungsten-
halogen lamps with an operating range of 175 — 1,800 nm was used for all sample
measurements. This instrument employs a double out-of-plane Littrow monochromator
and beam chopper system that divides the light beam into three. An R928 PMT detector
is used for UV-Vis measurements and an InGaAs photodiode detector is used for NIR
measurements. Instrument parameters were selected based on Agilent’'s standard

operation parameters and are shown in Table 5.1.

Table 5.1: Operation parameters of the Cary 6000i UV-Vis-NIR spectrophotometer.

Operation Parameters Setting
Y Mode Absorbance
X Mode nm
Scan Rate 600.00 nm/min
Data Interval 1 nm
SBW 1 nm
Source Changeover 350.00 nm
Detector Changeover 800.00 nm
Grating Changeover 800.00 nm
5.3 ICP-OES
5.3.1 Theory

Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) is an elemental
analysis method that measures characteristic atomic emissions from elements of interest.

Since specific atoms and ions have different electronic structures, characteristic
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wavelengths are emitted when excited electrons return to lower energy levels. These
characteristic emissions generate spectra useful for both quantitative and qualitative
analysis of elements. Thus, ICP-OES analysis requires the atomization and/or ionization

of the sample.

The ICP energy source is generated when inert argon gas is introduced to the torch
containing coils with a high radio frequency field. lonization of the gas is initiated by a
discharge spark and an electromagnetic field accelerates the electrons that generate the
plasma torch that can reach temperatures between 8,000 and 10,000 K. Sample solutions
are taken up into a nebulizer via a peristaltic pump and are aerosolized with a stream of

argon carrier gas and are introduced into the plasma torch for ionization.

As the analytes of interest de-excite, the emitted photons are directed through the
instrument with mirrors and other optical components. The light is separated into specific
wavelengths with a monochromator and are converted to an electrical signal by the
detector. PMTs have been historically used as detectors in ICP-OES systems but are
limited due to the fact that a single PMT is required for each emission line of interest.
Charged coupled devices (CCD) are solid state detectors divided into pixels allowing for
detection over a wide range of wavelengths and are featured in modern ICP-OES

instruments.

The output provides the light intensity as a function of wavelength and the intensity is

proportional to the analyte concentration in the sample. Using the Beer-Lambert Law, the
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preparation of a calibration curve using solutions with known analyte concentrations will
allow for the determination of the analyte concentration in an unknown sample. However,
the components in the sample matrix will also produce characteristic emissions which
may be of the same wavelength as the analyte resulting in detector interferences. Thus,

it is important to select a wavelength of interest that is unique to the analyte.

5.3.2 Operation

A Thermo Jerrel-Ash iCAP 61E ICP-OES coupled with an AS300 autosampler was used
for all measurements. Five-point calibration curves with concentrations ranging from 0.1
to 100 ppm in solution matrices that matched the samples to be analyzed to prevent
differences is nebulizing efficiency. Reagent blanks and sample spike solutions were
prepared in the appropriate solution matrix and used during the analysis. Calibration
verification was performed after every 10 samples using a continuous calibration
verification solution. The ICPManager2 software reported the output for each sample in

terms of intensity and ppm was used for data analysis.

Table 5.2: Operation parameters for the Thermo Jerrel-Ash iCAP 61E ICP-OES.

Parameter Setting
RF Power 1200 W
Auxiliary Flow 1 L min™!
Nebulizer Flow 0.6 L min™*
Torch Flow 13 L min™
Torch Position Axial
Measurements per Sample 6

Flush Time 30s
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CHAPTER 6: BEHAVIOR OF SODIUM BISMUTHATE IN NITRIC ACID SYSTEMS

6.1 Introduction

Sodium bismuthate (NaBiOs) is a strong oxidant (Eo = 2.03 V) that has historically been
used for the determination of manganese and cerium oxidation and, despite slow kinetics,
the near quantitative oxidation of Am3+ to AmO2%* has been reported.'91%4-20" However,
the application of a NaBiOs-based separation within UNF reprocessing is severely limited
by the lack of data regarding the behavior of NaBiOs outside of solid-state research for

photocatalysis.

Specifically, the solution behavior of NaBiOs remains underexplored, especially in nitric
acid systems relevant to UNF reprocessing. Initial use of NaBiOs for selective separations
focused on the pre-oxidation of Am for solvent extraction studies. The solid NaBiOs was
filtered prior to SX experiments due to the reports that NaBiOs forms an insoluble
suspension in solution that is easily removed via filtration.2°> However, other studies have
claimed that solid NaBiOs decomposes in acid or warm water and is not insoluble.293.204
Although numerous papers demonstrate the oxidation of Am in HNOg, a recent paper by

Rice et. al. surprisingly reported that not Am oxidation was observed in HNQO3.2%

lodometric titrations and chelatometry showed that the solubility of NaBiOs increases with
increasing acid concentration and temperature, but was independent of the amount of
NaBiOs in the system that ranged from 2 — 20 mg/mL."2¢ When determining the reductive

dissolution kinetics of NaBiO3s by Mn?+ and Ce?* ions, Mills and Li determined that the
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rate-limiting step involved reactions between the adsorbed cation and the surface site of
NaBiOs; however, they concluded that the optimal conditions for the oxidation of Mn and
Ce are high temperatures and pressures with high-purity (low Bi(lll) amount) NaBiOs

which would not be the ideal conditions for this system.2%6

Kumada et. al. reported the first observation of the partial ion exchange of Sr?+ and Ba?*
with the interstitial Na* cations located within the ilmenite structure of NaBiOs (Figure
6.1).73 The hydrated structure of NaBiO3 was found to be a layered material with six BiOs
octahedra that form sheets of hexagonal rings with Na* cations located between the
layers and are octahedrally coordinated by three BiOs oxygen atoms and three oxygen

atoms from interlayer water molecules.?'?

Figure 6.1: limenite structure of solid sodium bismuthate featuring parallel sheets of
octahedrally bound Bi atoms with interstitial sodium cations capable of undergoing ion
exchange with other metal cations.

An increase in solution pH upon contact with NaBiOs led to the suggestion that ion

exchange between Na* and H* in solution was occurring. A distortion in the Bi®*

environment was observed at high acid concentrations and was assumed to be a result
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of the reduction of Bi®* to Bi®* that distort the hexagonal rings and releases 02.2°7 A similar
distortion in the solid structure was observed by Ding et. al. where higher acid
concentrations suggested the reduction of Bi®>* and the self-doping of the solid with Bi3+.
Thus, the presence of Bi®* would act as an unfavorable competing agent for Cm3+. The
same team suggested the ion exchange between H* and Na* at higher acid
concentrations (11.4 M HNOs3) with a color change from light to dark brown occurring as

a result of Bi®* to Bi3* reduction within the solid structure.208.209

More recently, Einkauf and Burns published several studies aimed towards elucidating
the solution behavior of NaBiOs and its interactions with various metal ions.?'%21" This
work reports the first absorbance spectra showing the ingrowth of the BiOs™ ion in nitric
acid solutions. Studies of the solution behavior in the presence of U8 showed shifts in
the UO2?* IR spectra that indicated potential 1:1 displacement of NOs- ligands with BiO3-
based on their identical geometry and symmetry. The presence of Cs* in solution with
NaBiOs and the ion exchange of this metal ion with Na increased the dissolution of
NaBiOs. It was hypothesized that the increased size of the Cs* ion relative to Na* (1.74
and 1.02 A, respectively) results in the distortion or destruction of the hexagonal ring
structure. Due to decreased steric hindrance, easier diffusion of smaller metal ions
increased the BiOs ingrowth in solution. In addition, the dissolution behavior of NaBiOs
in the presence of alkaline earth metals and lanthanides showed a linear reduction in
dissolution with increasing charge from Cs* to Sr?*to Nd3* indicating an increased stability

of BiOg~210211
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To add to the body of literature highlighting the adsorption and solution behavior of
NaBiOs and to address some of the discrepancies in results, this chapter aims to
characterize the adsorption behavior of Am and Cm on NaBiOs solid, the extent of the
sorption of aqueous solutions, and the effect on solution pH and its influence on actinide
hydrolysis. Based on this data, the overall implications on the use of NaBiOsz in an Am/Cm

separation procedure will be discussed.

6.2 Adsorption Behavior of Americium and Curium on Sodium Bismuthate

The adsorption behavior of radionuclides in a solid-liquid separation system and the
separation capability of the solid was determined through batch contact studies. These
studies provide a quick pathway towards obtaining information about the behavior of
analytes in the system under numerous conditions and with many replicates. The weight
distribution ratio, Dw, can be determined by measuring the tracer activity before and after
contact with the resin, the mass of the resin, and the volume of the aqueous phase
(Equation 4.11). Comparison of the activity in the aqueous solution before and after

contact gives an indication of the activity retained on the resin.

Trivalent Am and Cm exhibit nearly identical Dw values and adsorption trends on
commercially available ion exchange and extraction chromatographic resins. While
attempts have been made to achieve a separation on these materials through Am,
reduction and incomplete separation would result from interactions with the separation
material. The benefit of using NaBiOs as a solid oxidant and chromatographic material is

due to the fact that the oxidizing agent is always present would prevent AmO22* reduction
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as it travels down the column. Given the ion exchange and redox properties, AmO22* and
Cm3* would be expected to exhibit different adsorption behavior on NaBiOs in the batch
contact studies. lon exchange of the trivalent Cm3+ ion with the interstitial Na* ions would
result in greater Dw values whereas the oxidation of Am3+ would generate the hexavalent
AmO:22* species that would not participate in ion exchange and therefore exhibit lower Dw

values.

6.2.1 Materials and Method

Peroxide-free sodium bismuthate was obtained from Idaho National Laboratory (>93%
purity) and used as received. Calibrated radiotracer stock solutions were obtained from
Eckert & Ziegler in the chloride form and all working solutions were converted to the nitrate
form for these studies. The working solutions were prepared by transferring aliquots of
the desired activity from the stock solutions and evaporating to dryness. The residue was
then reconstituted in concentrated HNOs and evaporated three times before
reconstitution in the desired 0.1 M HNOs solution to give a working solution of 1000 Bq
mL"in 0.1 M HNOs that was verified via liquid scintillation counting. All HNOs solutions
were prepared volumetrically in a calibrated volumetric flask using ACS Reagent Grade
HNOs and 18 Q deionized water from a Millipore water purification system. While the
desired acid concentrations for this study were in the range of 0.01 — 2 M HNOsg, the
working solutions were adjusted to account for the 50 uL of the 0.1 M HNOs tracer solution

added to the samples.
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All batch contact studies in this work follow this general procedure with any modifications
discussed when applicable (Figure 6.2). 50 mg (£ 0.5 mg) of NaBiOs was weighed into
2.0 mL polypropylene microcentrifuge tubes and 1.45 mL of the desired HNO3 solution
was added to the samples. The samples were placed on a LabQuake shaker table for
one hour which was sufficient for equilibration. Following preconditioning, the samples
were spiked with 50 uL (50 Bq) of the radionuclide tracer solution giving a total volume of
1.5 mL. The tracer was contacted with the resin for one hour under constant mixing on a
shaker table. The sample was then filtered through a syringe equipped with a 0.45 um
PTFE syringe filter into microcentrifuge tubes and a 1.0 mL aliquot was transferred into a
20 mL scintillation vial with 15 mL of Ultima Gold AB liquid scintillation cocktail for analysis

by LSC. Samples were counted for one hour or until 40,000 counts were reached.
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Figure 6.2: General batch contact study procedure.

All data points are the average of four replicates and the error bars show the statistical
uncertainty of the Dw to two standard deviations (2c). Activities in the aqueous phase
were considered negligible for samples with high Dw values indicating full retention of the
radionuclide; thus, the limit of detection (LOD) was determined using the Currie method

determined from the following equation:
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Np = 4.650y, +2.71 Equation 6.1

, Where Ns is the background counting error and Np represents the minimum counts in a
sample where the false negative rate is no greater than 5%. The uncertainty was not

plotted for data points at the limit of detection.

6.2.2 Results
Figure 6.3 illustrates the measured Dw values for 2#Am and 2*Cm on solid NaBiOs as a

function of nitric acid concentration.
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Figure 6.3: Adsorption of 24'Am and 2*Cm on solid sodium bismuthate as a function of
nitric acid concentration. All data points are an average of four replicates and error bars
represent the uncertainty to 2c.
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Both radionuclides show high adsorption at low acid concentrations with a decrease in
Dw as acid concentration increases. The difference in adsorption behavior of the two
radionuclides implies a difference in speciation of the radionuclides and that the oxidation
of Am3+ to AmO22* has occurred. In addition, the greater adsorption of 24*Cm is indicative
of the ion exchange between the Cm3* and interstitial Na* metal ions. At low acid
concentrations, SFs greater than 10 are obtained at HNOs concentrations of 0.1 M and

below with a maximum SFcm/am of 53 at 0.05 M HNOs.

At 0.01 M HNOs3 2*#Cm is at the limit of detection indicating either complete adsorption
onto the solid or potential loss of activity due to hydrolysis and subsequent adsorption to
the sample container. If 244Cm is at the LOD as a result of adsorption onto NaBiOs, a
chromatographic separation could be achieved through the elution of 24'Am at 0.01 M
HNOz where 24*Cm co-elution is not likely to occur. However, the Dw of 24'Am at 0.01 M
HNO:s is quite high which may require large volumes of eluent for complete recovery.
Similarly, a separation at 0.05 M HNOs would also be favorable as indicated by the large
SF(cmam) and the lower 2 Am Dw value would, in theory, result in a more rapid elution. As
a result of the decrease in adsorption with increasing acid concentration, recovery of

244Cm would be possible at an acid concentration of 0.25 M or higher.

6.3 Sorption of Aqueous Solutions
A decrease in the solution volume due to sorption by the solid adsorbent was observed
for the batch study samples. This decrease in the total sample volume increases the

specific activity of the radionuclide in solution which would influence the Dw calculations.
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To correct for the change in volume and mitigate the effect on the resulting Dw
determination, batch studies were carried out to determine the amount of solution lost to

the resin.

6.3.1 Method

Nitric acid solutions with concentrations equal to the concentration of the final samples
(1.45 mL HNOs + 50 uL 0.1 M tracer) were prepared volumetrically in a calibrated
volumetric flask. This ensured that the samples most closely reflected the conditions of
the batch adsorption studies. The densities of the HNOs solutions were determined
gravimetrically by delivering 1 mL of solution from a calibrated pipette into a scintillation
vial and weighed ten times. Prior to contact with NaBiOs, aliquots of these solutions were
titrated with standardized NaOH solutions in triplicate to determine the actual

concentration.

Microcentrifuge tubes containing 50 mg (£ 0.5 mg) of NaBiOs and 1.5 mL of the HNO3
solutions were placed on a shaker table for 1 hour. The samples were then filtered into a
pre-weighed scintillation vial. The mass of the collected solution and previously
determined densities were used to determine the volume of solution lost to sorption on
the solid. Blank measurements were also completed in triplicate for each acid
concentration without the presence of NaBiOs to correct for any solution that was
absorbed by the PTFE syringe filter. The collected solutions after contact were then used

for the following acid concentration studies in Section 6.4.

101



6.3.2 Results
Across all HNOs concentrations, ~65 — 96 uL of solution is lost with a potential trend of

increasing sorption with increasing acid concentration (Figure 6.4).
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Figure 6.4: Average volume of solution lost after one hour of contact with 50 mg NaBiOs

solid. Each data point is an average of three replicates and the error bars represent the
statistical uncertainty to 2c.

Prior to batch contact studies, the solid NaBiOs is assumed to have a dehydrated, ilmenite
structure. However, due to the ion exchange behavior of NaBiOs it has been suggested
that contact with aqueous solutions hydrates the solid NaBiOsz and results in the

incorporation of water molecules within the crystal lattice. Both the absorption and

potential adsorption of the nitric acid solution in batch samples not only affects sample
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volumes but may also potentially interfere with Cm adsorption. The volumes lost due to

preconditioning were used to correct for volume in all following Dw calculations.

6.4 Effect on Nitric Acid Concentration
A potential mechanistic pathway describing the oxidation of Am3+ by NaBiOs in nitric acid

could be described by the following reaction and corresponding half-reactions:

2Am®* + 3Bi0;~ + 10H* — 2Am0,** + 3Bi3* + 5H,0
2Am3* + 4H,0 — 24Am0,** + 6e~ + 8H*

3Bi0;” + 6e” + 18H' «— 3Bi3* +9H,0

Based on these reactions and Le Chatelier's Principle, it would be logical to assume that
increasing the acid concentration would increase the amount of Am®+ formed resulting in
a greater separation factor between Am®+* and Cm?3+. However, the batch adsorption
studies showed a decrease in both the separation factor and Cm3* retention as the HNOs
concentration increased. In addition, upon contact with HNO3s concentrations of 0.5 M and
greater, the solid was observed to change from a red-brown color to black and was also
accompanied by visible gas production. Thus, it is possible that NaBiOs is participating in
additional reactions in solution that depletes Bi%* through reduction to Bi®* affecting both
the oxidation and adsorption mechanisms for the radionuclides. The half-reaction
describing Bi** reduction shows the consumption of H* ions potentially influencing the
acid concentration of the samples and would have implications for the adsorption

behavior of the radionuclides, especially at lower acid concentrations.
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6.4.1 Method

To determine the change in acidity, the post-contact solutions collected from the volume
correction study were titrated. Three drops of a 0.1% phenolphthalein indicator solution
were added to each sample and samples were titrated using standardized 0.1 Nor 1.0 N
NaOH solutions. However, the acid concentration of the 0.01 and 0.05 M HNO3s samples
was significantly decreased after contact. As a result, the available standardized 0.1 N
NaOH solution was too concentrated to be used as a titrant. In this case, a 0.01 M NaOH
titrant solution was prepared and standardized with a 0.1 M potassium hydrogen
phthalate (KHP) solution. The KHP solution was prepared after drying the reagent in an
oven for 24 hours and standardizing with 0.1 N NaOH. The titrant was delivered to the
samples from a 25 mL burette during constant mixing of the sample until the solution
turned pink for several seconds before returning to a clear solution indicating that the

endpoint was reached.

6.4.2 Results

A significant decrease in the HNOs concentration was observed for all HNOs solutions
(Figures 6.5 and 6.6). Due to the strong oxidizing nature of NaBiOs, the potential for redox
reactions occurring with water and excess acid must be considered as the reduction of

Bi(V) through these reactions limits the amount available for Am(lll) oxidation.

2Bi0;™ + 4H,0 — 2Bi** +80H + 02(9)

2Bi0;”™ + 8H* - 2Bi3* + 4H,0 + 024
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In these proposed reactions, the oxidation of water by BiOs results in the formation of
hydroxyl ions while the oxidation of acid consumes acidic H* ions to generate water. Both
of these reactions support the decrease in acid concentration that was observed. In
addition, both reaction pathways result in the generation of oxygen gas which was
observed in both batch and chromatographic systems. The production of gas is
unfavorable for a column chromatographic setup due to the influence and decrease in

operational flow rate.
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Figure 6.5: The concentration of the nitric acid solutions before and after contact with 50
mg of NaBiOs. Each data point is the average of three replicates and the error bars
represent the standard deviation to 2c.
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A much larger % change was observed for the lower (0.01 — 0.1 M HNOs3) samples and
a trend of decreasing % change with increasing initial HNO3 concentration might be

followed (Figure 6.6).
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Figure 6.6: The percent change of the nitric acid concentration after a one-hour contact
time for 1.5 mL of acid with 50 mg of NaBiOs. Each data point is the average of three
replicates and the error bars represent the standard deviation to 2c.

6.5 Hydrolysis

For aqueous solutions containing very low concentrations of actinides, especially at
higher pH values and temperatures hydrolysis is possible. Thus, the potential of their
precipitation must be considered. Under these conditions, loss of activity due to sorption

onto the surface of the vials or other materials used during experimental studies will
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significantly increase the calculated Dw values determined during the batch contact
studies. Accounting for the potential for loss of activity to sample containers at HNOs
concentrations of 0.05 M and lower is necessary due to the results obtained in the acidity
study. To determine if hydrolysis is occurring at these acid concentrations, batch studies
using NaBiOs-treated HNO3 solutions that align with the batch adsorption samples were

carried out in a similar manner as the previous batches.

6.5.1 Method

To first ensure that the acid concentration of the samples was representative of the
NaBiOs-containing samples, 1.5 mL of 0.01 and 0.05 M HNO3s was contacted with 50 mg
of NaBiOs in 2 mL microcentrifuge tubes for 1 hour on a shaker table. The samples were
then centrifuged at 850 rpm for 30 minutes and 1.45 mL of the supernatant was
transferred to a new 2 mL microcentrifuge tube containing no NaBiOs. The samples were
then spiked with 50 uL of the radiotracer solution to give a total volume of 1.5 mL and
were placed on a shaker table for 1 hour. After shaking, a 1 mL aliquot was transferred
to a scintillation vial with 15 mL of scintillation cocktail and was analyzed using liquid

scintillation counting to determine the amount of activity lost.

6.5.2 Results
The percentage of activity of 24'Am, 244Cm, 233U, and 23°Pu lost after contact with the
NaBiOs-treated 0.01 M and 0.05 M HNOs solutions is shown in Figure 6.7. These results

are interesting because if hydrolysis were occurring, based on the batch study data 100%
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of the 2#4Cm activity would be lost at 0.01 M HNOs; however, only ~34% of the activity is

unaccounted for at 0.01 M HNO:s.
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Figure 6.7: Amount of 24'Am, 244Cm, 233U, and 2%°Pu activity lost (%) to the container after
one hour of contact with sodium bismuthate-treated 0.01 M and 0.05 M HNOs. All data
points are the average of three replicates and error bars represent the standard deviation

to 2c.

This could mean that either the high Dw value is truly a result of adsorption by NaBiOs or
that the hydrolysis study is not an accurate reflection of the chemistry occurring during
adsorption studies. A ~0.5% activity loss for 24'Am is observed at 0.01 M which might be
supported by the batch study data as, while the retention is an order of magnitude lower
than 244Cm, the Dw is still quite high at 0.01 M HNOs. It is puzzling, however, that there is

a greater (1.6%) loss of 2*'Am activity at 0.05 M considering the immediate drop in
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retention of 2#'Am seen in the batch studies. This is likely due to experimental error as
indicated by the uncertainty of these values. Even more puzzling is the fact that only 5%
and 20% of 23U and 2%°Pu activity, respectively, is lost at 0.01 M HNOs as both
radionuclides also had Dw values at the LOD at 0.01 M HNOs (Figure 8.1). While a
decrease in the % activity lost is expected and observed for 0.05 M HNOs, this decrease
is nowhere near as substantial as would be expected for 233U based on the batch

adsorption data discussed in chapter eight.

There are two possible reasons for the unusual results which may also explain the large
standard deviations of these values. The first is that, while the acid concentration was
decreased prior to the study through pre-treatment with NaBiOs, there was no NaBiOs
present when the samples were spiked with the tracer solutions. The tracer solutions have
a significantly higher acid concentration of 0.1 M HNOsrelative to the pre-treated solutions
and can therefore alter the sample conditions to a lower pH. However, a small (50 pL)
volume of the 0.1 M tracer solution is added which is likely not large enough to significantly
influence the total sample acid concentration. This could be proven by repeating both
batch adsorption and hydrolysis and titrating all solutions before and after to determine

the differences between the samples.

Although the solutions that were pre-treated with NaBiOs were centrifuged extensively
and complete separation of the two phases seemed to be achieved, the fine NaBiOs
particles were dispersed throughout the supernatant and not detected until sample

settling after the experiment was completed. As a result, when transferring the

109



supernatant to the microcentrifuge tubes to be spiked with the radionuclides, solid NaBiOs
was still present. Since solid NaBiOs was observed to be settled at the bottom of the
sample tubes that the LSC aliquots were taken from, the unaccounted-for activity may
have been adsorbed onto the solids in the sample. Instead of loss due to adsorption onto
the microcentrifuge tube walls, the missing activity may be located on the solids based
on the high adsorption of 244Cm. On the other hand, if any suspended NaBiOzs solids with
244Cm retained were transferred to the LSC vial, that would account for the lower-than-
expected activity loss. To further determine whether or not hydrolysis is responsible, this
study should be repeated as a function of temperature where the production of the
hydrolysis products would increase. Thus, an increase in the amount of activity lost would

indicate hydrolysis.

6.6 Dissolution in Nitric Acid

Since the ion exchange and oxidation mechanisms provided by solid NaBiOs makes this
material favorable for its implementation in a chromatographic system for Am/Cm
separations, the loss of the solid due to dissolution limits the longevity and efficiency of
the column. The dissolution behavior needs to be further understood due to the lack of
consensus in the literature. Determination of the dissolution kinetics and identifying the
system conditions that minimize dissolution are necessary when designing a

chromatographic system.

To further explore the solution behavior of NaBiOs and the potential redox reactions
occurring with water and excess acid, the dissolution of NaBiOs was determined through

the quantification of the Bi®+ and Bi°* species in 2 M HNOs. Favorable system parameters
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for an Am/Cm separation can be identified through NaBiOs dissolution and redox studies
so that the amount of Bi®* produced would be limited. Due to its trivalent speciation, the
increased concentration of Bi®* in solution could act as a competing ion for Cm3+ and
determining the conditions where this is minimized is necessary. In addition, larger Bi3*
concentrations would indicate the reduction of Bi®* that would decrease Am3+ oxidation

efficiency.

The dissolution of this material can be determined by measuring the total Bi concentration
in solution and the degradation of NaBiOs, defined here as the ingrowth of both Bi(lll) and
Bi(V) in solution, can also be determined by quantifying Bi(V) and obtaining the

Bi(V):Bi(lll) ratio.

6.6.1 Bi(V) Dissolution in 2 M Nitric Acid as a Function of Mixing Time

6.6.1.1 Method

The dissolution of NaBiOs was determined by first carrying out batch contact studies as
a function of mixing time. 0.5 g of NaBiOs and 2 mL of 2.0 M HNOs were added to a 15
mL centrifuge tube followed by mixing at times ranging from 15 to 180 minutes. The
samples were filtered through a 0.45 um syringe filter and collected in a 2 mL
microcentrifuge tube. The resulting solution was pink indicating the presence of the BiOs
ion in solution and a 0.5 mL aliquot was transferred to a 1 cm quartz cuvette and diluted
to 2.1 mL with 2 M HNOs for UV-Vis determination of the BiOs™ concentration. Baselines
with 2.0 M HNOs blank solutions were obtained prior to each measurement for the

background correction of the spectra. Spectra were collected from 400 — 750 nm with the
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BiOs~ weak absorption band occurring in the range of 450 — 600 nm. The absorbance
values measured at 527 nm and an extinction coefficient, €, of 11.1 L mol' cm™' was used

for the calculation of the Bi(V) concentration.

6.6.1.2 Results

The weak absorbance bands from 450 — 600 nm characteristic of the BiO3™ anionic

species are shown in Figure 6.8 and provide clear qualitative data representative of the

ingrowth of the Bi(V) anion in solution.
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Figure 6.8: BiOs absorbance bands in the 450 — 600 nm region at shaking times of a)
180 min, b.) 120 min, c.) 60 min, d.) 30 min, e.) 15 min.
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Interestingly, the absorbance of not only the BiOs  absorbance band, but the entire
spectrum, increased indicating that the 2.0 M HNOs blank was not appropriate. This is
potentially due to the presence of other species dissolving in solution that introduces both
absorbance and scattering interferences. It is possible that any Bi®* present in solution
may form a hydrolysis product that precipitates and causes scattering; however, no solids

were observed in the UV-Vis samples.

BiO;™ Dissolution

[BiO4] (mM)

Time (min)
Figure 6.9: The dissolution of Bi(V) from NaBiOs solid in 2 M nitric acid as a function of
shaking time. The Bi(V) concentrations were determined from the absorbance value
measured at 527 nm for the BiOs™ absorbance band with a molar extinction coefficient of
11.1 L mol' cm™ for a 1 cm pathlength.

The concentration of BiOs in mM was determined using the measured absorbance values

at 527 nm in the Beer-Lambert equation and plotted as a function of shaking time (Figure
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6.9). It was found that just after 15 minutes of contact 1.34 mM of the Bi(V) species was
present in solution with a relatively linear increase with increased shaking time. The BiOs’
concentration appears to begin to plateau after 180 minutes of mixing and was assumed

to have reached equilibrium.

The kinetics of NaBiOs dissolution could be described using an inverse-cubic rate law
assuming that the NaBiOs particles are spherical, homogeneous, and monodispersed

(Equations 6.2 and 6.3).

(1 - M)UB =1-—tk Equation 6.2
[Bi03_]Eq - Obs q -
k = prokops Equation 6.3

, Where [BiOs]t and [BiOs’]eq are the BiOs™ concentrations at time t and at equilibrium in
mM, tis the mixing time in minutes, rois the initial particle radius in cm, pis the density in

mg cm3, kis the rate constant in mg cm? min™', and kobs is the analytical rate constant in

min-T.

[BiO3 7]t

1/3
— ) as a function of shaking time is shown in Figure 6.10,
[BiO3 ]gq

A linear plot of (1 -

where koos is the negative of the slope of the line. To determine the dissolution rate, k,
density, and average patrticle radius, p and ro, respectively, must be known. The density

of NaBiOz is 6.5 g/cm® and the ro was estimated to be ~1.5 microns (0.015 cm) by
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Richards et. al.?'> From Figure 6.10, -kobs is 0.0045 min-' and from Equation 6.3, the
dissolution rate constant for 2 M HNOs was determined to be 0.44 mg cm? min™.
However, this determination is limited due to uncertainties regarding the BiO3s™ equilibrium

concentration, model assumptions, p and ro estimations, and small number of data points.
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Figure 6.10: Linear plot describing the dissolution kinetics of 0.5 g of NaBiOs in 2 M HNO3
as a function of shaking time where the negative of the slope is equal to kops.

Characteristics such as purity, particle size, and surface area of the NaBiOs reagent may
also influence the dissolution behavior. Understanding the dissolution of the BiOs™ oxidant
is crucial in understanding the redox mechanisms for an Am separation system because,

while the solid NaBiO3 material is responsible for oxidizing Am3+to AmO22+, BiOs™ present
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in solution could act as a holding reagent that increases the stability of hexavalent Am in

solution and improve the separation efficiency.

6.6.2 Total Bi Dissolution in 2 M Nitric Acid as a Function of Mixing Time

6.6.2.1 Method

After the initial UV-Vis measurements were taken, a 0.5 mL aliquot of the UV-Vis sample
was diluted to 3 mL and analyzed via ICP-OES to determine the total Bi concentration. A
10,000 ppm Bi ICP-OES standard solution in 2 wt% HNO3 was used to prepare 100 ppm
Bi standard working solutions for each of the desired acid concentrations. These solutions
were then used to prepare seven sets of calibration solutions containing Bi concentrations
of 0.1,1, 2,5, 10, and 25 ppm to provide a six-point calibration curve at each of the seven

desired acid concentrations to be analyzed.

6.6.2.2 Results

The total Bi%* + Bi% concentration also increased with increasing shaking time as
expected (Figure 6.11). At shorter contact times, the [Bi°*] and [Bi]rot concentrations are
nearly identical indicating that a majority of the Bi is dissolving as the BiOs™ species.
However, with increased contact time, the [Bi®*]:[Bi]rot ratio decreases which would
suggest that the Bi®* species begins to dominate in the solution. This increase in Bi** may
be detrimental to ensuring the stability of AmQO22*; therefore, limiting contact times
between the solution and solid is necessary . The reduction of Bi®* through redox
reactions with water and excess acid leading to production of Bi®* may increase with

mixing time, but the presence of the Bi%* species in solution may also a result of NaBiOs
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solid dissolution. Depending on the purity of the NaBiOs reagent, the Bi®* content in the

solid can vary and would result in an increase in the Bi3*:Bi%* ratio in solution.
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Figure 6.11: Total Bi (Bi(lll) + Bi(V)) concentration in solution as a result of ingrowth
during sample shaking in 2 M nitric acid.
While the dissolution of NaBiOs and the increased concentration of Bi* is unfavorable,
these studies were performed using 2 M HNOs. Based on the batch adsorption data,
241 Am recovery would occur at low HNOs concentrations where dissolution may not be as
significant. Thus, the dissolution and increased Bi®* concentration observed in this study

would occur during 244Cm elution which is less detrimental to the separation as it relates

to Am oxidation. To better understand the implications of Bi dissolution, it is necessary to
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repeat these studies at the lower nitric acid concentrations where 24'Am would elute and

to also quantify the Bi®* - Bi®* decay rate in solution after NaBiOs is removed.

6.7 Conclusions and Future Work

Understanding the solution behavior of NaBiOsz in nitric acid systems is important for
understanding the ion exchange mechanisms, redox reactions, and system conditions
conducive of a successful and efficient Am/Cm separation. Based on the 24'Am and 244Cm
batch adsorption study, the difference in the adsorption between the two radionuclides is
a clear indication of Am3+ oxidation to the hexavalent AmO2?* species that has a
decreased retention on the solid. In addition, the high adsorption of Cm3+ supports the
occurrence of an ion exchange reaction with the Na* cations within the solid. A decrease
in Dw and SFcm/am) values with increasing HNOs concentration for both radionuclides was
observed; thus, a chromatographic separation could be achieved through the elution of
241Am at a low HNOs concentration (<0.25 M) followed by 24*Cm elution at a higher HNOs
concentration. However, this system is simplified relative to the matrices that would be
encountered in both laboratory and reprocessing separations. The influence of other
system parameters on the adsorption behavior of these radionuclides must be determined
and batch studies exploring the effect of ionic strength, pH, and interfering ions should be

carried out.

Several changes in the samples were observed during the batch adsorption studies

including a decrease in solution volume. Volume correction studies were performed

across HNOs concentrations which showed volume losses ranging from ~65-95 ulL and
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were used to correct the sample volume for Dw calculations. While absorption of the
solution may be occurring, it is also possible that adsorption is occurring through ion
exchange reactions between H* and Na* cations which should be explored further

through x-ray spectroscopic studies of NaBiOs solid before and after acid treatment.

Degradation of NaBiOs was also observed based on the change in color of the solid from
red-brown to black at HNO3s concentrations of 0.5 M and above and was suspected to be
a result of Bi°* reduction to Bi®*. Since BiOs" is a strong oxidizing agent, the potential for
redox reactions occurring with water and excess acid is likely and would be accompanied
by a decrease in the acid concentration of the solution. A large decrease in the acid
concentration of the 0.01 and 0.05 M samples was observed and would have significant
implications on actinide hydrolysis. However, the hydrolysis studies performed for 24'Am,
244Cm, 233U, and 2%°Pu were inconclusive and should be extended to include higher
temperatures to further understand whether or not hydrolysis is occurring. In addition, due
to the highly oxidizing nature of NaBiOs in acidic media, studying the adsorption and
solution behavior in other acid systems would be beneficial. Since HNOs also has a strong
reducing/oxidizing behavior, exploring alternative systems such as H3PO4 and H2SO4
may reduce the effects observed in solution and aid in maintaining the longevity and

oxidizing capability of NaBiOs chromatographic systems.

These redox reactions occurring in solution also influence the dissolution and degradation

of NaBiOs. The loss of solid NaBiOs and the BiOs™ oxidant is necessary to understand in

order to provide insight into the ion exchange and redox capabilities as well as the
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longevity of the material in a chromatographic system. The dissolution kinetics were
determined through the ingrowth of the BiOs™ and Bi* ions in solution as a function of
mixing time. Significant ingrowth of both Bi species occurs in 2 M HNO3s with the BiOs
species comprising a majority of the dissolved species at shorter mixing times and a
greater ingrowth of Bi3+ at longer mixing times. This indicates the reduction of Bi®* to Bi%*
in solution with increasing mixing time, but the decay kinetics of Bi®* should be determined
through the measurement of the decrease in the BiOs  absorbance band over time. Since
the presence of Bi®* indicates loss of the oxidant and poses as an interference for Cm3+

ion exchange, identifying the system conditions that minimize Bi®* ingrowth is imperative.

The dissolution study should be improved through the measurement of the dissolved Bi
species at longer contact times to ensure equilibrium has been reached and the physical
properties of the solid such as particle size, radius, surface area, and purity should be
determined to ensure the application of the inverse rate law is accurate. In addition, the
dissolution should be further characterized across all HNOs concentrations as well as in
different acid systems. Since most sample matrices encountered in the application of this
system will contain other nuclides, the effect of ionic radii and charge density on the rate

of dissolution should be studied.
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CHAPTER 7: BEHAVIOR OF AMERICIUM AND CURIUM ON POLYMER
SUPPORTED SODIUM BISMUTHATE SORBENTS

7.1 Introduction

The Bi(V) — Bi(lll) redox couple has a 2.03 V reduction potential which makes NaBiOs a
candidate for Am(lIl) oxidation in view of radiochemical separations.?°® While it has been
successfully utilized in solvent extraction systems, its low solubility in water and nitric acid
limits its utilization in large-scale centrifugal contactor systems.200201 The structure of
NaBiOs is similar to aluminum oxide in that it features parallel sheets of octahedrally
bound Bi%* atoms with interstitial Na* cations giving the solid oxidant favorable ion
exchange behavior.126213.214 Thys, the favorable redox and ion exchange properties of
NaBiOs makes it an attractive option for column chromatographic systems; however,
since NaBiOs is a fine particulate, the mechanical properties of the solid in a

chromatographic system are poor.

The ability to use NaBiOs for the chromatographic separation of 24'Am from 2**Cm was
demonstrated using 5 wt% NaBiOs dispersed in 95 wit% celite 535 and resulted in
recoveries and purities >95%. The high separation factors, short contact times, and ease
of operation of this separation system provide a promising alternative to solvent extraction
systems for the separation of oxidized 24'Am from 244Cm. This method, however, suffers
from poor adsorption capacity and flow rate properties, gradual dissolution of the material
during the separation, and gas production in nitric acid.'?’ It is clear that NaBiOs has the

advantage of combining both ion exchange and oxidation mechanisms into one material,
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but in order to be used in a column chromatographic system, the granular properties of

the solid must be modified to improve column dynamics.

Composite inorganic-organic ion exchange sorbents were first prepared to employ fine
microcrystalline or powdered ion exchangers in packed bed chromatographic systems
through their incorporation into larger particles that improve flow dynamics. These
composite materials are formed through the coagulation of a binding polymer in solution
with the active component (solid ion exchanger) suspended in the mixture. This results in
the incorporation of the fine ion exchange powder into the binding polymer to generate a
sorbent with improved ion exchange kinetics and capacity relative to the original ion

exchange material.2"®

These composite sorbents have been prepared and utilized for successful radioanalytical
separations over the past several decades with the first use of a polyacrylonitrile (PAN)
organic binder demonstrated in 1980 for radium separations.2'® Since then, dozens of
PAN-based derivatives containing a multitude of inorganic ion exchangers have been
prepared with several available commercially. The evaluation of 16 PAN-based sorbents
for the treatment of U.S. Department of Energy radioactive wastes was carried out by
Marsh et. al. yielding favorable results.?'® Today, manganese dioxide (MnOg)-,
ammonium molybdophosphate (AMP)-, and potassium-nickel hexacyanoferrate (KNiFC)-
PAN resins are commercially available from TrisKkem Int. for radium and cesium

separations.
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PAN-based composite resins have found their widespread use due to ease of production
and tailoring of physical properties (e.g., porosity, stability). No degradation of the PAN
binder has been observed in aqueous solutions with a pH range from 0 to 13 making it
favorable for use in radiochemical separations. Dissolution occurs in aqueous solutions
with concentrations greater than 8 M HNOs and hydrolysis has been observed in alkaline
solutions with a pH>13; however, these operating parameters are not typically used as
the inorganic ion exchangers also exhibit poor stability under these conditions. PAN was
found to be radiolytically stable up to doses as high as 108 Gy with higher doses affecting
cross-linking resulting in polymer hardening. Thus, the radiolytic stability of a composite
ion exchange material would be limited by the radiolytic stability of the active ion
exchanger itself.?'” In addition, polyethersulfone (PES) is also widely used as a polymeric
material due to its favorable mechanical strength and chemical, radiolytic, hydrolytic, and

thermal stabilities.

While NaBiOs has been shown to exhibit favorable oxidation and adsorption properties,
its granular form limits its efficacy in column chromatographic systems due to poor
mechanical properties that ultimately leads to bed clogging and poor flow rates. Thus, the
incorporation of NaBiOs within an organic polymer binding matrix such as PAN or PES is
a logical approach toward improving the chromatographic performance of this inorganic
ion exchange material. In addition, since the solid ion exchanger is finely divided and
embedded throughout the polymeric matrix, sorption kinetics are expected to be faster
than that of the pure granular solid which is favorable for large-scale separations of used

nuclear fuel.
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7.2 Preparation of NaBiOs Polymer-Supported Resins

The NaBiOs3-PAN and NaBiOs-PES resins were prepared by Triskem International and
used as received. The binding polymer solution was prepared by dissolving PAN or PES
in the polar aprotic dimethylsulfoxide (DMSQO) solvent and solid NaBiOs (~80% purity)
was suspended in the binding polymer solution and mixed. This mixture was delivered to
a DI-H20 coagulation bath through a syringe at a constant flow rate using a peristaltic
pump where the NaBiO3-PAN/PES resin beads were formed upon coagulation of the
binding polymer. The resulting sorbent beads were separated from the bath and washed
with water before shipment. It was recommended that these wet sorbents (~40%
hydration) are stored swollen to prevent bead shrinkage; thus, care was taken to ensure

that no drying of the resins occurred.

To explore the effect of NaBiOs weight loading, TrisKkem prepared several PAN-based
composite sorbents that varied the NaBiOs dry weight content from 10, 25, 50, and 75
wt% NaBiOs. The PES-based resin was prepared with a 10 wt% NaBiOs content. Upon
receipt, the resins were wet-sieved as a means of particle size analysis which showed

that the resin beads had a particle size range from 125 — 500 microns.

7.3 Adsorption of Americium and Curium on 75 wt% NaBiO3-PAN
7.3.1 Nitric Acid Concentration Dependency
The dependency of Dw for 24'Am and 2*Cm as a function of nitric acid concentration is

shown in Figure 7.1. Similar to the adsorption behavior on solid NaBiOs, there is high
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241Am and 2*4Cm adsorption (Dw ~1,400 and 16,000, respectively) observed at 0.01 M

HNOs giving a separation factor of ~11.
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Figure 7.1: Adsorption of 2’Am and 2**Cm on 75 wt% NaBiOs-PAN resin as a function
of nitric acid concentration. All data points are an average of four replicates and error bars
represent the uncertainty to 2c.

The difference in behavior of the two radionuclides at 0.01 M HNOs suggests that the
expected redox and ion exchange reactions are occurring. However, there is an
instantaneous decrease in adsorption at acid concentrations above 0.01 M HNOs3 for both
radionuclides and Dw values remain constant as acid concentration increases. This
behavior deviates significantly from the favorable differences observed in the adsorption
behavior across nitric acid concentrations for solid NaBiOs. While this lack of adsorption

and identical behavior of 24'Am and 24*Cm suggest that neither redox nor ion exchange

125



reactions are at play, the significant change in adsorption behavior suggests that the PAN

support has altered the properties of NaBiOs.

Polymer-based ion exchange resins are typically prepared through the covalent
attachment of ionic functional groups onto the support material where ion exchange is
accessible for the analytes in solution; however, the solid is merely coated onto the
support for this resin. It is also well-understood that the performance of polymeric ion
exchange resins heavily depends on factors such as degree of crosslinking, porosity, and
surface area. Since the NaBiOs-PAN is prepared through the impregnation of NaBiOs
within the polymer beads, the NaBiOs distribution throughout the sample relative to the

NaBiOs solid studies is an important consideration.

Depending on how the active NaBiOs ion exchange material has been embedded within
the PAN matrix, the kinetics, mass transfer, and ion exchange capacity may have been
unfavorably affected. Thus, it is possible that 24*Cm access to the ion exchange sites and
241Am access to Bi°* for oxidation has been hindered. In addition, it is possible that the
NaBiOs itself was severely altered or degraded during the resin preparation process thus

diminishing the favorable ' Am and 24*Cm adsorption behavior previously observed.

Although the NaBiO3-PAN material is not conducive of a successful separation across a
range of nitric acid concentrations, the favorable SFcmam of ~11 at 0.01 M HNOs may
produce a successful separation through the recovery of Am using 0.01 M HNOg3 followed

by 244Cm stripping with an eluent of a greater nitric acid concentration. However, the Dw
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of Am is still high at 0.01 M HNO3s which may require large volumes of eluent to achieve
full recovery. Since the difference in behavior for Am and Cm at 0.01 M HNOs3 could
indicate the occurrence of favorable redox and ion exchange reactions, kinetics studies
performed at this acid concentration were carried out to further understand the adsorption

behavior of the minor actinides on this material.

7.3.2 Acid Preconditioning Time Dependency

Due to the observed decrease in sample solution volume and nitric acid concentration
after contact with solid NaBiOs as well as the potential for the increased dissolution of
NaBiOs, batch studies were conducted to determine the effect of the length of resin
preconditioning time. A decrease in preconditioning time could limit the extent to which
the pH of the solution is altered which may decrease 24*Cm retention in the event that
hydrolysis is occurring. In addition, since NaBiOs undergoes redox reactions with water
and excess acid, the reduction of Bi(V) during preconditioning and result in a decrease in
trivalent Am oxidation as well as potentially introduce Bi3* into ion exchange sites
preventing Cm3*+ adsorption. Thus, limiting the time for resin preconditioning may
preserve the solid oxidant necessary for ion exchange and oxidation as well as limit the

effects on the sample matrix.

7.3.2.1 Method
Precondition dependency batch studies were carried out identically to the concentration
dependency study; however, the acid concentration for all samples was 0.01 M HNO3

due to the favorable SFcm/am obtained during the batch contact study. The initial resin
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preconditioning time was varied from 1 to 120 minutes prior to spiking with the

radionuclide tracer for the standard one-hour contact time.

7.3.2.2 Results
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Figure 7.2: Adsorption of 2'Am and 2**Cm on 75 wt% NaBiOs-PAN resin as a function
of preconditioning time in 0.01 M HNOs. All data points are an average of four replicates
and error bars represent the uncertainty to 2c.

As shown in Figure 7.2, the acid preconditioning time has no effect on the adsorption of
241 Am or 244Cm. The Dw for 24 Am remained constant across all preconditioning times and
agreed with the Dw value obtained at 0.01 M HNOs3 for the concentration dependency

study which indicates that any effects due to the reactions between the NaBiOs oxidant

and HNOz do not affect 24'Am adsorption. In addition, 2**Cm remained at the limit of
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detection across all time points suggesting that the contact time between the NaBiOs-

PAN resin and HNOs solution does not decrease the extent to which the pH change

influences complete 24*Cm adsorption.

7.3.3 Contact Time Dependency

The kinetics of both the redox and ion exchange mechanisms were further explored in a
contact time study that varied the radionuclide contact time with the NaBiO3-PAN resin at

0.01 M HNOs from 1 — 300 minutes after the standard one-hour preconditioning step

(Figure 7.3).
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Figure 7.3: Adsorption of 2#'Am and 2**Cm on 75 wt% NaBiOs-PAN resin as a function
of radionuclide contact time in 0.01 M HNOs. All data points are an average of four

replicates and error bars represent the uncertainty to 2c.
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For both radionuclides, the Dw value increases with increasing contact time and the nearly
identical behavior of 24'Am and 2*Cm indicates that both have trivalent speciation and
Am oxidation has not yet occurred. This identical behavior begins to deviate after 10
minutes of contact with 2#4Cm being more strongly retained and implies 24'Am oxidation
by NaBiOs. Cm reaches the limit of detection, or complete adsorption, after 15 minutes of

contact and 24'Am reaches and maintains its maximum Dw after 30 minutes of contact.

Since the pH of the HNOs3s solution changes immediately upon contact with NaBiO3 solid,
it would be expected that immediate hydrolysis would occur, and all 24“Cm activity would
be lost to the sample container. As this is not observed throughout the first 10 minutes of
contact, 2*4Cm retention may not a result of hydrolysis, but due to its predicted ion
exchange with NaBiOs. In any event, rapid kinetics were expected to be observed in the
NaBiOs-PAN batch system relative to the solid NaBiOs batch data reported by Richards
that showed a favorable separation factor achieved within the first minute of contact.?”
Since 2'Am and 244Cm did not reach the respective Dw values observed after one hour
of contact in the HNO3s dependency study until 10 minutes of contact time, it is likely that
the PAN matrix has unfavorably affected the kinetics of the reactions by inhibiting

interactions between the analytes and NaBiOs.

7.3.4 Temperature Dependency
The effect of temperature on the Dw for 2#'Am and 24*Cm on the NaBiO3z-PAN resin at
0.01 M HNOs was determined for a one-hour preconditioning and one-hour contact time

at 20, 30, 40, 50, and 60 °C (Figure 7.4).
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Figure 7.4: Adsorption of 24'Am and 2**Cm on 75 wt% NaBiOs-PAN resin as a function

of shaking temperature in 0.01 M HNOs. All data points are an average of four replicates
and error bars represent the uncertainty to 2c.

Cm-244 remains at the limit of detection regardless of system temperature. However,
while 24'Am Dw values for all previous batches agree, the Dw of Am at room temperature
is lower than that of the previously determined value. This is likely due to the fact that the

temperature-controlled shaker table has a different shaking speed and angle than the

LabQuake shaker used during the previous studies.

It has been reported that NaBiOs is unstable and degrades in aqueous solutions at
temperatures greater than 20 °C.'"® Based on the higher temperature instability of

NaBiOs, the observed decrease in 2'Am adsorption with increasing temperature is
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expected and could be attributed to the degradation and/or dissolution of NaBiOs.
However, if the high 2*Cm Dw values are a direct result of ion exchange and adsorption
onto NaBiOs solid, a decrease in Dw values for 2#4Cm would also be expected. Since this
is not observed, the hypothesis that hydrolysis is occurring resulting in the formation of

the CmOH?2* hydrolysis product may be correct.

However, Hara et. al. found that at lower acidities and higher temperatures the oxidation
of Am(lll) to Am(VI) with NaBiOs proceeds more rapidly.'™® In addition, preliminary UV-
Vis studies for NaBiOs dissolution showed no Bi in solution using UV-Vis or ICP-OES
analysis at 0.01 M HNOs. Thus, it is possible that the rate at which NaBiOs
degradation/dissolution occurs at 0.01 M HNOs is negligible relative to the extent to which
Am(Ill) oxidation occurs in 0.01 M HNOs3 at elevated temperatures. While it is unclear
what exact mechanism is responsible for the reduction of 24’Am adsorption at higher
temperatures, the 2'Am Dw decreased by an order of magnitude at 50 °C yielding a
favorable SFcm/am of ~100. Conducting a chromatographic separation at elevated
temperatures is feasible and would offer a more efficient separation method as a smaller

volume of eluent would be required to achieve complete 24'Am recovery.

7.4 Chromatographic Behavior of Americium and Curium on 75 wt% NaBiOs-PAN

Although the batch adsorption data for the 75 wt% NaBiOs-PAN resin showed an
unfavorable deviation in adsorption behavior relative to that of NaBiOs solid, the SFcm/am
of ~11 achieved at 0.01 M HNOs is much greater than what is currently available.

Therefore, attempts at a chromatographic separation under these conditions were made
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in view of 241Am elution at 0.01 M HNOs and 2#Cm stripping at 2 M HNOs. However, if
the observed complete 24Cm adsorption is actually a result of the precipitation of the
CmOH?* hydrolysis product, no 244Cm elution from the chromatographic system would be

expected to occur.

7.4.1 Method

The elution profiles for 2#'Am and 24*Cm were performed on individual columns and
elution fractions were analyzed using gross alpha beta counting with a Ludlum Model
3030 and LSC for total activity (Figure 7.5). Both columns were performed such that the
packing, radionuclide loading, and elution profiles were identical. A slurry of the 75 wt%
NaBiOs-PAN resin in 0.01 M HNO3s was prepared and the resin was washed three times

to remove fine, column-clogging particulates and to monitor the solution pH.
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Figure 7.5: General column chromatograp‘hic proceda}e.

The NaBiOs-PAN was then slurry packed into 2 mL Eichrom columns with a 5 mL

reservoir and a glass wool plug or filter was placed on top of the resin bed. However,
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slurry packing was time consuming as the large range of particle sizes resulted in frequent
pocket formation in the resin bed during packing requiring the use of a glass Pasteur
pipette to gently create a uniform bed. Dry packing was also attempted; however, upon
the addition of acid, pockets would form in the bed. Attempts to pack the bed tighter when

dry packing would release a large volume of solution from the resin beads.

The column was conditioned with 15 mL of 0.01 M HNO3 and the eluate pH was monitored
to ensure the acidification of the resin surface. A 1 mL aliquot of the 24! Am or 24*Cm stock
solution (1,000 Bg/mL) was loaded onto the column and eluted with the HNO3 solutions
of appropriate concentration under gravity flow. The eluate was collected in 10 mL
fractions and 0.1 mL aliquots of each fraction were evaporated to dryness at 80 °C on a
counting planchet. The planchets were counted five times on a Ludlum Model 3030 gross
alpha beta counter to determine the recovery in real time and the recovery was verified

by counting 1 mL aliquots of each fraction using LSC.

7.4.2 Results

Figure 7.6 shows the elution profiles for 2#'Am and 244Cm in a 75 wt% NaBiO3-PAN
column. While the elution behavior does align with the batch adsorption study, co-elution
of both radionuclides occurred. As expected, based on the complete retention of 244Cm
at 0.01 M HNOs, there was no ?*Cm recovery observed in the 0.01 M HNOs3 elution

fractions.
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75 wt% NaBiO5-PAN Elution Profiles
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Figure 7.6: Elution profiles of 24'Am and 24Cm on 75 wt% NaBiOs-PAN using a 2 mL

slurry-packed column. All data points represent an average of five replicate fraction
counts and error bars represent the uncertainty to 2c.

However, the high 2'Am Dw value at 0.01 M HNO:s is apparent as there was only ~2%
241Am recovery for every 10 mL of 0.01 M HNOs3 eluant collected and only ~14% of 24'Am
activity was recovered after the addition of 70 mL of 0.01 M HNOs. In an effort to increase
the rate of 24'Am recovery, the elution matrix was increased to 0.05 M HNOs and, while

the remaining 24'Am activity was recovered, 100% of the loaded 2**Cm activity was also

eluted.

While the elution profiles are in line with the batch adsorption data, the elution behavior
is not practical for an Am/Cm chromatographic separation on either analytical or industrial
scales. However, the elution profiles show favorable symmetry while peak tailing is

common with ion exchangers. The complete recovery of 24*Cm indicates that the
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complete retention as implied by the Dw value at 0.01 M HNOs3 is not a result of Cm3+
hydrolysis as the CmOH?2* hydrolysis product would have precipitated out of solution and
adsorbed to the column walls preventing any recovery of activity. Thus, if the NaBiOs-
PAN resin could be prepared in such a way that maintained the high 24*Cm adsorption at
0.01 M HNOs while decreasing the 24! Am retention, a chromatographic separation would

be possible.

7.5 Chromatographic Behavior of Americium and Curium for Mixed NaBiOs-
PAN/PAN Bead Resin Beds

The elution profiles of the minor actinides on the 75 wt% NaBiOs-PAN resin did not
achieve the desired separation but did show good alignment with batch adsorption data
and indicated that Cm(lll) hydrolysis was not occurring. To explore the potential of a PAN-
based system further, chromatographic studies were carried out using resin beds that
contained 75 wt% NaBiOs-PAN resin mixed with unmodified PAN beads in varying ratios.
Since the 2'Am Dw on NaBiOs solid alone is comparable to that of the 75 wt% NaBiOs-
PAN resin, reducing the amount of the active NaBiOs ion exchanger may aid in increasing

241Am recovery at lower acid concentrations.

7.5.1 Method

Columns were prepared by mixing 50 mg and 0.95 g for the 5 wt% mixture or 100 mg and
0.9 g for the 10 wt% mixture of the 75 wit% NaBiOs-PAN resin with PAN beads,
respectively. Slurry packing of these mixtures resulted in the concentration of the NaBiOs-

PAN beads at the bottom of the column due to density differences between the two
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materials. Attempting to homogenize the bed by stirring resulted in the formation of air
pockets within the bed; however, dry packing provided a more uniform bed. Fractions
were collected in 15 mL elutions rather than 10 mL based on the large volumes required

during the initial chromatographic setup.

7.5.2 5 wt% NaBiOs-PAN/PAN Bead Mixture

Diluting the amount of NaBiOs in the PAN-based composite system significantly
decreased the retention of both 2'Am and 24*Cm as expected. However, the NaBiO3
content was decreased so much in the 5 wt% system that co-elution of both radionuclides

occurred during the first wash with 0.01 M HNOs (Figure 7.7).
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Figure 7.7: Elution profiles of 24'Am and 24*Cm on a 5 wt% mixture of 75 wt% NaBiOs-
PAN and PAN beads using a 2 mL dry-packed column. All data points represent an
average of five replicate fraction counts and error bars represent the uncertainty to 2c.
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Complete recovery of both radionuclides was achieved with more significant tailing

observed for both elution profiles. This is likely due to the inhomogeneity of the packed

bed resulting in various analyte interactions with the sorbent at different band zones within

the chromatographic system.

7.5.3 10 wt% NaBiO3-PAN/PAN Bead Mixture

Since the 5 wit% mixed bed reduced the adsorption for both analytes so much that co-

elution occurred, the amount of the 75 wt% NaBiOs-PAN was increased to 10 wt% (Figure

7.8).
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Figure 7.8: Elution profiles of 2'Am and 24*Cm on a 10 wt% mixture of 75 wt% NaBiOs-
PAN and PAN beads using a 2 mL dry-packed column. All data points represent an
average of five replicate fraction counts and error bars represent the uncertainty to 2c.
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Elution with 0.01 M HNOs recovered ~88% of the 24' Am activity from the column, with an
additional 8% co-eluting with 244Cm in the 2 M HNOs fraction. No 24*Cm elution occurred
using 0.01 M HNOs which yielded high purity 24! Am fractions and ~78% of the 2**Cm was
recovered in the 2 M HNO3 fractions. Peak tailing was significant for 24'Am, but less

prevalent for the 244Cm elution curve.

The degradation/dissolution of NaBiOs was observed to increase with increasing HNO3
concentration and, upon introduction of 2 M HNOs, the column bed was observed to turn
black with a significant amount of gas bubbles forming. If 244Cm elution is a result of the
degradation of the solid itself instead of the reversible ion exchange mechanism, then the
effects of band broadening due to zone migration would be less apparent. While this
elution system is not practical for application, it showed the effect of NaBiO3s amount on

the adsorption and elution behavior of 24'Am and 244Cm.

7.6 Effect of NaBiOs Loading on Polymer Composites

Based on the batch adsorption and chromatographic data obtained for the 75 wit%
NaBiOs-PAN resin, TrisKem prepared additional variations of the resin the adjusted the
NaBiOs content and polymeric support. NaBiOs-PAN resins with 10, 25, 50 and 75 wt%
dry weight NaBiOs content were prepared. In addition, a 10 wt% NaBiOs-PES resin was
prepared based on the favorable chemical and radiolytic stability of PES-based polymeric
supports. Since these resin batches were being prepared from a new lot of NaBiOs, a
new lot of the 75 wit% NaBiO3-PAN resin was prepared to verify adsorption behavior

across lots.
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7.6.1 Adsorption Behavior of Americium and Curium

For all other versions of the NaBiOs-PAN resin, the same trend of higher adsorption at

0.01 M HNOs followed by decrease in adsorption with increasing nitric acid concentration

occurs (Figure 7.9).
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Figure 7.9: Weight distribution data for 2#'Am and 24*Cm on a) 75 wt% NaBiO3-PAN (Lot
2), b) 50 wt% NaBiOs-PAN, c) 25 wt% NaBiOs-PAN, and d) 10 wt% NaBiOs-PAN. All data
points represent an average of four replicates and error bars represent the uncertainty to
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As expected, decreasing the amount of NaBiOs in the PAN composite material decreases
the Dw values for both 24'Am and 24*Cm; however, no favorable SFcmam is obtained at
any HNOs concentration. The adsorption behavior of 24'Am and 24“Cm on the second lot
of the 75 wt% NaBiOs-PAN resin showed nearly identical trends relative to the first lot
received by TrisKem; however, a more gradual decrease in Dw is observed at 0.05 and
0.1 M HNOQOs (Figure 7.9a). In addition, a greater SFcmam of ~58 was obtained at 0.01 M
HNO:s relative to the SFcm/am of ~11 for the first resin lot. This may be due to a difference
in NaBiOs purity as a new lot of NaBiOs was purchased by TrisKkem in the preparation of

these resins.

The data shows a decrease in Dw values for both radionuclides as the NaBiOs loading
decreases, which was anticipated. While 24'Am and 2**Cm do have a greater retention at
0.01 M HNO:s for all resins with Dw values ranging from ~100 to 10, the Dw values for both
are nearly identical at this concentration (Figure 7.9b, c, d). Thus, these resins are not

conducive of a successful separation.

The identical adsorption behavior on these lower-loaded resins indicates that the
adsorption observed is likely due to the PAN beads rather than NaBiOs. While it is logical
that the decreased loading would decrease adsorption, favorable SFs at 0.01 M HNO3
were expected based on the promising chromatographic behavior of the 10 wit% NaBiOs-
PAN/PAN bead mixture. This may suggest that the incorporation of the NaBiO3s within the
pores of polymeric matrix plays a role where a greater amount of NaBiOs would fill a larger

volume of the pores leaving some of the solid accessible for oxidation and ion exchange.
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In contrast, the resins with a reduced loading would yield beads with a majority of the
NaBiOs located within the polymeric matrix. As the separation was carried out using a 10
wit% mixture of the 75 wit% NaBiOs3-PAN resin with unmodified PAN beads, the faster
elution is expected due to the smaller amount of NaBiO3s present throughout the system.
However, since the resin contained 75 wt% of the solid, it would be more accessible to
the analytes and yield more favorable elution behavior than the 10 wt% NaBiO3-PAN resin

with the solid located primarily within the pores of the beads.

7.6.2 Adsorption of Americium and Curium on Polyacrylonitrile Beads

The matrix properties of any chromatographic resin have a large influence on adsorption
behavior; therefore, the Dw values for 24'Am and 24*Cm on unmodified PAN beads were
determined as a function of HNOs concentration (Figure 7.10). Across all acid
concentrations, both radionuclides exhibit identical adsorption behavior which is expected
due to the lack of an Am(lll) oxidizing agent present. It is clear that, while low, the
adsorption of 2#'Am and 2**Cm onto the PAN polymer beads is not negligible and has
likely contributed to the Dw values determined in the prior NaBiO3-PAN batch adsorption

studies.

At 0.01 M HNOs the Dw value of ~10 for both radionuclides aligns with that observed in
the 10 and 25 wt% NaBiO3-PAN studies indicating that any adsorption behavior in those
systems is not due to the presence of NaBiOs. Greater adsorption for both radionuclides
occurs in the 50 and 75 wt% NaBiOs-PAN systems and supports the hypothesis that the

higher NaBiOs content increases the potential for analyte interaction with the material.
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Figure 7.10: Adsorption behavior of 24’Am and 2**Cm on unmodified polyacrylonitrile
(PAN) beads as a function of nitric acid concentration. All data points represent an
average of four replicates and error bars represent the uncertainty to 2c.

While it is possible that the PAN beads may have encapsulated the NaBiOs in such a way
that the analytes are unable to interact with the solid, the synthesis may have affected the
NaBiOs structure based on the number of PAN-based sorbents that incorporate inorganic
ion exchange materials. The behavior of NaBiOs in aqueous acidic solutions is still not
fully understood and, similarly, the reactions that occur between NaBiOs and the binding
matrix solution are unknown. Fortunately, the preparation of the PAN-based resin is rather
straight forward in that there are two components that may play a role in the degradation
of NaBiOs: the PAN polymeric matrix and the DMSO solvent. Although the incorporation

of the ion exchanger likely plays a role in the observed behavior, the potential for the
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degradation of NaBiOs by DMSO should also be considered. The influence of both can
be explored by modifying the preparation conditions and characterizing the resulting

material to understand the structural changes in the NaBiOs ion exchanger.

7.6.3 Adsorption of Americium and Curium on NaBiO3-PES Resin
Since polyethersulfone (PES) polymeric supports have demonstrated high chemical and
radiolytic stability relative to PAN supports, a 10 wt% NaBiOs-PES resin was also

prepared and the adsorption behavior of 2#'Am and 24*Cm characterized (Figure 7.11).
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Figure 7.11: Adsorption behavior of 24'Am and 24*Cm on 10 wt% NaBiOs-PES resin as a
function of nitric acid concentration. All data points represent an average of four replicates
and error bars represent the uncertainty to 2c.
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PES was also selected due to the potential benefit of additional electrostatic interactions
from the sulfonyl and ether groups present in the polymeric structure. Both 2'Am and
244Cm exhibit similar adsorption behavior on the PES-based resin; however, 24*Cm may
be more strongly retained. The 24Cm Dv values are similar to that of the 10 wt% NaBiOs-
PAN resin while 2#'Am has slightly lower retention yielding SFcmam values ranging from
~2 — 10 across all HNOs concentrations and may be a result of a decreased affinity of Am

for the PES beads.

It is important to note that the PES-based resin had a much lower water content than that
of the PAN-based resins when received and was inconsistent in moisture content across
batch samples which likely introduced larger uncertainties into the batch adsorption
studies. As NaBiOs is an ion exchanger, this decrease in moisture content may play a
more significant role in that there may be fewer water molecules located within the layers
of NaBiOs allowing for increased 2*Cm adsorption. While these greater SFs may be a
result of the large uncertainties introduced as a result of the inhomogeneity of the resin,
these subtle differences could be due to the change in the resin matrix and may make
PES a favorable polymeric support alternative.

Unfortunately, since the only PES-based sorbent received was prepared with a 10 wit%

NaBiOs loading, its efficacy cannot be determined.

7.7 Conclusions and Future Work

An attempt was made to mitigate the flow rate issues that resulted from the effervescence

of gas production by incorporating solid NaBiOs within organic polymeric matrices. Since
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there are a number of commercially available PAN-based resins available and even more
with reported success in the literature, this was a logical approach. However, its
incorporation onto the surface resulted in batch adsorption data that showed no retention
for either radionuclide above 0.01 M HNOs. While 2#'Am retention is low above 0.01 M
HNOsz for NaBiOs solid and a decrease in Dw values is expected, the lack of 244Cm
adsorption indicated that the ion exchange reaction was not occurring. This may be a
result of the way in which the NaBiOs was incorporated within the pores of the polymer

bead that may have obstructed access to the ion exchange sites.

Due to an SFcm/am greater than 10 at 0.01 M HNOs, kinetics studies performed at 0.01 M
HNOs showed that resin preconditioning time in acid had no influence on the resulting Dw
values. However, adsorption kinetics were slow with 24'Am and 24*Cm exhibiting identical
behavior until deviating after 10 minutes of contact. Elevated temperatures decreased the
241Am retention yielding a SFcm/am of ~100 at 50 °C. While a chromatographic separation
was attempted at 0.01 M HNOz due to the complete adsorption of 244Cm, the large Dw of
241Am required a large amount of eluent for its recovery making a separation under those
conditions inefficient. Interestingly, a partial separation was achieved by diluting the 75
wi% NaBiOs-PAN resin with un-modified PAN beads; however, the reason for this is
unclear as the preparation of the resin with lower NaBiOs loadings resulted in lower
retentions and SFs. It is likely that the resins with lower NaBiOs loading results in the solid
being deeply incorporated within the pores while the 75 wt% resin has filled pores with

additional NaBiOs available closer to the surface.
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Structural characterization of the NaBiO3 starting material, un-modified PAN beads, and
NaBiOs-PAN beads should be completed to better understand how NaBiOs is
incorporated and distributed throughout the support and what structural and chemical
alterations were made. Scanning electron microscopy with energy dispersive x-ray
spectroscopy (SEM/EDS) and x-ray diffraction (XRD) can be used to characterize the
surfaces, structures, and elemental composition of the materials. Using these techniques
post-HNOs or radionuclide contact will also provide information regarding the changes in
the structure and composition of NaBiOs. The degradation or distortion of the octahedral
structures and the potential retention of H* or Bi®* ions that may degrade the favorable

separation behavior can also be characterized.

While this work was unsuccessful, the incorporation of NaBiOs onto an inert support
remains an area of exploration. This can be pursued through either modifying the
procedure for polymeric supports or evaluating other support materials. While these
resins were prepared using DMSO, the PAN binding polymer is also soluble in
concentrated sulfuric acid and concentrated aqueous solutions containing inorganic salts
(e.g., lithium bromide, zinc chloride). Thus, different preparation methods and subsequent
material characterization may be a reasonable area to explore. However, these materials
also displayed poor chromatographic performance due to their physical characteristics
such as large particle size with a wide range of sizes that resulted in difficulty during
column packing due to pocket formation. To improve the column dynamics of such
material, modifying the preparation process through the use of a multi-channel

microfluidic setup would allow for the production of uniformly shaped resin beads with a
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narrower range in particle size that would improve the flow and mass transfer behavior in

the chromatographic system.

The adsorption of Am and Cm on the un-modified PAN beads was not negligible and
featured Dw values as high as 10, but the Dw values for the NaBiOs-PAN resins were
below even that. Therefore, even adsorption onto the polymeric backbone was hindered.
Since not all resin preparation steps are known, it is uncertain whether the resin was
washed with water after preparation. If the organic DMSO solvent is present on the
surface of the resin bead, it may have inhibited radionuclide adsorption. If the DMSO is
not the cause of reduced retention, its presence in any capacity would certainly result in
the rapid reduction of AmO2?*. NaBiO3z is a common reagent in organic synthesis
reactions for oxidative cleavage and for Bi3* catalysis but has been shown to have slow
kinetics in aprotic solvents like DMSO which was observed in the kinetics study at 0.01
M HNOs. While there is no literature available regarding the reaction between NaBiOs
and DMSO, complexation of DMSO with Bi(NOs)s has been observed. It is possible that
the preparation of the resin in DMSO resulted in either the complexation of DMSO with
the Bi octahedral or its incorporation within the structure’s layers which would prevent

adsorption of the metal ions.

Since the preparation method is a well-established procedure, it is not unreasonable to
assume that the DMSO solvent in which the polymer was dissolved and the NaBiOs was
suspended has disturbed the layered ion exchange structure of NaBiOs. The PAN binding

polymer is also soluble in concentrated sulfuric and nitric acid as well as concentrated
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agueous solutions containing inorganic salts (e.g., lithium bromide, zinc chloride) which
could be explored as an alternate synthetic route in the future. However, it is important to
note that the instability of NaBiOs in concentrated mineral acids would make the use of
H2SO4 or HNOs for resin preparation unfavorable. However, the use of inorganic salt
solutions may prove successful, but the interaction between NaBiOs and the ions in

solution should be characterized beforehand.

In addition, even if the prepared resins provided the desired adsorption characteristics
necessary to achieve a column chromatographic separation, the physical characteristics
of the PAN and PES-based resins lacked the uniformity that is desired for ideal
chromatographic dynamics. The syringe-based preparation that is currently employed for
the synthesis of the resin beads limits both the production throughput and particle
size/shape uniformity. Translating this preparation to a multi-channel microfluidic setup
would allow for the production of uniformly shaped resin beads with a narrower range in
particle size that would improve the flow and mass transfer behavior in the

chromatographic system.
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CHAPTER 8: BEHAVIOR OF THE EARLY ACTINIDES AND EUROPIUM IN SODIUM
BISMUTHATE SYSTEMS

8.1 Introduction

When considering radiochemical separations for advanced NFC reprocessing schemes,
the behavior of other radionuclides present in the waste streams must be considered.
Building off the currently proposed flowsheets, a NaBiOs-based separation would be
useful in facilitating the separation of Am from Cm following either 1) actinide/lanthanide
separation, 2) post-TRUEX process, or 3) post-PUREX process. Following an
actinide/lanthanide separation method (e.g., TALSPEAK, ALSEP, GANEX), the Am/Cm
separation could be carried out with little modification as most interfering ions would have
been eliminated from the raffinate. Placing a NaBiOs-based separation process after the
TRUEX process would be advantageous due to its tolerance of the low nitric acid
concentration of the TRUEX raffinate and the fact that trivalent Cm is identical in
adsorption behavior to that of the trivalent lanthanides. Thus, the resulting raffinate
containing Cm and the lanthanides could proceed directly to disposal. In a post-PUREX
scenario, the interference of non-lanthanide fission products and rare earth elements

must be understood.

An alternate route that would simplify the number of stages necessary for UNF
reprocessing strategies would be through the use of a hexavalent group actinide
separation from the lanthanides. The PUREX process takes advantage of the access to
the hexavalent oxidation states of U and Np to separate the linear dioxo-cation species,

UO2%+ and NpO2?* from the Ln3*, Am3+, and Cm?3+. The accessibility of the hexavalent
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oxidation states of these actinides provides a relatively straightforward way to achieve
their separation from the FPs and Lns though Am recovery has been limited by the high
stability of the trivalent species. As new reagents capable of oxidizing Am3+to AmQO2?*
emerge, the similarities between the chemistries of AmO22+, U022+, NpO22+, and PuO22+
can be exploited. The strong Bi®* to Bi3* reduction potential is capable of not only oxidizing
Am?3* to the hexavalent oxidation state, but also U, Np, and Pu. This chapter aims to
characterize the adsorption and chromatographic behavior of these earlier actinides and

the trivalent lanthanide, Eu, on the NaBiO3-PAN resin.

8.2 Adsorption of Uranium, Plutonium, and Europium on Solid NaBiO3

8.2.1 Nitric Acid Concentration Dependency

The adsorption behavior of 233U, 23°Pu, and '52Eu as a function of nitric acid concentration
is shown in Figure 8.1. Trivalent '52Eu closely follows the adsorption curve of 244Cm as
expected, with complete retention at 0.01 M HNOs followed by a gradual decrease in Dw
with increasing acid concentration. Since both 223U and 2*°Pu are able to be oxidized to
the hexavalent state by NaBiOgs, lower Dw values and adsorption behavior similar to that
of 24TAm were expected and similar Dw values to 2#'Am are observed at 0.1 M and below.
At acid concentrations below 0.25 SFs for '52Eu and 233U/?%%Pu as high as ~45 were
achieved. Interestingly, above 0.1 M HNO3 233U adsorption increases with increasing acid
concentration yielding an SFupuand SFueu of ~214 and 1144, respectively. This deviation
in behavior may be due to the rich redox chemistry of U and may indicate the presence
of multiple species. In addition, UO2?* cations can form nitrato complexes in nitric acid

solutions and due to the identical geometry and symmetry of the BiOz” and NOs™ anions,
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displacement of NOs™ ligands with BiOs™ has been suggested based on spectroscopic
studies.?'? If this were the case, inner sphere complexation of U to the surface of NaBiO3

at greater nitric acid concentration could contribute to the increased adsorption observed.
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Figure 8.1: Adsorption of 233U, 239Pu, and '5?Eu on solid NaBiOs (>90% purity) as a

function of nitric acid concentration. All data points are an average of four replicates and
error bars represent the uncertainty to 2c.

Although both 229Pu and '®?Eu exhibit nearly identical adsorption behavior to 24'Am and
244Cm, respectively, they both exhibit slightly lower Dw values than their analogues. This
may be a result of differences in charge density that could influence the diffusion of the

cations throughout the solid NaBiOs. Overall, there remains a clear difference in the

adsorption behavior for the hexa- and trivalent species indicating the potential for a group
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hexavalent actinide lanthanide separation; however, understanding the speciation and

interactions of these radionuclides in a NaBiOs system is necessary. Additionally, the

increased adsorption and resulting SFs of 233U at higher acid concentrations provides a

potential route for a U/Pu or U/Eu separation.

8.2.2 Chromatographic Separation of Uranium, Plutonium, and Europium

To further explore the possibility of a group hexavalent actinide separation from

lanthanides, a chromatographic separation was performed for 233U, 23%Pu, and '5°Eu by

replicating the Am/Cm separation procedure reported by Richards and Sudowe (Figure

8.2).127
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Figure 8.2: Elution profiles of 233U, 23*Pu, and "?Eu using a 2 mL column slurry packed
with a 5 wt% NaBiOs mixture with Celite 535. All data points represent an average of five
replicate fraction counts and error bars represent the uncertainty to 2c.
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However, the procedure was modified to attempt 233U and 23°Pu recovery at 0.01 M HNO3
as the SFs relative to '2Eu were greater than at 0.1 M. Thus, the incomplete separation
observed may be due to the fact that the large Dw values for the actinides required
additional eluate to achieve full recovery in that eluate matrix. Since the eluate was
collected in two separate 15 mL fractions (0.01 M and 2.0 M HNOg3), the elution behavior
of 233U and 2%°Pu cannot be thoroughly characterized. Still, the obtained elution profiles
follow the batch data as 85% and 80% of the 233U and 23%Pu activity was recovered in the
0.01 M fraction with no 52Eu co-elution. The eluate collected using the 2 M HNO3 wash
recovered 100% of the '52Eu activity as expected and the remaining 223U and 23°Pu activity

was also co-eluted.

This scoping study shows the potential for a An(VI)/Ln(lll) separation, but further
characterization is necessary to determine the optimal parameters that would yield a
complete separation. Determination of the adsorption kinetics, relative to that of Am and
Cm, would provide valuable insight regarding the deviations between the batch and
chromatographic behavior for the different radionuclides. It is also necessary to determine
the oxidation states of U and Pu as their redox chemistry is more extensive than that of
Am making the existence of multiple species that may affect elution behavior a possibility.
Based on the determined oxidation states, the stock solutions could be pre-treated prior
to experimental studies to ensure complete control over speciation. Beyond this, changing
the amount of NaBiOs and column parameters (height, flow rate) could prove

advantageous for this separation.
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8.3 Behavior of Uranium and Plutonium on 75 wt% NaBiOs-PAN
8.3.1 Nitric Acid Concentration Dependency — NaBiO3-PAN (2™ Lot)
The concentration dependency of 223U and 23°Pu on Dw for the second lot of the 75 wt%
NaBiOs-PAN resin was determined to further understand the differences between the

behavior of the actinides and is shown in Figure 8.3.
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Figure 8.3: Adsorption of 233U and 22°Pu on the second lot of 75 wt% NaBiOs-PAN resin
as a function of nitric acid concentration. All data points are an average of four replicates
and error bars represent the uncertainty to 2c.

Both radionuclides follow the expected adsorption behavior that was observed for 24'Am
and 2*Cm where high retention at 0.01 M HNOs immediately decreases at higher
concentrations. Surprisingly, both radionuclides are at the limit of detection at 0.01 M

HNOs which is characteristic of trivalent 2**Cm, not hexavalent 2'Am and was also not
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observed in the adsorption studies using solid NaBiOs. In comparison to the data
presented in Figure 8.1, the Dw values for 233U and 22°Pu at 0.01 M HNQs are an order of
magnitude lower for NaBiOs solid which may be a result of differences in NaBiOs purity

or influences from the PAN support.

While trace impurities within the system may influence the redox and adsorption behavior,
this effect would have also been expected for 2#'Am. It is important to note, however, that
the 75 wt% NaBiOs-PAN resin used for this study was the second lot received from
Triskem and differences in the materials or preparation methods used could influence the

sensitive chemistry occurring.

Similar to NaBiOs solid, 223U exhibits a decrease in Dw at lower acid concentrations
followed by increasing Dw with increasing [HNO3] above 0.1 M. The increasing retention
of 233U and decreasing retention of 23°Pu yields an SFuru as high as ~300 at 2 M HNO:s.
This large difference in behavior at 2 M HNOs, combined with the slight differences in Dw
for 233U, 23°Py, and 2*'Am at lower acid concentrations, may provide the possibility of an

intragroup actinide separation.

8.3.2 Nitric Acid Concentration Dependency — Polyacrylonitrile Beads

The adsorption of 24’Am and 2*4Cm on the PAN matrix was non-negligible and was
therefore characterized for 233U and 2%°Pu as well (Figure 8.4). Both radionuclides had
large Dw values that increased with increasing acid concentration. The Dw values for 233U

are nearly identical to those for the 75 wt% NaBiOs-PAN resin at 0.1 M and greater.
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Figure 8.4: Adsorption behavior of 223U and 23°Pu on unmodified polyacrylonitrile (PAN)
beads as a function of nitric acid concentration. All data points represent an average of
four replicates and error bars represent the uncertainty to 2c.

In theory, this would indicate that the resin matrix is the surface at which the interactions
related to retention are occurring; however, this trend also occurring in solid NaBiOs would
indicate a loss of activity elsewhere in the method. Pu-239 adsorption also follows the
same upward trend on the PAN beads and the associated Dw values are an order of
magnitude greater than that observed on the NaBiOs-PAN resin. Thus, the NaBiOs
coating may have inhibited the adsorption of 23%Pu onto the PAN support; however, this

would imply that 233U adsorption on the NaBiOs-PAN resin is due to adsorption onto the

ion exchanger and is supported by the trend observed on the solid alone.
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8.3.3 Contact Time Dependency
The kinetics of 233U and 2*°Pu adsorption onto the 75 wt% NaBiOs-PAN resin was
determined for comparison to that of the 24'Am and 24“Cm kinetics. An identical contact

time study was carried out at 0.01 M HNOs and is shown in Figure 8.5.
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Figure 8.5: Adsorption of 233U and 2%°Pu on 75 wt% NaBiOs-PAN resin as a function of
radionuclide contact time at 0.01 M HNOs. All data points are an average of four replicates
and error bars represent the uncertainty to 2c.

Similar to the kinetics study for 2'Am and 244Cm, both radionuclides exhibit identical
behavior during the first several minutes of contact which begins to deviate after 5 minutes
of contact, but kinetics remain slow in this system. Slightly faster kinetics are observed

for 233U relative as full retention occurs after 10 minutes of contact while 23°Pu reaches
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the LOD after 30 minutes of contact and may be attributed to potential differences in
speciation or charge density since nearly identical behavior is to be expected if both

radionuclides were present in the same oxidation state.

8.3.4 Uranium and Plutonium Elution Profiles on 75 wt% NaBiOs-PAN

Based on the large SFuru for both NaBiOs solid and 75 wt% NaBiOs-PAN, it would be
expected that a U/Pu separation could be carried out through the elution of the lesser
retained 23°Pu at 2 M HNO:s followed by the stripping of 233U at 0.1 M HNOa. The elution

profiles for both radionuclides at 2 M HNO3s are shown below in Figure 8.6.
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Figure 8.6: Elution profiles of 233U and 23°Pu on 75 wt% NaBiO3z-PAN using a 2 mL slurry-
packed column. All data points represent an average of five replicate fraction counts and
error bars represent the uncertainty to 2c.
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Interestingly, the elution behavior of both radionuclides did not favor a separation and did
not align well with the batch adsorption studies. While 233U was expected to be strongly
retained at 2 M HNOs3, ~20% eluted in the load fraction and ~95% of the 233U activity was
recovered with an additional 7 mL of 2 M HNOs indicating that there is very low adsorption
at this acid concentration. Conversely, only ~50% of the 23°Pu activity was recovered

using 2 M HNOs with significant tailing indicating greater retention.

While this elution behavior does not align with what would be anticipated based on the
Dw data, it is more in line with the expected behavior of the hexavalent trans dioxo-cationic
actinides. The deviation between the adsorption and chromatographic behavior of these
radionuclides may be explained by the fact that the batch adsorption studies were carried
out on the second lot of resin received from TrisKkem, while the first lot received from
TrisKkem was used for the chromatographic study. A difference in the NaBiO3s used for

these resins (e.g., purity, source) may influence the behavior of 233U and 23°Pu.

8.3.5 Nitric Acid Concentration Dependency — NaBiO3-PAN (15t Lot)

The batch adsorption study was repeated for 233U and 23°Pu on the first lot of 75 wt%
NaBiOs-PAN received from TrisKkem (Figure 8.7) to address the discrepancies throughout
the various experiments. The trends for both radionuclides indeed follow that of all other
radionuclides studied on this resin indicating that differences in the reagents or resin
preparation methods may have had a strong influence on the resulting adsorption
behaviors. However, the interesting 233U adsorption behavior observed in the second

NaBiOs-PAN lot does agree with that of the >90% pure NaBiOs solid which contradicts
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the theory that the PAN support is responsible for the deviation in 233U adsorption. In
addition, neither radionuclide is at the limit of detection at 0.01 M HNOs as observed for
the second resin lot and the Dw values at 0.01 M HNOs more closely align with those

measured for NaBiOs solid.
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Figure 8.7: Adsorption of 233U and 23°Pu on the first lot of 75 wt% NaBiO3-PAN resin as
a function of nitric acid concentration. All data points are an average of four replicates
and error bars represent the uncertainty to 2c.

8.4 Conclusions and Future Work
Since a main goal of separations as it relates to the NFC is to develop methods that will
allow for the simplification of the current reprocessing flowchart, achieving a hexavalent

actinide separation from lanthanides is a useful approach. To assess the ability of a
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NaBiOs system to accomplish this, the adsorption of the early actinides, 233U and 239py,
as well as a trivalent lanthanide, '52Ey, on NaBiOs solid and NaBiOs-PAN was
characterized. Because trivalent 152Ey is nearly identical in chemistry to trivalent 244Cm,
the adsorption behavior on NaBiOs was also nearly identical to 244Cm as expected. While
the majority of the lanthanide series is most stable in the trivalent oxidation state, cerium
is a lanthanide of concern as NaBiOsz is a common reagent used for the oxidation of Ce(lll)
to Ce(lV). The presence of Ce(IV) would likely result in the interference with the recovery
of the hexavalent actinides and its presence as an impurity in the resulting product is
undesirable; thus, adsorption studies of Ce in the NaBiOs systems are necessary. The
interference of other fission products is also necessary to understand potential
interferences and to identify points within the currently proposed reprocessing schemes

suitable for a NaBiOs-based separation.

The oxidation of the early actinides to the hexavalent state and their identical behavior to
241Am was expected, but 233y adsorption varied throughout batches. The adsorption
curve for 239py followed the same trend as 24'Am with slightly lower Dw values which is
favorable. U-233 also exhibited similar adsorption behavior at lower HNOs concentrations
with slightly smaller Dw values relative to 24 Am; however, a steady increase in retention
occurred at acid concentrations greater than 0.1 M. This likely indicates the presence of
U in different oxidation states which should be monitored through UV-Vis-NIR
spectroscopy in the future. In addition, the speciation of all radionuclide stock solutions
should be characterized and their oxidation states adjusted and controlled prior to future

batch adsorption studies.
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The behavior of 23°Py on the 75 wt% NaBiOs-PAN resin followed the same trend as both
241Am and 244Cm with Dw values <1 above 0.05 M HNOs. However, unlike 241Am, 23°Py
was at the limit of detection at 0.01 M HNOs which was not expected due to the lower Dw
value observed on NaBiOs solid. The hydrolysis study showed ~20% loss of 23°Py activity
at 0.01 M HNOs but the large standard deviation and presence of fine NaBiOs particles
do not allow for a confident determination that hydrolysis is occurring. U-233 also had a
Dw at the limit of detection at 0.01 M HNOs and exhibited the same trend of increasing Dw
above 0.1 M HNOs. Kinetics studies at 0.01 M HNO3s were also unfavorably slow similar
to those observed for 241Am and 244Cm with 239Py exhibiting slightly slower adsorption

rates than 233{.

While 233 did not behave as the expected hexavalent ion, its high Dw at higher acid
concentrations resulted in SFuru as high as 300 suggesting the possibility of a U/Pu
separation. It was expected that at 2 M HNOg3 23°py elution would occur followed by 233y
elution at a lower acid concentration; however, both radionuclides co-eluted with the 2 M
HNOs eluent and, surprisingly, there was a greater recovery for 233. The
chromatographic study was, however, performed on a second lot of the PAN resin
provided by Triskem relative to the first lot used for the batch contact studies. When
repeating the batch study for the second lot of resin, 233U exhibited the expected behavior
identical to all other radionuclides on the PAN resin. Thus, further studies into the sources

and purities of NaBiOs reagents should be conducted.

163



The speciation of these radionuclides in the stock solution should be characterized and
controlled prior to the batch adsorption studies. UV-Vis-NIR studies should be completed
to determine NaBiOs's ability to oxidize NpO2* and Pu** as a function of acid concentration
and its kinetics and stability should be characterized to assess the applicability of this
oxidant. The redox kinetics of UO22* in NaBiOs systems should also be further studied
through spectroscopic characterization as well as through adsorption isotherms that may
aide in the elucidation of the adsorption mechanism at play at higher acid concentrations

and whether or not inner or outer sphere complexation is occurring.
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CHAPTER 9: BEHAVIOR OF AMERICIUM AND CURIUM IN MIXED SODIUM
BISMUTHATE SYSTEMS

9.1 Introduction

Separations through sorption methods have provided a low cost, low waste, easy,
efficient, and readily available alternative to large-scale solvent extraction processes. As
a result, numerous materials have been explored for the selective sorption of metals such
as clays, chelating resins, activated carbon, and functionalized silica. However, the use
of the PAN and PES polymeric supports diminished the favorable redox and ion exchange
characteristics that NaBiOs solid exhibits and it is known that reduction of Am(VI) occurs
upon contact with organic materials. Thus, exploring inorganic supports may be a better

approach towards a successful chromatographic system.

Recently, Richards and Sudowe used the Celite 545 diatomaceous earth as a filter aid to
improve the poor flow properties of NaBiOs in a column chromatographic system by
dispersing 5 wt% NaBiOs solid in Celite. The high separation factors, short contact times,
and ease of operation of this separation system provide a promising alternative to solvent
extraction systems for the separation of oxidized 2'Am from 244Cm. This method,
however, suffers from poor adsorption capacity and flow rate properties, gradual
dissolution of the material during the separation, and gas production in nitric acid. This
method, however, suffers from poor adsorption capacity and flow rate properties, gradual
dissolution of the material during the separation, and gas production in nitric acid.'?” This
method was successful as it resulted in a near complete Am/Cm separation; however, in-

depth characterization of this system was not carried out. This chapter will characterize
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the adsorption behavior of 2#'Am and 2*Cm in the NaBiOs/celite system as well as

compare that behavior to that of other inorganic filter aids and supports.

9.2 Experimental Methods

9.2.1 Batch Adsorption Studies

Batch studies followed the same general method as described in section 6.2.1; however,
samples were prepared by mixing both the solid NaBiO3s and filter aid material in different
ratios. Celite 545 and silica gel (70 — 230 mesh, 60 A) from MilliporeSigma as well as
microgrit alumina from Agilent were used as inorganic filter aids. Briefly, 2.5 mg (+ 0.25
mg) of NaBiOs and 47.5 mg (+ 4.75 mg) of the appropriate filter aid were weighed into 2
mL polypropylene microcentrifuge tubes for the 5 wt% mixtures. The 10 wt% mixtures
had a composition of 5 mg (£ 0.5 mg) of NaBiOsz and 45 mg (£ 4.5 mq) of the filter aid in
each sample. Samples were prepared in triplicate and were shaken until a homogeneous

mixture was obtained prior to the addition of the aqueous phase.

9.2.2 Adsorption Capacity Determination

Batch studies using La were conducted to determine the adsorption capacity of NaBiOs
in the 10 wit% systems and was quantified using ICP-OES. The Ultra Scientific La
standard solution had a concentration of 10,000 ppm in 2 wt% HNO3 and was used to
prepare calibration solutions with a concentration range of 0 to 100 ppm. The ICP-OES
system did not have a La detector; however, the complete spectral overlap of the As
emission at 189 nm allowed for the use of the As detector for the quantification of the La

concentration. The As detector was first calibrated using a single point calibration using
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a blank and 5 ppm As standard calibration solution (Ultra Scientific). A calibration curve
for the As detector response to La was prepared to accurately determine the La
concentration and showed good linearity with a R? value of 0.9999 (Figure 9.1). The limit
of detection (LOD) and limit of quantification (LOQ) for the As detector were defined as
three and 10 times the standard deviation of 10 blank analyses and were determined to

be 0.04 and 0.13 ppm, respectively.
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Figure 9.1: Calibration curve for [La] quantification using the As detector at 189 nm.

The adsorption capacities for the 10 wt% NaBiOs/filter aid systems were determined by
following the general batch study method at 0.01 M HNOs. Samples were spiked with La

concentrations ranging from 1 to 100 ppm and performed in triplicate. After contact, 1 mL
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aliquots of the aqueous phase were transferred to test tubes and diluted to 2 mL with 0.01
M HNOs prior to ICP-OES analysis. The best-fit equation obtained from the calibration
curve was used to determine the La concentration from the intensity of the As signal.
Reagent blanks and La sample spike solutions were prepared and used during the
analysis. Calibration verification was performed after every 10 samples using a

continuous calibration verification solution with an As concentration of 5 ppm.

9.2.3 Chromatographic Separations

Individual 2-mL Eichrom polypropylene columns were slurry packed with the 5 wi% and
10% NaBiOs Celite 535 and silica mixtures in 0.01 M HNOs. Column packing was carried
out by adding portions of the slurry into the column and pulling the solution through the
column with a peristaltic pump until the mobile phase was just above the bed and
repeated until a bed height of 5 cm was reached. All separations were run at room
temperature with a flow rate of 1.0 mL min-'. The column was conditioned with 15 mL of
0.01 M HNOs and the flow rate was verified by timing the number of drops and determining
the volume collected gravimetrically. 1000 Bg mL' Am-241 and Cm-244 solutions in 0.01
M HNOs were prepared and 0.1 mL (100 Bqg) of each radionuclide was loaded onto
individual columns. The columns were washed with 20 mL of 0.01 M HNOs to recover
Am-241 followed by 20 mL of 2 M HNOs for Cm-244 elution. The eluent was collected in
4 mL fractions and 0.1 mL aliquots were counted on a Ludlum 3030 gross alpha beta
counter to determine recovery in real-time and recoveries were verified using liquid

scintillation counting.
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9.3 Behavior of Americium and Curium in Mixed NaBiOs/Celite Systems
9.3.1 Am and Cm Adsorption on 5 wt% NaBiOs/Celite
Batch adsorption studies were performed for 24! Am and 24*Cm and are used as a baseline

comparison when determining the efficiency of other filter aids mixtures (Figure 9.2).
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Figure 9.2: Adsorption of 2#'Am and ?**Cm on 5 wt% NaBiOs/Celite as a function of nitric

acid concentration. All data points are an average of four replicates and error bars
represent the uncertainty to 2c.

Similar Am/Cm adsorption behavior trends were observed and are in line with the fact
that there was 95% less NaBiOs in the samples relative to the NaBiOs solid study. As in
all other systems studied in this work, the greatest SFcm/am of ~17 is obtained at 0.01 M

HNOs. However, the Am/Cm separation performed by Richards used 0.1 M HNOg as the

eluent but the SFcmam at 0.01 M HNOs obtained in this study is only ~2. 127
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9.3.2 Am and Cm 5 wt% NaBiQOzs/Celite Chromatography
Elution profiles for both radionuclides were obtained using a 5 wt% NaBiOs/Celite slurry

packed column with a bed height of 5 cm and a constant flow rate of 1 mL min-! (Figure

9.3).
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Figure 9.3: Elution profiles for 24'Am and 24*Cm on a 5 wt% NaBiOz/Celite column with a
bed height of 5 cm and flow rate of 1 mL min'. All data points are an average of five
counting replicates of each fraction and error bars represent the uncertainty to 2c.

The elution behavior is as expected with 24 Am elution with 0.01 M HNOz and 24Cm with
2 M HNOs. An 24"Am recovery of 102% + 8% was achieved with 12 mL of eluent with a
relatively uniform peak shape. 96% + 6% of the 244Cm activity was recovered with 26 mL

of 2 M HNOs. Peak tailing as a result of band broadening was observed in the elution
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profiles for both radionuclides and may be due to the nature of the mixed bed and

contributions from the Celite 545.

9.3.3 Am and Cm Adsorption on 10 wt% NaBiQzs/Celite
To quantify how increasing the amount of NaBiOs in this system would improve the SFs
increase the resolution between the two elution curves, the batch adsorption study was

repeated by increasing the amount of NaBiOs to 10 wt% (Figure 9.4).
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Figure 9.4: Adsorption of 2#'Am and 24Cm on 10 wt% NaBiOs/Celite as a function of
nitric acid concentration. All data points are an average of four replicates and error bars

represent the uncertainty to 2c.

The adsorption curves for the 10 wt% NaBiOs/Celite system follow the same trend as that

for the 5 wt% mixture; however, the increase in the NaBiOs amount results in an increase
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in the Dw values. A slight increase in the *’Am Dw values was seen, but the 24Cm
adsorption increases to a much greater extent resulting in an increase of the SFs. At 0.01
M HNOs, the SFcm/am increases by an order of magnitude from ~17 to ~145 and at 0.05
M from ~4 to ~18. However, at 0.1 M HNOs the SFcm/am doubles to ~4 making 0.01 M

HNOs better for elution.
9.3.4 Contact Time Dependency

The influence of the physical properties of the filter aids on the kinetics system was

determined through a contact time study was carried out at 0.01 M HNOs (Figure 9.5).
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Figure 9.5: Adsorption of 2'Am and 244Cm on 10 wt% NaBiOs/Celite as a function of
contact time at 0.01 M nitric acid. All data points are an average of four replicates and
error bars represent the uncertainty to 2c.
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After the first minute of contact, a SFcm/am of 160 was reached and the maximum SFcm/am
of 180 obtained from the prior batch study achieved after two minutes of contact. Rapid
kinetics are observed in this system, especially when compared to the kinetics of the 75
wt% NaBiOs-PAN resin. The dispersion of the active NaBiOs throughout highly porous
Celite 545 may allow for faster kinetics and higher capacity relative to that of NaBiOs solid
alone by increasing the surface area. The Dw values for both 2#'Am and 244Cm slightly
decrease with increasing contact time which could be a result of properties such as
particle size and surface area changing with longer contact, but the SFcmam remains

relatively constant.

9.3.5 Adsorption Isotherm

Separations utilizing adsorption processes are based on the interactions of the solution’s
components with the surface of the solid adsorbent that occur through physiosorption
(electrostatics) or chemisorption (covalent bonding). Analytes are able to travel within the
micropore volume of porous sorbents; thus, the porosity, pore size, pore volume, and
surface area greatly influence the adsorption capabilities of the sorbent. To assess and
compare the adsorption behavior of novel adsorbents, the adsorption equilibria, capacity,

and kinetics must be understood.

The interactions between the analyte and the stationary phase can be described through
an adsorption isotherm which measures the concentration ratio of the analyte between
the two phases at equilibrium. Equilibrium is reached after sufficient contact time where

the dynamic concentration of the analyte on the sorbent and in solution is achieved (rates
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of adsorption and desorption are equal). These isotherms can then be modeled to
determine valuable information regarding the maximum adsorption capacities,
mechanisms, and thermodynamics of adsorbents to understand the influence of different
adsorbent properties. The adsorption isotherm can be determined by plotting the
equilibrium concentrations of the analyte on the adsorbent, ge (mg g''), versus in solution,
Ce (mg L™"). The adsorption isotherm was obtained for La®* in the favorable 10 wit%
NaBiOs system and is shown in Figure 9.6). La®* was chosen as the analyte as it has the
same trivalent speciation as the Cm?3* that is retained on NaBiOs and the ability to study

this element at higher concentrations.
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Figure 9.6: Mass of lanthanum adsorbed as a function of lanthanum concentration in
0.01 M nitric acid for the 10 wt% NaBiOs/Celite system. All data points are an average of
four replicates and error bars represent the uncertainty to 2c.
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The plot of ge vs. Ce for La®+ appears to exhibit the shape of a reversible Type 1 isotherm
which is characterized by a leveling out of the curve and describes adsorption for physical
adsorption and/or chemisorption. The plateau shows that the degree of adsorption
increases until a saturation point is reached and indicates the full occupation of all
adsorption sites on the surface. Chemisorption processes display Type 1 behavior as
they are limited to monolayer adsorption These isotherms also indicate that the size of
the adsorbent’s pores is not significantly larger than the diameter of the adsorbate; thus,
higher uptakes are observed at lower concentrations due to narrow pore width. When
increasing the analyte concentration, the extent of adsorption is limited by the accessible

pore volume.

The Langmuir model has been applied to Type 1 isotherms to quantify and contrast the
adsorption capacities of various adsorbents. This model is based on the kinetics principle
that, at equilibrium, the adsorption and desorption rates are equal and was constructed
around several assumptions. Following chemisorption, the model assumes monolayer
adsorption, that all adsorption sites are equal so that one analyte occupies a single site,

and that the analytes do not laterally interact with one another.

The Langmuir adsorption isotherm model can be applied to the adsorption isotherm using

Equation 9.1.

_ QuKLCe

de = Tix.c. Equation 9.1
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Where ge is the amount of solute adsorbed per unit mass of solid at equilibrium (mg/g),
Qu is the adsorption capacity (mg adsorbate/g adsorbent), Ki is the Langmuir adsorption
constant (L/mg), Ce is the solute concentration in solution at equilibrium (mg/L). The
monolayer adsorption capacity is also related to adsorption constant, K., useful for
comparing different sorbents by correlating KL to various adsorbent porosities and
surface. Thus, sorbents with greater pore volumes and larger surface areas would yield

a greater adsorption capacity.

Equation 9.1 can be rearranged to a linear form (Equation 9.2) and the model can be

solved through linear regression.

Ce  Ce 1

de QM KLQm

Equation 9.2

Thus, plotting the left side of the equation, Ce/qe, as a function of Ce produces a linear line
with a slope of 1/Qm which can be used to determine the adsorption capacity and
Langmuir constant. In addition, a separation factor, Rc, can be calculated using the initial
analyte concentration, Co, and KL to determine the nature of adsorption (Equation 9.3).
Adsorption is considered to be linear when RL = 1, irreversible when equal to 0, favorable

when 0 < Ri<1, and unfavorable when Ri>1.

]
e
I

Equation 9.2

T 14KLCo
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Thus, the linear Langmuir model was applied to the adsorption isotherm by plotting Ce/ge
as a function of Ce yielding the linear equation of y = 0.1715x + 5.6514 with an R? value

of 0.9581 (Figure 9.7).
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Figure 9.7: Langmuir adsorption isotherm for lanthanum in 0.01 M HNOs for the 10 wt%
NaBiOs/Celite system after a one-hour contact time. Data points represent the average
of three replicates and error bars represent the standard deviation to 2.

The slope, equal to 1/Qm, is 0.1715 and the adsorption capacity, Qm, was determined to
be 5.83 mg La per g of NaBiOs. The adsorption constant, KL, was calculated by dividing
the slope by the y-intercept and determined to be 0.03 L g-! and the separation factor was

0 < Ri<1 which is indicative of a favorable adsorption process. Dividing Qm by the molar

mass of La gives an adsorption capacity of 0.04 mmol La/g NaBiOs and multiplying by
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the valance of La (+3) yields a capacity of 0.13 meqg/g NaBiOs. This adsorption capacity
doubles the capacity of solid NaBiOs (0.066 meq/g) that was determined by Richards.
Since the capacity of NaBiOs alone was determined using 20 mg of NaBiOs while this
study used 5 mg of NaBiOs dispersed in 45 mg of Celite 545, the larger capacity obtained
for the smaller sorbent amount indicates that the dispersion of NaBiOs allows for greater

availability of the adsorption sites.?'2

9.3.6 Am and Cm 10 wt% NaBiOs/Celite Chromatography
A chromatographic study was carried out for the 10 wit% NaBiOs/Celite system identical

to that performed for the 5 wt% system (Figure 9.8).
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Figure 9.8: Elution profiles for 24'Am and ?#4Cm on a 10 wt% NaBiOs/Celite column with
a bed height of 5 cm and flow rate of 1 mL min'. All data points are an average of five
counting replicates of each fraction and error bars represent the uncertainty to 2c
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This system resulted in 101% + 7% 24'Am recovery with 0.01 M HNO3 and a 97% + 8%
244Cm recovery with 2 M HNOs. The peak tailing and peak fronting for 24'Am and 244Cm,
respectively, decreased the resolution of the two peaks when compared to the 5 wit%
system. The peak shape of 2'Am remained relatively similar, but the symmetry of the
244Cm elution peak improved and may be due to the greater amount of NaBiOs in the

system relative to the 5 wi% system.

9.4 Behavior of Americium and Curium in Mixed NaBiOs/Silica Systems

9.4.1 Am and Cm Adsorption on 5 wt% NaBiOs/Silica

To explore other filter aids, the batch adsorption studies were repeated for silica which
showed nearly identical trends in adsorption behavior to that of the Celite 535 system
(Figure 9.9). This is expected due to the similarity in the composition of celite and silica
which is not expected to adsorb either radionuclide. However, differences in the particle
size, shape, and porosity of the two filter aids can significantly influence the mass transfer
and diffusion processes within these different materials. Therefore, the properties of the

filter aid can affect the chromatographic dynamics and may change separation efficiency.

While the 5 wt% NaBiOs/silica system yielded similar adsorption behavior to the Celite
545 system, it provided superior SFs across the entire lower acid concentrations making
this a potentially better material than celite. This may be due to a greater porosity of the
silica gel that allows for better dispersion of NaBiOs and interaction of the analyte with the
material which would improve adsorption capacities. At 0.01 M HNOs, the SFcm/am was

~93 and about five times greater than the SFcm/am for the 5 wi% NaBiOs/celite system.
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However, at 0.1 M HNOgs, the SF doubled to only 4 which may be a result of NaBiOs

degradation as the acid concentration increases.
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Figure 9.9: Adsorption of 2'Am and 24*Cm on 5 wt% NaBiOs/Silica as a function of nitric

acid concentration. All data points are an average of four replicates and error bars
represent the uncertainty to 2c.

9.4.2 Am and Cm 5 wt% NaBiQOs/Silica Chromatography

The chromatographic performance of the 5 wt% NaBiOs/Silica system was evaluated
under the same separation conditions as that of the celite system (Figure 9.10). Am-241
showed rapid elution with activity recovery occurring in the load fraction and 99% + 4%
of the activity being recovered within the first three 4 mL fractions. Similarly, 98% + 8% of

the 244Cm activity was also recovered in the same volume of the 2 M HNO3s eluent with

180



no co-elution in the 24Am fractions. The earlier elution of 2#'Am gave better resolution
between the two elution peaks; however, both elution curves featured slight peak tailing
similar to the Celite 545 system with a lower NaBiOs amount. It is likely that with a greater

amount of filter aid the dynamics of the radionuclide adsorption processes is poorer.
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Figure 9.10: Elution profiles for 24'Am and 2**Cm on a 5 wt% NaBiOs/Silica column with
a bed height of 5 cm and flow rate of 1 mL min-'. All data points are an average of five
counting replicates of each fraction and error bars represent the uncertainty to 2c.

9.4.2 Am and Cm Adsorption on 10 wt% NaBiQOs/Silica

The adsorption curves for 2#'Am and 244Cm on the 10 wt% NaBiOzs/Silica mixture showed
similar trends as the 5 wt% mixture as expected with a slightly less rapid decrease in the
244Cm Dw values with increasing HNOs concentration (Figure 9.11). Similar to the Celite
systems, the Dw values for 2*'Am across all acid concentrations do not increase

significantly like 244Cm.
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Figure 9.11: Adsorption of 2#’Am and 2*Cm on 10 wt% NaBiOs/Silica as a function of
nitric acid concentration. All data points are an average of four replicates and error bars
represent the uncertainty to 2c.

The increase in Dw values for 24Cm is also not as large for the Silica system yielding a
slightly lower increase in SFcm/am values. At 0.01 M HNOg3, the SFcm/am increased from
93 to 172 and at 0.05 M HNOs from 10 to 11. Above 0.05 M HNOs3 the separation factors
are nearly identical for both silica systems. Understanding the adsorption of the
radionuclides onto the filter aids and how that may contribute to the adsorption seen in
these studies is necessary to understand how the filter aids influence the behavior of the
radionuclides in different mixed systems. Thus, fully characterizing the physical properties

of the different filter aids and comparing filter aids with different porosities, pore volumes,

particle sizes, and surface area would be beneficial.

182



9.4.3 Contact Time Dependency

The contact time kinetics study for the 10 wt% NaBiOs/Silica system is identical to the
behavior observed in the 10 wt% NaBiOs/Celite system (Figure 9.12). Rapid kinetics are
observed with the maximum Dw values of ~31 and ~5500 for 24! Am and 2**Cm observed
in the concentration dependency studies, respectively, are reached within the first minute
of contact. The decrease in Dw values with increasing time is less pronounced than in the
Celite system and, therefore, the SFcm/am values of ~180 are more stable across all time

points. The fast kinetics observed for both systems are favorable for chromatographic

application.
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Figure 9.12: Adsorption of 24'Am and 2#Cm on 10 wt% NaBiOs/Silica as a function of
contact time at 0.01 M nitric acid. All data points are an average of four replicates and
error bars represent the uncertainty to 2c.

183



9.4.4 Adsorption Isotherm

The adsorption isotherm for the 10 wt% NaBiOa/silica system shows a more pronounced
Type 1 adsorption curve with a distinct plateau at higher [La] concentrations which more
clearly shows that dynamic equilibrium has been reached (Figure 9.13). In addition, a

larger mass of La was adsorbed in the system across all [La] relative to the Celite system.

d. (mg/g)

C. (ppm)
Figure 9.13: Mass of lanthanum adsorbed as a function of lanthanum concentration in

0.01 M nitric acid for the 10 wt% NaBiOs/Silica system. All data points are an average of
three replicates and error bars represent the uncertainty to 2c.
Applying the Langmuir model to adsorption isotherm via linear regression yielded a fit of

y = 0.1674x + 1.5739 with an R? value of 0.9876 (Figure 9.14). Using the slope (1/Qw) of

0.1674, the adsorption capacity was determined to be ~6 which is slightly greater than
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that of the Celite 545 system. This corresponds to an adsorption capacity of 0.043 mmol
La/g NaBiOs or 0.13 meq/g similar the capacity obtained for the 10 wt% NaBiOs/Celite.
The better fit of this system to the Langmuir model, as shown by the R? values, more
clearly shows equilibrium. Similarly, the greater Ki value, which indicates the ratios of the
rates of adsorption and desorption implies better kinetics of the system. The larger K,
which can also be related to porosity and surface area, shows that the more porous silica
has improved the mass transport properties and allows for greater access of the metal

ions to the ion exchange sites in this system.
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Figure 9.14: Langmuir adsorption isotherm for lanthanum in 0.01 M HNOs3 after a one-
hour contact time for the 10 wt% NaBiOs/Silica system.
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9.4.5 Am and Cm 10 wt% NaBiOs/Silica Chromatography
The 10 wt% NaBiOs/Silica system achieved 100 + 6% and 97 + 5% 24'Am and 244Cm

recovery, respectively (Figure 9.15).
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Figure 9.15: Elution profiles for 24'Am and 24“Cm on a 10 wt% NaBiOa/Silica column with

a bed height of 5 cm and flow rate of 1 mL min-'. All data points are an average of five
counting replicates of each fraction and error bars represent the uncertainty to 2c.

The increased amount of NaBiOs resulted in the later elution of 24'Am and peak tailing
which was also observed in the 10 wt% NaBiOas/Celite system; thus, the 10 wt% systems
decrease the resolution and therefore efficiency of the chromatographic separation.

Another similar characteristic observed in both Celite and Silica systems is the

improvement in the peak symmetry for 244Cm.
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9.5 NaBiOs/Alumina System
The adsorption behavior of 2#'Am and 24Cm was characterized in a 5 wt%

NaBiOs/Alumina system as a function of nitric acid concentration (Figure 9.16).
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Figure 9.16: Adsorption of 2#’Am and 24*Cm on 5 wt% NaBiOs/Alumina as a function of
nitric acid concentration. All data points are an average of four replicates and error bars
represent the uncertainty to 2c.

Alumina is another oxide used as solid supports; however, its surface and, as a result,
chemistry is more complex relative to Celite or silica. Depending on the three-dimensional
structure of alumina, characteristics like hydration, number of hydroxyl groups, and

defects can be altered. The adsorption curves are similar in behavior to those of the other

systems, but the retention of both radionuclides decreased relative to the Silica system.
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However, the alumina system is superior to the celite system with greater SFs. At 0.01
M, the SFcm/am Of ~67 is in between that of the celite and silica systems, but from 0.05 to
0.5 M has greater SFs than both systems. The Am retention is also much lower than the
others at 0.01 M, which may afford a faster, lower eluant volume recovery. Unfortunately,
a chromatographic study could not be performed for the alumina system because the

material was in a microgrit form and therefore unsuitable for chromatographic application.

9.6 Conclusions and Future Work

From these studies, it is clear that inorganic solid supports/filter aids are a better
alternative to organic polymeric supports due to the greater separation factors and
chromatographic behavior. In addition, the inorganic material is likely to be more
compatible with the higher oxidation states of Am. Both Celite and silica systems were
successful at achieving the complete separation of 2'Am and 24“Cm with small elution
volumes, improved flow rate properties, and good peak resolution. However, further

characterization is required to fully evaluate these systems.

Compared to the organic PAN systems, the inorganic filter aids maintain the favorable
redox and ion exchange behavior of NaBiOs when it is dispersed throughout the mixture
and provided high separation factors and complete chromatographic separations. Thus,
the use of inorganic materials in a NaBiOs chromatographic system are likely to be more
compatible with the higher oxidation states of Am. For the 5 wt% NaBiOs mixtures, the
silica system outperformed the celite system in terms of selectivity with a SFcm/am of ~93
at 0.01 M HNOs relative to Celite’s 17. When comparing the effect of NaBiOs

concentration in the mixture, the SFs increased to 174 and 145 for the 10 wi% NaBiO3
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Celite and Silica systems, respectively. Thus, the 10 wt% mixtures were used for kinetics
studies at 0.01 M HNOs where both filter aids displayed rapid kinetics with their maximum
Dw values reached after the first minute of contact. Both radionuclides showed a slight
decrease in their Dw values with longer contact times, however the SFs remained
relatively constant. This same kinetic behavior was reported by Richards et. al. for 24'Am
and 2#4Cm on NaBiOs solid. It can be concluded that the different properties of the two

filter aids do not influence the adsorption kinetics of the system.

Since it is well known that the properties of solid supports for chromatographic materials
have a significant influence on parameters such as adsorption capacity, the influence of
the filter aids on capacity were explored. Adsorption isotherm studies using La®* as a
surrogate for Cm3+ were completed for both 10 wt% systems with both isotherms
corresponding to Type 1 isotherms. Thus, the Langmuir adsorption isotherm model was
applied to both systems to determine the adsorption capacity of NaBiOs in these systems.
Linear regression for the 10 wit% NaBiOzs/Celite system resulted in a slope of 0.2177 which
corresponds to an adsorption capacity of ~4.6 mg La (0.033 mmol La)/g NaBiOs. Taking
into consideration the valance state, the capacity was determined to be 0.099 meq/g
NaBiOs. The silica system demonstrated a higher capacity of ~6 mg La (0.043 mmol)/g
NaBiOs or 0.13 meqg/g NaBiOs. Both systems gave better capacities than the 0.066 meq/g
NaBiOs for solid NaBiOs alone as determined by Richards et. al. which is likely a result of
the dispersion of the active solid throughout the filter aid. This may be a result of
differences in the available surface area, particle size, and porosity of NaBiOs in the two

systems.
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As UNF features a more complex system containing impurities other than Am and Cm,
batch contact and chromatographic studies should be completed to understand the
influence of interfering ions on the separation system. In addition, the adjustment of
system parameters such as pH and ionic strength would provide a better understanding
of the interactions occurring between both the metal ions and NaBiOsz and NaBiOs and
the solution. Since Bi(V) and Bi(lll) dissolution occurs at higher (~2 M) HNOs3
concentrations where Cm(lll) elution is expected, adsorption studies of Bi(lll) should be
conducted and the addition of Bi(lll) in Cm(lll) batch studies will illustrate whether
negative interference is occurring. Additionally, since BiOs has strong oxidizing behavior
in acidic solutions with the likelihood of redox reactions with HNOs3, the oxidizing capability
may be maintained more efficiently in a different acid. Since HNOgs also has a strong redox

nature, performing these studies with HsPO4 or H2SO4 may prove beneficial.

While favorable chromatographic separations were demonstrated, the chromatographic
efficiencies of these systems should be characterized by evaluating how the adjustment
of various parameters affects the separation. The determination of the plate height as a
function of column packing technique, column height and diameter, flow rate, particle size,
and temperature will provide information regarding the column dynamics such as the
cause of band broadening within the system. The contribution to band broadening can
also be determined through the measurement of diffusion coefficients in both the

stationary and mobile phases. These studies can also aid in the understanding of how
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support loading or NaBiOs concentration in the filter aid mixture affects the efficiency and

peak tailing characteristics.

Separations using small elution volumes with improved flow rate properties and good
peak resolution were achieved for both systems. However, further characterization is
required to fully evaluate their performance and potential. Breakthrough curves provide a
convenient way to compare different adsorbents and should be obtained for these
systems to provide information regarding mass transport and bed efficiency. The
chromatographic efficiencies of these systems should be characterized by evaluating how
the adjustment of various parameters affects the separation. The determination of the
plate height as a function of column packing technique, column height and diameter, flow
rate, particle size, and temperature will provide information regarding the column
dynamics such as the cause of band broadening within the system. The contribution to
band broadening can also be determined through the measurement of diffusion
coefficients in both the stationary and mobile phases. These studies can also aid in the
understanding of how support loading or NaBiOs concentration in the filter aid mixture

affects the efficiency and peak tailing characteristics.

Beyond the use of filter aids, the immobilization of NaBiO3s onto a solid support should be
explored. The immobilization on silica or celite might be achieved through creating a
suspension of the two solids in a volatile solvent and drying to achieve a coating. Since
NaBiOs forms as a precipitate during synthesis, its coating on these supports might be

carried out through its precipitation in a solution with the supports suspended.
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Alternatively, NaBiOs may also be coated on ZrO2 through the precipitation of ZrOz in a
suspension of solid NaBiOs. Other systems such as porous membranes, cation

exchangers, and unconventional metal organic frameworks could also be explored.
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CHAPTER 10: CONCLUSIONS AND FUTURE WORK

10.1 Summary

The work presented in this dissertation provides a foundation off which to build off of when
exploring the application of NaBiOs to chromatographic systems for radiochemical
separations. It is clear that, while favorable Am oxidation and Cm ion exchange reactions
are at play, numerous other mechanisms are occurring within this system that add several
layers of complexity when considering the role NaBiOs could play in radiochemical

separations.

10.2 Behavior of Sodium Bismuthate in Nitric Acid Systems

The quantification of the solution chemistry of NaBiOs in nitric acid suggests that redox
reactions with water and excess acid facilitate its dissolution and degradation (in terms of
Bi(V) reduction to Bi(lll)). The increase in solution pH at lower HNOs concentrations
requires the adjustment of all working solutions to ensure that the system’s conditions are
as intended. As the actinides are prone to hydrolysis at higher pH values, this effect is
significant; however, it could not be determined with confidence that hydrolysis was the
cause of high Dw values at low nitric acid concentrations. Since increased material
dissolution and Oz gas production occurs at higher acid concentrations that limits column

flow rate, performing these separations at lower acid concentrations is preferred.

Understanding both the dissolution and degradation of NaBiOs could provide insight into

the loss of solid material necessary for ion exchange and any accompanying redox
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reactions occurring between NaBiOs and the solution. The presence of BiOs', whether as
a solid or in solution, is essential in ensuring the oxidation and stability of Am. It is clear
that at 2 M HNOs, significant ingrowth of Bi(V) and Bi(lll) in solution occurs. The washing
off of Bi(V) reduces the longevity of the NaBiOs solid for chromatographic separations,

and it is necessary to select system conditions that limit the loss of the active material.

While aqueous BiOs" ions have the potential benefit of stabilizing AmO22+ in solution, the
decay kinetics must be understood. While Bi(V) reduction to Bi(lll) occurs through redox
reactions with species present in solution such as Am, the redox reactions with water and
excess acid decrease the Bi(V) economy which subsequently affects the extent of
radionuclide oxidation and overall success of a redox-based separation. Measuring the
absorbance value of a post-NaBiOs contact solution at 527 nm over time will aid in the
elucidation of the decay kinetics. The decay of Bi(V) is also an important consideration
due to the ingrowth of Bi(lll) which has the potential to act as a competing ion for Cm(Ill)
and other trivalent lanthanides. These dissolution and decay studies should be completed
across all nitric acid concentrations, temperatures, and for extended periods of time to

fully characterize degradation behavior and optimize separation parameters.

The oxidation of Am(Ill) to Am(IV) results in the formation of the americyl, AmO2?+,
species that has a much different charge density from that of Cm(lll) ions. Degradation of
NaBiOs can also be explored as a function of ionic radii and charge density by repeating
the initial [Bi]toa @and [Bi(V)] experiments in the presence of various lanthanides and

actinides. This would give insight into how the diffusion of these ions into and out of the
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solid structure may distort the structure and increase its dissolution. Thus, the degradation
of the solid ion exchange structure would be estimated through the dissolution behavior

of NaBiOs as various ions interact.

10.3 Adsorption and Chromatographic Behavior of Americium and Curium on
Polymer Supported NaBiOs Sorbents

The incorporation of inorganic ion exchanges within polymeric supports has been
successfully demonstrated making it an attractive option for the improvement of the
chromatographic performance of solid NaBiOs. However, the favorable adsorption
behavior of 24'Am and 24Cm observed on NaBiOs solid as a result of combined redox
and ion exchange mechanisms diminished upon its incorporation into PAN and PES
polymeric matrices. While the specific polymer and its physio-chemical properties have a
large influence over the performance of the active ion exchanger, the method used to

prepare these materials is identical to that of commercially available PAN-based resins.

The changes that occurred within both the NaBiOs structure and the polymeric supports
for the resins prepared for this dissertation should be explored through standard
characterization methods such as scanning electron microscopy and energy dispersive
x-ray spectroscopy (SEM/EDS) for material surface and elemental analysis as well as
powder x-ray diffraction (p-XRD) to identify any significant changes in the NaBiOs solid
state structure. Obtaining material characterization for both NaBiOs and polymeric
supports before and after resin preparation will aid in the elucidation of negative structural

changes.
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Although this approach did not produce the expected data, it provides the groundwork for
future research to explore the incorporation of NaBiOs within a suitable support material.
Following the characterization of the prepared resins, modifications to the preparation
conditions may yield a material that preserves the favorable redox and ion exchange
behavior of NaBiOs while improving the chromatographic properties. Alternate support
materials that are also inorganic in nature may prove to be more appropriate and could
be prepared through precipitation of either NaBiO3s or the support material. This provides
the pathway towards research related to preparation methods, structural characterization,

adsorption, and chromatographic studies.

10.4 Adsorption and Chromatographic Behavior of Early Actinides and Europium
on NaBiOs Materials

While an Am/Cm separation is the main focus of this dissertation, the application of a
NaBiOs-based method within used nuclear fuel reprocessing requires the characterization
of other metal ions that may be present in the feed solution. In addition, finding logical
points in the currently proposed reprocessing flowsheets allows for the potential
simplification of the back end of the nuclear fuel cycle. Thus, the adsorption and
chromatographic behavior of the earlier actinides, U and Pu, as well as a trivalent
lanthanide, Eu, was characterized. Since the hexavalent oxidation state is accessible to
both U and Pu with lower reduction potentials, their oxidation by NaBiOs is feasible.
Therefore, a group hexavalent actinide separation from the trivalent lanthanides can
significantly decrease the number of reprocessing steps for used nuclear fuel. The

adsorption and chromatographic behavior of other lanthanides, specifically Ce, rare earth
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elements, and fission products should be determined so that the application of a NaBiOs

system within the nuclear fuel cycle can be more thoroughly understood.

While the adsorption behavior of 233U and 23°Pu generally followed the same trends are
hexavalent Am, deviations at 0.01 M HNOs were more in line with that of trivalent Cm.
However, lower Dw values were observed at higher acid concentrations which may be a
result of difference in charge densities and the resulting interactions with NaBiOs as well
as differences in NaBiOs sources and purities. More surprisingly, 233U displayed various
behavior between batch studies and materials which requires further studies to clarify the
speciation in these systems. Since the redox chemistry of the early actinides is extensive,
there is a great deal of understanding regarding these radionuclides in a NaBiO3s system
that is required if one were to consider the possibility of a group hexavalent actinide
separation. Characterization of the An oxidation states through UV-Vis analysis and
careful control of the speciation in the stock solutions is necessary to continue with the

An(VI)/Ln(lll) separation approach.

10.5 Adsorption and Chromatographic Behavior of Americium and Curium in Mixed
Sodium Bismuthate Systems

Following the unsuccessful PAN resin studies, this project shifted back to Richards et. al.
use of Celite 545 as a column filter aid that improved flow properties to achieve a near-
complete separation. While this method was successful, characterization of the influence

of the filter aid on the system was not completed. Thus, adsorption, kinetics, and capacity
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studies were completed to determine how the different properties of various filter aids

affect the adsorption and chromatographic behavior of 24'Am and 244Cm.

The dispersion of NaBiOs throughout inorganic filter aids preserved the adsorption
behavior observed for NaBiO3s solid and provided separation factors as high as 174 and
145 for the 10 wit% NaBiOs Celite 535 and silica systems, respectively. Both systems
exhibited rapid kinetics with these SFs reached within the first minute of contact and
maintained for at least two hours. In addition, the adsorption capacities of both systems

were improved relative to that of solid NaBiO:s.

All filter aid systems produced fast and complete separations of 24'Am and 24“Cm which
provides viable methods to be used on the analytical scale. Further comparison of these
systems can be carried out through breakthrough curve determination to elucidate mass
transport and diffusion behavior. The adjustment and evaluation of column parameters is
necessary to obtain a high efficiency chromatographic system. However, more extensive
characterization is required to determine the efficacy of a NaBiOs separation for UNF
reprocessing. The effect of interfering ions, radiolytic damage, high radionuclide loading
must be considered. This work can be further expanded to explore the immobilization of
NaBiOs on the filter aid materials studied here as well as on other inert supports suitable
for chromatography. Overall, NaBiOs provides an excellent route towards a rapid and

efficient Am(VI1)/Cm(lll) separation necessary for radioanalytical chemistry.
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APPENDIX

Table 6.1: Raw Data for Figure 6.3

Am-241/Cm-244 Adsorption on NaBiOs Solid

[HNOs] Am Dw STD Am-241 Cm-244Dw STD Cm-244  SF(cm/am)

0.01 1368.11 39.79 28588.38 LOD 20.90
0.05 47.18 5.20 2495.69 435.34 52.90
0.10 15.79 0.77 261.46 31.40 16.55
0.24 3.77 0.87 15.17 1.50 4.03
0.48 4.41 0.39 4.05 1.21 0.92
0.98 2.93 0.73 1.46 0.85 0.50
1.96 2.00 0.44 0.86 0.21 0.43

Table 6.2: Raw Data for Figure 6.4
Volume of HNO3 Sorbed on NaBiOs Solid

[HNO3] AVG YV Lost_ STDV Lost_
(mL/50 mg resin) (mg/50 mg resin)
0.01 0.0681 0.0009
0.05 0.072 0.006
0.1 0.070 0.008
0.25 0.07 0.01
0.5 0.076 0.009
1 0.083 0.007
2 0.095 0.007

Table 6.3: Raw Data for Figure 6.5

Pre- and Post-NaBiOs Contact HNOs Concentrations

Desired Pre-Contact Post-Contact

[HNO:] [HNO3] STD [HNO3] [HNO3] STD [HNO3]
0.01 0.0095 0.0003 0.0002 2.1E-06
0.05 0.050 0.001 0.0003 1.7E-06
0.1 0.097 0.001 0.0243 0.0004
0.25 0.239 0.008 0.155 0.002

0.5 0.483 0.006 0.398 0.054



1 0.959 0.016 0.845 0.040
2 1.954 0.011 1.624 0.023
Table 6.4: Raw Data for Figure 6.6
% Change in [HNOs] Post-NaBiOs Contact
Desired [HNOs] % Change STD (%)
0.01 97.33 0.02
0.05 99.30 0.07
0.1 74.95 0.04
0.25 35.04 0.24
0.5 17.61 5.39
1 11.90 3.99
2 16.90 2.35
Table 6.5: Raw Data for Figure 6.7
% Activity Lost
[HNOs] Am-241 Cm-244 U-233 Pu-239
: % Lost % STD | % Lost % STD | % Lost % STD | % Lost % STD
0.01 0.5 0.3 34.0 8.0 5.0 2.0 20.0 11.0
0.05 1.6 0.6 10.0 6.0 4.0 1.0 0.5 0.2
Table 6.5: Raw Data for Figure 6.8
BiOs" Absorption at 527 nm
Time (min) [HNOs] (M) Wavelength (nm) A (a.u.)
15 2 527 0.015
30 2 527 0.019
60 2 527 0.029
120 2 527 0.047
180 2 527 0.051




Table 6.6: Raw Data for Figure 6.9
[BiOs] Dissolution

Time (min) [HNO3] [BiO37] (mM)
15 2 1.34
30 2 1.73
60 2 2.61
120 2 419
180 2 4.61

Table 6.7: Raw Data for Figure 6.10
[BiOs] Dissolution Kinetics

Time (min) [HNO3] (1-[BiO3]/[BiO37]9)'3
15 2 0.891
30 2 0.855
60 2 0.757
120 2 0.450

Table 6.8: Raw Data for Figure 6.11
[Bi]totat Dissolution

Time (min) [HNOs] [Bi] (mM)

15 2 1.420
30 2 3.175
60 2 14.746
120 2 35.904
180 2 64.669

Table 7.1: Raw Data for Figure 7.1

Am-241/Cm-244 Adsorption on 75 wt% NaBiOs-PAN (Lot 1)

[HNOs] Am-241Dw Am-241STD Cm-244Dw Cm-244 STD SFcmam)

0.01 1461.37 38.65 LOD LOD 11.07
0.05 4.80 2.11 4.15 0.99 0.86
0.10 4.93 0.93 3.55 1.3 0.72
0.24 4.46 0.51 3.26 0.33 0.73

0.48 4.78 1.02 3.13 0.75 0.65



0.98 4.95 1.22 3.84 2.14 0.78
1.96 6.40 3.23 3.47 0.54 0.54

Table 7.2: Raw Data for Figure 7.2

Am-241/Cm-244 75 wt% NaBiO3-PAN Precondition Time Dependency

Time (min) Am-241Dw Am-241STD Cm-244Dw Cm-244 STD SFicm/am)

1 1321.83 154.38 LOD LOD 11.55
2 1356.70 145.8 LOD LOD 11.25
5 1343.57 17.3 LOD LOD 11.36
10 1392.87 143.98 LOD LOD 10.96
15 1327.65 128.62 LOD LOD 11.50
30 1285.01 51.92 LOD LOD 11.88
60 1187.30 8.93 LOD LOD 12.85
120 1184.66 147.51 LOD LOD 12.88

Table 7.3: Raw Data for Figure 7.3

Am-241/Cm-244 75 wt% NaBiOs-PAN Contact Time Dependency

Time (min) Am-241Dw Am-241STD Cm-244Dw Cm-244 STD SFicmam)

1 34.37 22 63 31.71 2.68 0.92
2 86 25.03 80.76 4.88 0.94
3 376.92 28.73 467.67 86.56 1.24
10 902.72 71.61 1768.12 155.86 1.96
15 1066.81 6.71 LOD LOD 15.49
30 1322.18 17.43 LOD LOD 12.50
60 1359.4 156.55 LOD LOD 12.15
120 1259.53 16.89 LOD LOD 13.12
180 1499.03 202.95 LOD LOD 11.02
240 1351.07 83.86 LOD LOD 12.23
300 1424.23 230.98 LOD LOD 11.60

Table 7.4: Raw Data for Figure 7.4

Am-241/Cm-244 75 wt% NaBiOs3-PAN Temperature Dependency

Temp (C) DwAm-241 Am-241STD DwCm-244 Cm-244 STD SFcm/am)

20 921.56 125.34 LOD LOD 16.73
30 584.74 63.18 LOD LOD 26.36



40 245.65 22.43 LOD LOD 62.75

50 153.65 28.93 LOD LOD 100.33

60 198.16 32.63 LOD LOD 77.79

Table 7.5: Raw Data for Figure 7.6
Am-241/Cm-244 Recovery — 75 wt% NaBiOs-PAN
Am-241 Cm-244
. V Eluted
Fraction (mL) % STD % % STD %

Recovery Recovery Recovery Recovery
Load 2 0.0 0.06 0.0 0.00
F1-0.01 M 12 2.4 0.51 0.4 0.71
F2-0.01 M 22 1.5 0.44 0.0 0.00
F3-0.01 M 32 1.6 0.51 0.0 0.00
F4-0.01 M 42 1.7 0.44 0.0 0.00
F5-0.01 M 52 1.6 0.57 0.0 0.00
F6-0.01 M 62 1.5 0.36 0.0 0.00
F7-0.01 M 72 2.2 0.51 0.0 0.00
F8-0.05M 82 46.0 3.92 25.5 1.42
F9-0.05M 92 27.3 1.71 51.4 1.89
F10-0.05 M 102 15.2 0.65 25.1 0.71
F11-0.05M 112 3.0 0.86 0.8 0.71
F12-0.05M 117 1.0 0.19 0.0 0.00
F13-0.05M 127 0.0 0.0 0.0 0.0
F14-0.05 M 137 0.0 0.0 0.0 0.0
F15-0.05 M 147 0.0 0.0 0.0 0.0
Total 105.14 10.74 103.25 5.45

Table 7.6: Raw Data for Figure 7.7
Am-241/Cm-244 Recovery — 5 wi% NaBiO3-PAN/PAN Bead
Am-241 Cm-244
Fraction V' e % STD % % STD %

Recovery Recovery Recovery Recovery
Load 0.1 0.0 0.00 0.0 0.00
F1-0.01 M 15.1 68.1 8.13 82.6 5.50
F2-0.01 M 30.1 23.5 4.07 19.1 9.53




F3-2.0M 45.1 7.0 7.04 0.0 0.00
F4-2.0M 50.1 0.0 0.00 0.0 0.00
Total 98.64 19.27 101.69 15.04
Table 7.7: Raw Data for Figure 7.8
Am-241/Cm-244 Recovery — 10 wt% NaBiO3-PAN/PAN Bead
Am-241 Cm-244
Fraction V' e % STD % % STD %
Recovery Recovery Recovery Recovery
Load 0.1 0.0 0.00 0.0 0.00
F1-0.01 M 15.1 60.1 4.73 0.0 0.00
F2-0.01 M 30.1 27.3 4.91 0.0 0.00
F3-2.0M 45.1 8.2 0.00 0.0 0.00
F4-2.0M 50.1 0.0 0.00 77.8 5.18
F5-2.0M 60.1 0.0 0.0 0.0 0.0
Total 95.58 9.46 77.83 5.18

Table 7.8: Raw Data for Figure 7.9a

Am-241/Cm-244 Adsorption on 75 wt% NaBiOs-PAN (Lot 2)

[HNO3] Am-241Dw Am-241STD Cm-244Dw Cm-244 STD SFicm/am)
0.01 1105.48 7.78 63968.21 0 57.86
0.05 34.81 3.75 41.95 5.77 1.20
0.10 4.51 0.53 3.70 0.49 0.82
0.24 1.59 0.17 1.49 0.28 0.93
0.48 1.61 0.46 1.57 0.43 0.98
0.98 1.59 0.62 1.59 0.59 1.00
1.96 1.51 0.52 1.42 0.1 0.94

Table 7.9: Raw Data for Figure 7.9b

Am-241/Cm-244 Adsorption on 50 wt% NaBiOs-PAN

[HNOs] Am-241 Dw Am-241 STD Cm-244Dw Cm-244 STD SFcmam)
0.01 49.80 12.7 64.64 6.02 1.30
0.05 1.86 0.21 2.13 1.09 1.14
0.10 1.51 0.16 1.15 0.27 0.76
0.24 1.58 0.04 1.20 0.41 0.76
0.48 1.55 0.07 1.42 0.33 0.92



0.98 1.49 0.27 2.01 0.77 1.35
1.96 1.50 0.41 2.53 0.87 1.69

Table 7.10: Raw Data for Figure 7.9c

Am-241/Cm-244 Adsorption on 25 wt% NaBiOs-PAN

[HNOs] Am-241 Dw Am-241 STD Cm-244Dw Cm-244 STD SFcm/am)

0.01 7.52 0.25 4.71 0.6 0.63
0.05 1.76 0.33 1.76 0.19 1.00
0.10 1.45 0.54 1.54 0.2 1.06
0.24 1.41 0.26 1.53 0.14 1.09
0.48 1.39 0.09 1.82 0.29 1.32
0.98 1.75 0.81 1.59 0.29 0.90
1.96 1.85 1.06 2.07 0.79 1.12

Table 7.11: Raw Data for Figure 7.9d

Am-241/Cm-244 Adsorption on 10 wt% NaBiOs-PAN

[HNO3] Am-241 Dw Am-241 STD Cm-244Dw Cm-244 STD SFcm/am)

0.01 4.75 0.82 5.26 1.41 1.11
0.05 1.78 0.24 1.82 0.32 1.02
0.10 1.63 0.2 1.88 1.01 1.15
0.24 1.46 0.45 1.58 0.16 1.08
0.48 1.56 0.39 1.64 0.36 1.05
0.98 1.45 0.08 1.68 0.27 1.16
1.96 2.98 0.58 1.63 0.34 0.55

Table 7.12: Raw Data for Figure 7.10

Am-241/Cm-244 Adsorption on Polyacrylonitrile

[HNOs] Am-241 Dw Am-241 STD Cm-244Dw Cm-244 STD SFam/cm)

0.01 15.19 1.26 13.11 1.1 1.16
0.05 1.19 0.23 0.7 0.26 1.71
0.10 1.32 0.13 1.00 0.11 1.32
0.24 2.52 0.12 1.34 0.53 1.87
0.48 2.88 0.12 1.86 0.34 1.55
0.98 2.09 0.73 2.37 0.49 0.88
1.96 7.45 1.7 7.2 2.53 1.03




Table 7.13: Raw Data for Figure 7.11

Am-241/Cm-244 Adsorption on 10 wt% NaBiOs-PES

[HNOs] Am-241 Dw Am-241 STD Cm-244 Dw Cm-244 STD SF@amcm)
0.01 7.79 0.51 1.71 0.15 4.55
0.05 3.68 0.08 0.80 0.11 4.61
0.10 1.69 0.51 0.68 0.22 2.46
0.24 3.25 0.61 0.72 0.32 4.48
0.48 1.35 0.62 0.48 0.20 2.82
0.98 2.43 0.26 0.89 0.12 2.74
1.96 2.83 0.01 0.29 0.07 9.91

Table 8.1: Raw Data for Figure 8.1
U-233/Pu-239/Eu-152 Adsorption on NaBiOs3 Solid

[HNOs] U-233D. U-233STD Pu239Dw ' goo’ Eu-152Dw  erp
0.01 2381.65 1017.97 857.49 76.32 4645.78 0.00
0.05 84.61 14.15 39.06 19.06 1780.58 931.32
0.10 19.07 2.06 6.04 2.09 92.69 6.70
0.24 19.59 2.80 2.93 1.03 7.28 0.68
0.48 26.89 2.27 1.27 0.22 4.50 0.34
0.98 54.40 4.85 1.98 1.89 1.85 0.87
1.96 378.71 50.78 1.77 1.45 0.33 0.04

Table 8.2: Raw Data for Figure 8.2
U-233/Pu-239/Eu-152 Recovery — 5 wt% NaBiOs/Celite
U-233 Pu-239 Eu-152
Fraction V Eluted (mL) % STD % % STD % % STD %
Recovery Recovery | Recovery Recovery | Recovery Recovery
Load 0.1 0 0 0 0 0 0

F1-0.1 15.1 83.31 4.23 80.46 8.87 0 0

F2-2.0 30.1 11.69 9.52 16.34 5.62 100.07 9.15

F3-2.0 45.1 1.67 2.29 4.4 3.58 0 0

F4-2.0 60.1 0.84 1.87 0 0 0 0

Total 97.51 17.19 101.2 18.07 100.07 9.15




Table 8.3: Raw Data for Figure 8.3

U-233/Pu-239 Adsorption on 75 wt% NaBiOs-PAN (Lot 2)

[HNOs] U-233 Dw U-233 STD Pu-239 Dw Pu-239 STD SFu/pu)
0.01 LOD LOD LOD LOD 0.78
0.05 4.88 1.21 0.96 0.06 5.11
0.10 4.20 1.02 1.64 1.71 2.56
0.24 10.13 1.17 2.33 1.35 4.34
0.48 15.11 1.40 0.59 0.39 25.72
0.98 46.51 2.87 1.09 0.98 42.75
1.96 338.79 36.29 1.11 0.30 304.02

Table 8.4: Raw Data for Figure 8.4

U-233/Pu-239 Adsorption on Polyacrylonitrile

[HNOs] U-233 Dw U-233 STD Pu-239 Dw Pu-239 STD SFu/pu)
0.01 0.62 0 7.15 0.66 0.09
0.05 2.66 0.02 2.09 1.3e-001 1.27
0.10 6.04 2.91 1.33 0.59 4.54
0.24 7.82 2.42 2.35 0.85 3.33
0.48 18.78 8.77 6.03 1.47 3.11
0.98 21.69 3.15 7.63 2.12 2.84
1.96 113.34 23.42 20.38 1 5.56

Table 8.5: Raw Data for Figure 8.5

U-233/Pu-239 75 wt% NaBiOs-PAN (Lot 2) Contact Time Dependency

Time (min)  U-233 Dw U-233 STD Pu-239 Dw Pu-239 STD SFpu)

1 16.07 11.3 16.22 12.61 1.13
2 29.62 22.81 32.06 25.16 1.00
S 165.08 49.96 239.26 22.09 1.26
10 16650.95 LOD 1003.34 369.22 1.29
15 16650.95 LOD 2035.24 412.48 0.12
30 16650.95 LOD 22471.89 LOD 1.15
60 16650.95 LOD 22471.89 LOD 1.15
120 16650.95 LOD 22471.89 LOD 1.15




Table 8.6: Raw Data for Figure 8.6

U-233/Pu-239 Recovery — 10 wt% NaBiO3-PAN/PAN Bead

U-233 Pu-239
Fraction ' (En',”Ltf d % STD % % STD %
Recovery Recovery Recovery Recovery
Load 1 22.6 2.17 7.5 1.74
F1-2.0M 2 48.8 1.64 18 0.68
F2-2.0M 3 17.2 2.84 11.5 0.85
F3-2.0M 4 3.6 1.39 6 1.02
F4-2.0M 5 1.6 0.66 3.9 1.53
F5-2.0M 6 0.3 0.75 2.4 1.19
F6-2.0M 7 0.3 0.75 0 0.0
F6-2.0M 8 0.0 0.0 0 0.0
Total 94.4 10.2 49.3 7.01
Table 8.7: Raw Data for Figure 8.7
U-233/Pu-239/Eu-152 Adsorption on 75 wt% NaBiOs-PAN (Lot 1)
[HNO;] U-233D. U-233STD Pu239Dw ' goa’ Eu-152Du  Cern
0.01 4.03 0.23 1.62 0.2 24.11 1.77
0.05 2.04 0.06 0.99 0.23 2.52 0.52
0.10 1.14 0.07 0.61 0.06 1.81 0.18
0.24 1.69 0.39 1.03 0.4 2.02 0.1
0.48 1.66 0.52 0.72 0.01 2.08 0.28
0.98 1.16 0.46 0.71 0.01 1.35 0.24
1.96 4.03 0.23 1.62 0.2 24.11 1.77
Table 9.1: Raw Data for Figure 9.1
[La] Calibration Curve
[HNOs] [As] (ppm) [La] (ppm)
0.01 0.02167 0
0.01 0.03132 1
0.01 0.09377 5
0.01 0.18591 10
0.01 0.81865 50
0.01 1.62746 100
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Table 9.2: Raw Data for Figure 9.2

Am-241/Cm-244 Adsorption on 5 wt% NaBiOs/Celite 535

[HNOs] Am-241 Dw Am-241 STD Cm-244Dw Cm-244 STD SFcm/am)

0.01 27.04 1.96 447.59 33.83 16.55
0.05 5.13 1.17 21.75 3.78 4.24
0.10 2.77 0.24 6.56 1.31 2.37
0.24 1.52 0.24 0.99 0.20 0.65
0.48 0.93 0.23 0.89 0.09 0.96
0.98 0.57 0.22 0.37 0.12 0.66
1.96 0.49 0.10 0.21 0.04 0.43

Table 9.3: Raw Data for Figure 9.3
Am-242/Cm-244 Recovery — 5 wi% NaBiOs/Celite 535

Am-241 Cm-244
Fraction ' (Enl,ul_tf d % STD % % STD %
Recovery Recovery | Recovery Recovery

Load 4 0.00 0.53 0.00 0.00
F1-0.1M 8 56.15 1.93 0.00 0.00
F2-0.1M 12 40.10 2.45 0.00 0.00
F3-0.1M 16 5.55 1.07 0.00 0.00
F4-01M 20 0.00 0.53 0.00 0.00
F5-0.1M 24 0.00 0.53 0.00 0.00
F6-2M 28 0.00 0.53 4.56 0.72
F7-2M 32 0.00 0.53 58.51 1.44
F8-2M 36 0.00 0.00 16.60 1.24
F9-2M 40 0.00 0.00 13.28 1.90
F10-2M 44 0.00 0.00 3.32 0.72
F11-2M 48 0.00 0.00 0.00 0.00
Total 101.80 8.12 96.27 6.02

Table 9.4: Raw Data for Figure 9.4

Am-241/Cm-244 Adsorption on 10 wt% NaBiOs/Celite 535

[HNO:3] Am-241 Dy Am-241 STD Cm-244Dw Cm-244 STD SFccmam)

0.01 43.08 4.16 6225.15 1930.48 144.50
0.05 3.30 0.51 61.01 10.77 18.48
0.10 2.95 0.40 12.08 3.95 4.10
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0.24 2.16 0.52 2.82 0.61 1.31

0.48 0.95 0.62 1.54 0.50 1.62
0.98 0.82 0.30 0.99 0.42 1.21
1.96 0.79 0.45 0.59 0.21 0.74

Table 9.5: Raw Data for Figure 9.5

Am-241/Cm-244 10 wt% NaBiOs/Celite 535 Contact Time Dependency

Time (min) Am-241Dw Am-241STD Cm-244Dw Cm-244 STD SFicm/am)

1 44.03 0.92 7077.92 1293.06 160.75
2 41.06 2.57 7410.26 1441.94 180.48
5 40.68 3.59 7776.83 1135.40 191.15
10 33.26 1.99 7278.60 286.49 218.81
15 31.76 1.97 6796.41 1828.95 214.00
30 30.89 2.55 6533.36 1468.71 211.49
60 29.55 1.86 6388.64 765.64 216.17
120 22.30 1.51 4975.59 694.04 223.07

Table 9.6: Raw Data for Figure 9.6
10 wt% NaBiOs/Celite 535 Adsorption Isotherm

Ce (Ppm) e (Mg/g)
4.75 0.94
16.63 1.65
35.91 2.97
57.46 3.76
80.19 4.18

Table 9.7: Raw Data for Figure 9.7
10 wit% NaBiOs/Celite 535 Langmuir Adsorption

Ce (ppm) Ce/ge (g L)
4.75 5.03
16.63 10.1
35.91 12.08
57.46 15.3
80.19 19.19

12



Table 9.8: Raw Data for Figure 9.8

Am-241/Cm-244 Recovery — 10 wt% NaBiOs/Celite 535

Am-241 Cm-244
Fraction ' (E,.",”,_t)e d % STD % % STD %
Recovery = Recovery | Recovery Recovery

Load 4 0.00 0.00 0.00 0.00
F1-0.1 8 21.28 0.93 0.00 0.00
F2-0.1 12 67.23 3.25 0.00 0.00
F3-0.1 16 6.78 2.14 0.00 0.00
F4-0.1 20 1.23 0.53 0.00 0.00
F5-0.1 24 0.00 0.00 0.00 0.00
F6-2 28 0.00 0.00 18.98 1.94
F7-2 32 0.00 0.00 7713 2.54
F8-2 36 0.00 0.00 0.98 0.73
F9-2 40 0.00 0.00 0.00 0.00
F10-2 44 0.00 0.00 0.00 0.00
F11-2 48 0.00 0.00 0.00 0.00
Total 100.53 6.84 97.09 5.22

Table 9.9: Raw Data for Figure 9.9

Am-241/Cm-244 Adsorption on 5 wt% NaBiOs/Silica

[HNOs] Am-241Dw Am-241STD Cm-244Dw Cm-244 STD SFcmam)
0.01 27.41 4.08 2559.85 409.70 93.40
0.05 6.57 1.32 64.80 15.93 9.87
0.10 3.15 0.76 13.68 4.74 4.35
0.24 1.36 0.08 1.95 0.35 1.43
0.48 0.68 0.28 0.89 0.40 1.31
0.98 0.54 0.21 0.42 0.17 0.77
1.96 0.65 0.07 0.39 0.09 0.60

Table 9.10: Raw Data for Figure 9.10
Am-241/Cm-244 Recovery — 5 wt% NaBiOs/Silica
Am-241 Cm-244
Fraction ' (En',u,_tf d % STD % % STD %
Recovery  Recovery | Recovery Recovery
Load 4 9.56 0.00 0.00 0.00
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F1-0.1 8 78.05 1.85 0.00 0.00
F2-0.1 12 11.41 1.60 0.00 0.00
F3-0.1 16 0.00 1.41 0.00 0.72
F4-0.1 20 0.00 0.00 0.00 0.00
F5-0.1 24 0.00 0.00 0.00 0.00
F6—2.0 28 0.00 0.00 33.88 1.90
F7-20 32 0.00 0.00 57.44 4.37
F8 - 2.0 36 0.00 0.00 6.83 1.44
F9—2.0 40 0.00 0.00 0.00 0.00

F10-2.0 44 0.00 0.00 0.00 0.00

F11-2.0 48 0.00 0.00 0.00 0.00

Total 99.03 4.87 98.15 8.43

Table 9.11: Raw Data for Figure 9.11

Am-241/Cm-244 Adsorption on 10 wt% NaBiOs/Silica

[HNOs] Am-241 Dw Am-241 STD Cm-244Dw Cm-244 STD SFcm/am)

0.01 31.79 5.74 5463.32 1090.06 171.85
0.05 5.02 0.61 56.13 14.57 11.17
0.10 3.03 0.23 10.82 2.32 3.58
0.24 1.12 0.05 2.34 0.47 2.08
0.48 1.08 0.04 1.94 0.68 1.80
0.98 1.11 0.04 1.63 0.23 1.48
1.96 1.05 0.01 0.98 0.50 0.94

Table 9.12: Raw Data for Figure 9.12

Am-241/Cm-244 10 wt% NaBiOs/Silica Contact Time Dependency

Time (min) Am-241Dw Am-241STD Cm-244Dw Cm-244 STD SFicm/am)

1.00 30.93 2.51 5595.51 586.87 180.91
2.00 30.54 2.03 5660.74 393.46 185.37
5.00 29.75 2.66 5559.52 1936.66 186.88
10.00 29.93 3.57 5286.18 1570.91 176.64
15.00 29.93 1.02 5104.45 1401.76 170.55
30.00 28.16 0.70 5327.63 1950.47 189.20
60.00 28.53 0.98 5612.65 982.38 196.72
120.00 28.75 2.31 5084.58 2000.77 176.86
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Table 9.13: Raw Data for Figure 9.13

10 wt% NaBiOs/Silica Adsorption Isotherm

Ce (ppm) de (Mg/g)
2.14 1.47
11.57 2.66
27.85 4.59
49.91 5.27
75 5.02

Table 9.14: Raw Data for Figure 9.14

10 wt% NaBiOs/Silica Langmuir Adsorption

Ce (ppm) Ce/ge
2.14 1.46
11.57 4.35
27.85 6.07
49.91 9.48

75 14.38

Table 9.15: Raw Data for Figure 9.15

Am-241/Cm-244 Recovery — 10 wt% NaBiOs/Silica

Am-241 Cm-244
Fraction V Eluted
(mL) % STD % % STD %
Recovery Recovery Recovery Recovery

Load 4 0.00 0.00 0.00 0.00
F1-0.1 8 50.27 2.97 0.00 0.00
F2-0.1 12 37.01 2.45 0.00 0.00
F3-0.1 16 11.41 1.41 0.00 0.00
F4-0.1 20 0.00 0.00 0.00 0.00
F5-0.1 24 0.00 0.00 0.00 0.00
F6-2 28 0.00 0.00 71.10 2.20
F7-2 32 0.00 0.00 27.09 1.47
F8-2 36 0.00 0.00 0.80 0.73
F9-2 40 0.00 0.00 0.00 0.00
F10-2 44 0.00 0.00 0.00 0.00
F11-2 48 0.00 0.00 0.00 0.00
Total 98.68 6.83 98.99 4.41
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Table 9.16: Raw Data for Figure 9.16

Am-241/Cm-244 Adsorption on 5 wt% NaBiOs/Alumina

[HNOs] Am-241Dw Am-241 STD Cm-244Dw Cm-244 STD SFcm/am)

0.01 7.91 0.63 533.46 21.14 67.42
0.05 2.22 0.30 35.44 3.96 15.96
0.10 1.64 0.26 8.92 0.59 5.45
0.24 1.26 0.15 1.63 0.13 1.29
0.48 1.23 0.42 1.67 0.29 1.35
0.98 0.91 0.04 0.85 0.13 0.93
1.96 0.76 0.17 0.39 0.02 0.52
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AHA
ALSEP
An
CMPO
COEX
CTBT
DGA
DIAMEX
Dw
FPEX
FPs
GANEX
GHG
ICP-OES
ICRP

Ln

LSC
LTBT
LWR
MAs

MOX

LIST OF ABBREVIATIONS AND ACRONYMS

Acetohydroxamic acid

Actinide Lanthanide SEParation
Actinide
Carbamoylmethylphosphine oxide
Combined EXtraction
Comprehensive Nuclear Test Ban Treaty
Diglycolamide

DIAMide EXtraction

Weight Distribution Ratio

Fission Product EXtraction
Fission Products

Group ActiNide EXtraction

Greenhouse Gas

Inductively Coupled Plasma Optical Emission Spectroscopy

International Commission on Radiological Protection
Lanthanide

Liquid Scintillation Counting

Limited Test Ban Treaty

Light Water Reactor

Minor Actinides

Mixed Oxide



NaBiOs Sodium Bismuthate

NFC Nuclear Fuel Cycle

NPEX Neptunium Plutonium EXtraction
P&T Partitioning and Transmutation
PAN Polyacrylonitrile

PES Polyethersulfone

PUREX Plutonium, Uranium, Reduction, EXtraction (PUREX)

REEs Rare Earth Elements
SF Separation Factor
SSMP Stockpile Stewardship and Management Program

TALSPEAK Trivalent Actinide Separations by Phosphorous Reagent Extraction from
Aqueous Komplexes

TBP Tributylphosphate

tHM Tons of Heavy Metal

TODGA N,N,N’,N*-tetraoctyl diglycolamide

TRU Transuranic

TRUEX TRansUranium EXiraction

u Uranium

UNF Used Nuclear Fuel

UREX URanium EXtraction
WGPu Weapons Grade Plutonium
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