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ABSTRACT

This dissertation focuses on key intergroup and intragroup separations found in the back
end of the nuclear fuel cycle, specifically americium from lanthanides and americium
from other actinides, most importantly americium from curium. Our goal is to
implement a liquid-solid separation process to reduce waste and risk of contamination by
the development of metal(IV) phosphate phosphonate inorganic organic hybrid ion
exchange materials with the ideal formula of M(O¢P2CsH4)o.5(O3POA) *nH,0, where M
= Zr or Sn, A = H or Na. These materials have previously shown to have high affinity
for Ln, this work will expand on the previous studies and provide methods for the above
target separation, exploiting oxidation state and ion charge to drive the separation

process.

The optimum hydrothermal reaction conditions were determined by adjusting parameters
such as reaction temperature and time, as well as the phosphonate to phosphate (pillar-
to-spacer) ligands ratio. Following these results four bulk syntheses were performed and
their ion exchange properties were thoroughly examined. Techniques such as
inductively coupled mass spectrometry and liquid scintillation counting were used to
determine the affinity of the materials towards Na', Cs’, Ca2+, Sr2+, Ni2+, Nd3+, Sm3+,

Ho3+, Yb3+, Np02+, Pu4+, Pu022+, Am3+, AmO,", and Cm®"

i



Separation factors in the thousands have been observed for intergroup separations of the
Ln from the alkali, alkaline earth, and low valent transition metals. A new method for
Am oxidation was developed, which employed Na,S;0s as the oxidizing agent and
Ca(OCl); as the stabilizing agent for AmO," synthesis. Separation factors of 30-60 for
Nd** and Eu’™ from AmO,", as well as 20 for Cm®" from AmO," were observed at pH 2.
The work herein shows that a liquid-solid separation can be carried out for these difficult

separations by means of oxidation and ion exchange.
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CHAPTER I

INTRODUCTION

1.1 Identifying the problem

The demand for energy is ever present and ever growing as the world’s population
continues to grow. Energy has established itself as a necessity in any economically
growing society. The rate at which energy is being consumed is increasing faster than
the rate of world population growth. In the last several decades we have seen these
demands further strained by the modernization and mass urbanization of highly
populated countries such as China and India, adding roughly one billion new energy
users to the currently growing population base. The exodus from the countryside into
the city cannot be stemmed and should not be questioned, as it provides these
populations access to a new world of great potential in the areas of: education,
technological advancement, healthcare, and overall standard of living. Energy, when

looked back on by history, may turn out to be the biggest problem of the 21* century.

In the pursuit of short-term increases in the standard of living, the impacts imparted to
future generations must be in the forefront of energy policy. Gagnon et al. [1]
performed a life cycle assessment on a variety of energy sources, which examined the
“cradle-to-grave” overall environmental impact on each energy source. Nash et al. [2]

later revised the study to better identify the role of nuclear power in the future. The life



cycle assessment identified and ranked the respective energy source by four major areas
of concern: greenhouse gas emissions, SO, emissions, direct land requirements, and
energy payback ratios. In both emissions categories nuclear scored as well, if not
slightly better than most of the “renewable” sources; and greatly outscored all the fossil-
fuel sources. Nuclear power had the smallest impact on direct land requirements; but it
should be pointed out that final disposal of nuclear waste was not taken into account, as
no real stance has been taken on the back end of the fuel cycle in the United States.
Nuclear was out scored in payback, but was still competitive with the “renewable”
sources. Nash ef al. pointed out that nuclear is the only energy source that has not been—
—but has the potential to be—expanded on a large scale to meet the nation’s growing
energy needs. They also emphasized that, “nuclear plants can be configured to provide

continuous on-demand power (no matter what the weather).”

Several analyses have been made on global energy production and consumption [3-5],
one of which, prepared by Hoffert et al. [5], placed an emphasis on energy concerns of
the future. They estimated the global power consumption in 2002 to be ~ 12 terawatts
(TW), with ~ 85% of that coming from fossil fuels. The trending of atmospheric CO,
showed 275 ppm in 1900, 370 ppm in 2000, and is projected to reach 550 ppm in 2100.
In conclusion they stated that by the year 2050 nearly 15 TW of emission-free power
will be needed to stabilize CO, levels at 550 ppm. Nash et al. echo the concern, in their
synopsis of the Hoffer ef al. analysis, “fission based nuclear power is the only presently

developed technology that could deliver this performance.” Ghoniem [4] stated,



“Nuclear energy and renewable resources are necessary components of the energy
source mix, which are also carbon free. Nuclear power is a scalable resource that can
satisfy [a] larger fraction of electricity generation needs, but concerns over waste, safety
and security must be addressed.” Nash ef al. further suggest that known terrestrial
reserves of uranium are inadequate to sustain this level of power production if we utilize
only the fissile >°U that is present naturally. They conclude, that it is “imperative that
development begin immediately on a serious international effort to close the nuclear fuel
cycle and to breed additional fissile plutonium.” The breeding of new fuel in
commercial reactors is currently illegal in the United States due to concerns with waste
management and weapons proliferation, and has resulted in a “once-through” or open

fuel cycle.

The nuclear fuel cycle, presented in Figure 1 can be broken up into three phases: the
front end, middle, and back end. The front end is comprised of mining, milling,
conversion, enrichment, and fuel fabrication. The whole reason for the fuel cycle,
energy production, occurs in the middle. The back end, however, is slightly more
ambiguous as two approaches have been taken. Approach one, the closed fuel cycle,
contains three stages: interim storage, reprocessing, and final disposition. Approach
two, the “once-through” or open fuel cycle, allows for only a single use of the nuclear
fuel and then ideally calls for the disposal of the used fuel by going from interim storage

into a geological repository, skipping the reprocessing step entirely.
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Source: Energy Information Administration.

Figure 1: Nuclear fuel cycle schematic, adapted from the United States Energy
Information Administration Nuclear Power Generation and Fuel Cycle Report released

September 1, 1997.



In a closed fuel cycle, the reprocessing stage has a number of separation steps that
extract out the fission products (FP) and minor actinides (MA) into waste streams while
the uranium and plutonium are harvested and reintroduced into the front end, thereby
closing the fuel cycle. Some countries, like France, have industrialized this process,
generating over 85% of their electricity [4]. They also export a good portion of energy
to neighboring countries. In contrast, the United States has adopted the “once-through”
approach, where the fuel is used once and sent to a geological repository. (However, no
such repository has been, or is currently, in use. Moreover, at present no final geological
disposal site has even been identified in the US). This can lead to a strain on the interim
storage facilities; however, these facilities have not been commissioned for operation
either. The result is the accumulation of 10-60 years worth of used nuclear fuel (the full
operational nuclear waste legacy) at any given reactor. This burden of amassed used
fuel has begun to tax (pun intended) the facilities and in 2010 [6] a number of electricity
utilities, the Nuclear Energy Institute, and the National Association of Utility Regulators
filed lawsuits against the US Department of Energy regarding utility industry payments
into the Nuclear Waste Fund, which was designed to pay for the transportation and
disposal of the used nuclear fuel, and to date, has done neither. Since then several large
sums of money have been refunded, with a possibility of more to come in the future [7,

8].

This has resulted in major concerns in expanding the nuclear power industry in the US.

While nuclear power has many advantages the major concern lies in the waste generated



in the process. The current stockpiles of waste must be dealt with to make room for
future energy production. Like most tasks, it is much easier said than done. To start
with, the initial radiation dose emitted by the used assemblies is quite high, and remains
so, even after some of the short-lived radionuclides have decayed away. Exposure
concerns are present throughout the entire process. Other concerns involve the heat
production of waste from species like **Sr and "*’Cs [9-12], and **'Am [13, 14]. In both
cases a well-designed separation process can reduce the amount of waste, the space
needed to house the waste, and the time needed for the doses to become manageable.
One approach to reduce long-term radiotoxicity and heat load is transmutation of the
radionuclides to shorter-lived species [15-17]. This approach requires a pure sample of
the nuclide of interest, in most cases *Am. Under acidic conditions americium is most
stable as a trivalent cation and behaves very similar to the early lanthanides (Ln), making
the separation very difficult. This issue will be discussed in more detail later, in

Chapter V.

The Ln also play an important negative role in fuel as many of them have high thermal
neutron capture cross sections [18-22]. As the fission products grow in, many of the
light Ln are produced and begin to scavenge neutrons. The Ln, unlike fissile materials,
capture neutrons without releasing additional neutrons, a process known as “poisoning”
because it kills the nuclear chain reaction. The final outcome of this process is too few
free neutrons to sustain criticality and the reaction shuts down. Although there is enough

poison to prevent a chain reaction from occurring, the poisons only make up a very small



amount by mass of the used fuel, < 1%, while there is still ~ 95% of the original starting
material present [23, 24]. This alone should be reason enough to recycle used nuclear
fuel. In light of the world’s burgeoning energy needs, it is a travesty, that after only 5%
of the fuel is consumed the whole assembly is destined for disposal. The answer to the
problem is not to avoid it altogether, but rather to allow scientific creativity and
ingenuity to run its course and develop a safe system of policies, procedures, and

technologies to expand nuclear power to its full potential.

1.2 History a.-zirconium phosphate derivatization

The Clearfield Research Group has been investigating zirconium phosphate and its
derivatives for the past 50 years. Alpha-zirconium phosphate (o—ZrP), Zr(HPO4),*H,0,
has been known to be an ion exchange material since before it was first crystallized by
Clearfield and Stynes in 1964 [25]. Clearfield and Stynes developed methods of
synthesizing o—ZrP by refluxing zirconium phosphate gels in phosphoric acid. It was
found that both the acid concentration as well as the reflux time played a large roll in the
crystallization process. As the H3PO,4 concentration was increased from 1-12 M the gels
converted into crystalline forms much faster, taking ~ 100 hrs in 1 M H3PO4 and only 1
hr in 8-12 M H3;PO,4. It was also observed that the crystals themselves had much more

rapid growth in the more concentrated acids.



The structure was solved 1969 [26] and then refined in 1977 [27] in the P2;/n space
group with the unit cell dimensions of a = 9.060 (2) A, b =5.297 (1) A, ¢ = 15.414 (3)
A, B =101.71 (2)° and Z = 4 (see Figure 2). o—ZrP can be described, as a layered
structure comprised of octahedrally coordinated zirconium atoms bound to six oxygen
atoms from six different phosphate groups. The phosphate groups are bound to the layer
by three oxygen atoms, with a protonated oxygen pointing towards the interlayer space,
along with one unit formula water molecule that does not hydrogen bond the layers
together. The interlayer distance of o—ZrP is 7.6 A and each layer is offset by 1/3 a; and
2/3 bn. The proton on the oxygen dangling into interlayer space is acidic and therefore
can participate in ion exchange reactions. An extensive amount of research has been
performed on the ion exchange properties of a—ZrP [28-38]. Using the traditional way
for determining total exchange capacity of an ion exchange material, titration with a
NaCl + NaOH mixture, resulted in an assay of 6.6 mEqu g ' total ion exchange capacity
for o—ZrP. It was also found that the exchange behavior was highly dependent on the
crystallinity of the ZrP [38]. Highly crystalline samples form distinct exchange phases,
while less crystalline samples form single solid solutions. The size of the cation also
plays a large role. Changing the counter cation in the MOH + MCI mixture from Li", to
Na", to K', to Rb", to Cs" the crystalline a—ZrP shows a sieving effect [25], where Rb"
and Cs' react solely with the surface exchange sites. The smaller ions, however, are able
to penetrate the layers and react with all the exchange sites [32, 35]. The sieving
properties are not observed with the less crystalline samples, but an order of selectivity is

observed as follows: Li' <Na' <K' <Rb' < Cs’ [39]. Another interesting property of
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Figure 2: Alpha-zirconium phosphate looking down the b-axis.



ZrP, is that the layers can be exfoliated, presumably into single nano-sheets suspended in
solution [40-42]. Over the last fifty years study of a—ZrP and its less crystalline forms
have expanded to encompass a large variety of research foci, one of which is organic

derivatization, to which we turn our focus.

The phenyl phosphonate derivative was synthesized in 1978 [43] by reacting phenyl
phosphonic acid and zirconyl chloride, and the structure was later solved in 1993 [44]. It
was found to form a layered compound, much like o—ZrP, with an interlayer spacing of
14.8 A. The phenyl groups take the place of the dangling ~OH group and form a bilayer
within the interlayer space. Aryl bisphosphonate Zr*" compounds were later synthesized
to form a pillaring of the metal layers [45, 46]. The pillaring of the layers not only holds
them together, preventing them from being exfoliated, but holds them apart, leading to

the potential of microporosity.

Mixed derivatives have also been synthesized by the addition of a second ligand into the
layer [46, 47]. These ligands have potential to add functionality to materials and affect
both their physical and chemical properties. First, if a small ligand, such as
methylphosphonate or phosphite is used to space the aryl diphosphonates, the physical
property of microporosity can be created in these materials. On the other hand,
chemically active spacer ligands can be used, like a carboxylate phosphonate or
phosphate, and the chemical property of chelation or ion exchange can be created in

materials. In many cases, incorporating chemically active spacer ligands, also leads to
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formation of porosity. The Clearfield Research Group synthesized a mixed derivative
from phosphate and monophenyldiphosphonate (see Figure 3) along with the biphenyl
analog, where the bisphosphonate pillars are spaced by the smaller phosphate, having the
ideal formula Zr(O¢P2(CeHa4))1x2(O3POH),»nH,O [48, 49]. They both exhibited ion
exchange properties, but the monophenyl derivatives displayed selectivity for the
lanthanides. Their behavior towards the actinides was not previously tested, but will be

one focus of this dissertation.

Using the a—ZrP layer as a basis for our model shown in Figure 3 and doing a simple
calculation the interlayer distance should be ~ 9.6 A from one metal layer to the next,
being held apart by the phenyldiphosphonate pillar ligand. The o—ZrP layers have been
observed to be 6.3 A thick, so in the positions occupied by the phosphate spacer ligand
there should be roughly 3.3 A of free space between the two dangling pendant oxygens.
Following the a—ZrP layer, the in-plane distance from one phosphate/phosphonate site is
believed to be 5.3 A. If the arbitrary value for x = 0.5 in the above formula is used and
the statistically ideal conformation is obtained (shown in the bottom row of the
schematic), the lateral distance from one phosphonate phosphorus to its nearest neighbor
phosphonate phosphorus would be 10.6 A. Taking into account the phenyl ring van der
Waals radius of approximately 3.4 A [50], the lateral interlayer free space would be
about 7.2 A. It should be pointed out that these calculations are established on
zirconium-based materials; changing the tetravalent metal cation to tin should not

dramatically affect the interlayer distance, but should have a noticeable change in the
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Figure 3: A schematic of how the mixed derivative of the M(IV) monophenyl-
bisphosphonate phosphate may be formed.
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in-plane distances, as Sn*" is significantly smaller than Zr*".

Now, with all that being said there are believed to be defects in these structures, which
may open up larger pores [51]. For example, there could be aggregation of like ligands,
leading to hydrophobic phenyldiphosphonate rich areas in the materials, as well as
hydrophilic phosphate rich portions. This would generate larger slit-like pores within
the layers, with lateral free spaces well beyond 7.2 A. Another defect you might expect
is missing cations within the metal layers themselves, which would create larger pores or
cavities in the material, and which could even result in a free phosphonic acid within the
pores. The consequent chapters will elucidate the difficulties in describing the exact
conformation and structure of the materials caused by their poorly crystalline nature;
however it will be seen that the data from a variety of characterization techniques
supports the proposed model, but like George Edward Pelhem Box once said, “All
models are wrong but some are useful.” [52] and again, “Remember that all models are

wrong; the practical question is how wrong do they have to be to not be useful.” [53]

1.3 Ion exchange theory

Generally, ion exchange materials can be thought of as insoluble solids that have either

cations or anions that are bound in an ionic fashion. The following is an explanation of a

simple binary system consisting of ions A* and BY, the bar above the symbol signifies
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the species to be in the solid phase. The chemical equation of ion exchange is provided

in Equation 1.

yA* +xBY < yA* +xB’ (1)

where x and y are the charges of the ions. From this equilibrium it can be seen that ion
exchange is a charge neutral process, so for every unit charge that sorbs to the material
an equivalent charge must desorb from the material in order to preserve charge balance.
The ion exchange process is different from physisorption. In physisorption, the charge
neutrality concerns have to be satisfied by the species being sorbed—as no ions are
being released—and requires room for counter ions to accompany a charged species.
Ion exchange is an equilibrium process, and so the selectivity of one ion over another
can be determined for a given ion exchange material. Of course, many factors play an
important role in selectivity, to name a few: the functionality of active site; pore size and
structure of the material; the ion size, charge, and hydration of the ions; as well as the
concentration and composition of the solution being contacted with the exchanger. In

the current example the equilibrium constant can be written and calculated by

Equation 2:
(AT [B]
kB Eal v — 2
(A ] ] @)
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where the bracketed species represent the concentration of the ion in the exchange
material (barred) or in solution (no bar). However, to calculate such a constant a
complete understanding of the exchange materials, ions involved in the exchange
process, and the solution makeup must be acquired. For our purposes, as will be seen in
the subsequent chapters and as mentioned earlier, there are still some key unknowns
involved with the ion exchange materials we are using, in particular the environment of
the binding sites. We will use the distribution coefficient, or K4 value, to estimate the

selectivity of the exchange materials in this study.

The K4 value is a measure of the distribution of the ion of interest between the solid and

liquid phase at equilibrium and carries the units of mL g (see Equation 3).

B
K, = % ©)

|
—_

The distribution coefficient will be discussed in more detail on Chapter II Section 2.5
and will include the explicit definition of calculating its value. However, it should be
remembered that without a more rigorous understanding of the ion exchange material

being investigated, you cannot directly relate the K4 value to the equilibrium constant.

For the sake of providing a thorough background, the following discussion is offered to

show how the thermodynamic constant kxy can be related to the empirically calculated,
A
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non-thermodynamic Ky value (if the ion exchange material is fully described). If

[]_3] << [A] and [B] << [A] then the concentration of ion A in the solid phase ([K])

only changes slightly, and can be assumed to be constant and equal to the total exchange

capacity, Q, of the ion exchange material ([K]fv Q). Rearranging Equation 2 and

substituting it into Equation 3, we can write Equation 4 as follows:

4

By taking the logarithm of Equation 4, a mechanism of exchange behavior can be

derived and gives Equation 5.
1

logK, = (—)log(kly Qy)—(z)log[A] (5)
X A X

Ideally, plotting log K4 as a function of log [A] should result in a straight line having a

slope — (y/x). However, this is only accurate when [E] << [K] and [B] << [A]. As

[B] increases the log-log plot may become nonlinear or the slope may deviate away from

—(y/x) [54, 55].
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1.4 Scope of study

The scope of this study is a combination of several fields including, materials science,
solution chemistry, and analytical chemistry, broadly falling within the category of
inorganic chemistry. Chapter II provides a concise description of all the experimental
details of the work covered in this dissertation and is mainly analytical in focus, but
touches on some solution chemistry. Chapters III and IV present the results of the
materials science portion of the research and describe the development of the zirconium-
and tin-based materials, respectively. The main focus of Chapter V is investigation of
the ion exchange properties of these inorganic organic hybrid ion exchange materials,
and includes elements of all three: materials science, solution chemistry, and analytical
chemistry. The primary concern is to develop materials that have utility as separations
media in harsh environments, such as those found in the nuclear fuel cycle. Chapter VI
offers some general conclusions and identifies some areas where this research could be

expanded and improved.
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CHAPTER II
MATERIALS AND

METHODS"

2.1 Introduction

The focus, nature, and aim of this research allows for a consolidation of experimental
procedures, methods, analysis, and approach. This chapter is designed to provide a clear
and detailed account of the materials, experimental synthetic procedures,
characterization methods, and scientific approaches including Ky value determination,
along with any other experimental information that is required for a complete
understanding of the experiments contained in the subsequent chapters of this
dissertation, with the aim to deconvolute the narrative of the successive chapters. Except
in specific instances, where a discussion of the experimental details is required to allow
the reader a full understanding of the points being addressed, step by step experimental

details will be limited to this chapter. This will neccessitate only brief mention of such

" Part of this chapter is reprinted with permission from “Pillared metal(IV) phosphate-
phosphonate extraction of actinides.” Burns, J. D.; Clearfield, A.; Borkowski, M.; and
Reed, D. T. Radiochim. Acta, 2012, 100 (6), 381-387 by Copyright 2012 Oldenbourg
Wissenschaftsverlag; “Separation of oxidized americium from lanthanides by use of
pillared metal(IV) phosphate-phosphonate hybrid materials.” Burns, J. D.; Borkowski,
M.; Clearfield, A.; and Reed, D. T. Radiochim Acta, in press, by Copyright 2013
Oldenbourg Wissenschaftsverlag; and “““Separation of americium from curium by
oxidation and ion exchange.” Burns, J. D.; Clearfield, A.; Shehee, T. C.; and Hobbs, D.
T. 2012, 84 (16), 6930-6932 by Copyright 2012 American Chemical Society.
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content in the subsequent chapters where needed, along with the occasional cross-

references in the narrative back to specific sections in this chapter.

This chapter is divided into four major sections for clarity. First, a detailed description
of the starting materials is laid out (Section 2.2). Second, an account of the different
synthetic approaches of the M(IV) inorganic organic hybrid ion exchange materials is
provided (Section 2.3); including the bulk synthesis of the four representative ion
exchange materials, which were rigorously investigated for their utility in ion exchange
processes pertaining to the nuclear fuel cycle. Next, a complete account of the
characterization methods is given (Section 2.4). Lastly, the experimental methods for
determining ion affinity is discussed (Section 2.5), including a discussion on how the K4

value is calculated along with solution details for both the single and mixed ion studies.

2.2 Materials

Neodymium chloride hexahydrate (99.9%, NdCl;*6H,0), calcium nitrate tetrahydrate
(99%, Ca(NO;),°4H,0), lithium hydroxide monohydrate (98%, LiOH<H,0),
concentrated perchloric acid (Trace Metal Grade, HClO,), stannic chloride pentahydrate
(98%, SnCl4*5H,0), and zirconyl chloride octahydrate (98%, ZrOCl,*8H,O) were
purchased from Aldrich; nickel(IT) nitrate hexahydrate (Reagent Grade, Ni(NO3),*6H,0)
was purchased from Matheson Coleman & Bell Manufacturing; tribasic potassium

phosphate (>98%, K3;PO,) and sodium persulfate (>98, Na,S,0g) were purchased from
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Sigma-Aldrich; samarium nitrate hexahydrate (99.9%, Sm(NO;);*6H,0) and ytterbium
nitrate hydrate (Yb(NOs3);*xH,0, 99.9%) were purchased from Alfa; phosphoric acid
(ACS Grade, H3PO4) and sodium nitrate (99%, NaNOs) were purchased from EMD;
sodium persulfate (98+%, Na,S,0g) was purchased from Acros; tribasic sodium
phosphate dodecahydrate (99%, Na3;PO412H,0), calcium hypochlorite (65% or 71%
available chloride, Ca(OCl);), strontium nitrate (ACS Grade, Sr(NOs),), lanthanum
nitrate hexahydrate (Reagent Grade, La(NO;);*6H,0), as well as concentrated nitric acid
(ACS or Optima Trace Metal Grade, HNOj3) were purchased from Fisher; cesium nitrate
(99.9%, CsNO;) was purchased from Strem Chemicals, Inc.; neodymium nitrate
hexahydrate (99.9%, Nd(NO;3);*6H,O) and holmium nitrate hydrate (99.9%,
Ho(NOs3);32xH,0) were purchased from K and K Laboratories Inc.; and hydrofluoric acid
(Trace Metal Grade, HF) was purchased from Fluka Analytical; all the above chemicals
were used without further purification. 1,4-monophenyldiphosphonic  acid
(H,OsPCsH4PO3H,) was prepared by a modified Hirao [56-59] Pd cross-coupling
reaction. The Teflon-lined steel pressure reaction vessels used in the hydrothermal
experiments were manufactured by the Department of Chemistry’s machine shop at
Texas A&M University.  Neptunium—237 (*'Np), plutonium—242 (***Pu), and
americium—243 (*?Am) were taken from stock solutions on hand at Los Alamos
National Laboratory-Carlsbad Operations (LANL-CO). The NpO," was purified by
solvent extraction to remove accumulated daughter products with equal volumes of 0.1
M HNOs; and 0.1 M bis-(2-ethylhexyl) phosphoric acid (HDEHP) and used immediately.

The neptunyl(V) ion (95+% purity by mass as **'Np) is retained in the aqueous phase,
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while the other species generated by redox and decay processes are removed in the
organic phase. Plutonium(IV) (99.9+% purity by mass as, >**Pu) was synthesized by air-
oxidizing Pu(Ill) that was formed by heating to dryness in concentrated hydrobromic
acid. The PuO,”" (99.9+% purity by mass as ***Pu) was synthesized by fuming in
concentrated perchloric acid to near dryness. The **Am (99.9% purity by activity,
> Am) stock contained a europium carrier in 10 pg/mL quantities. For the trivalent
studies, Am was passed through an Eichrom-TRU (2 mL, 100-150 pm) column in 2 M
HNO; to remove any impurities. The trivalent Am is retained, while impurities in other
valences are washed from the column. The Am was then stripped from the column with
4 M HCL. The Am used in the pentavalent oxidation state experiments was taken to near
dryness in HC1O4 and then oxidized by the procedure described in a later chapter (see
Chapter V Section 5.5.3). The final pH of all the solutions were adjusted to ~ 2 with
NaOH and HNOs;. In all cases, the oxidation state was confirmed by absorption
spectrometry (Varian Cary 5000 spectrometer equipped with a temperature controller).
Liquid scintillation counting (LSC, Beckman Coulter, LS 6500 scintillation counter) was
used to measure Np, Pu, and Am activities. In the case of Am(V) the LSC counting
window was restricted to 700-800 eV. Inductively coupled plasma mass spectrometry
(ICP-MS, Agilent ICP-MS 7500ce mass spectrometer) was used to determine the
concentration of Nd and Am, as well as relative Eu concentrations, in the mixed ion
studies at LANL-CO. Americium—241 (**' Am) was recovered from fuel reprocessing at
the Savannah River Site and the curium—244 (***Cm) recovered from a gamma and X-

ray primary source on hand at Savannah River National Laboratory (SRNL). The
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dissolution of the ***Cm source was as follows, the source holder was first placed in 8 M
HNO:s to dissolve the beryllium window, followed by the Cm source being dissolved in
HF. After four days of dissolution in HF the sample was taken to dryness and brought
back up into solution with 6 M HNO; Both the Am®" and Cm’" were each purified by
passing them through an Eichrom DGA-branched column in ~ 1 M HNOs3, and then
eluted off the column with 0.01 M HNO;. The final purity of ***Cm was determined by
alpha pulse height analysis (a—PHA) by Savannah River National Laboratory analytical
division, where the **' Am purity was determined by spectroscopic techniques (Avantes
AvaSpec—2048TEC Thermo-electric cooled Fiber Optic Spectrometer coupled with a
100 cm World Precision Instruments LWCC liquid waveguide capillary cell with an
Ocean Optics LS-1 tungsten halogen lamp. The data were collected and compiled in the
AveSpec-USB2 7.2 software in absorbance mode). The americium-curium solution was
made as follows, by first oxidizing the Am’" to AmO," using the method discussed in
Chapter V Section 5.5.3 and then adding the appropriate amount of Cm’" to give equal
amounts of Am and Cm, the solution was then diluted with ultrapure water from a
MilliQ Elements system (Millipore, Billerica, MA) to 30 mL and the pH was adjusted

with HNO; and NaOH to bring the working stock to a pH ~ 2.
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2.3 M(IV) hybrid materials synthesis

2.3.1 Materials development synthesis

2.3.1.1 Synthesis temperature

The general procedure was to dissolve a mixture containing the 0.5 mmol (0.1190 g) of
CsH4(POsH3), and 1 mmol (66.7 pL) of H3PO4 in 3 mL of distilled deionized (ddi) H,O
in a Teflon liner. A solution of 0.5 M [M(IV)] in ddi H,O was prepared ahead of time.
While stirring, 1 mmol (2 mL) of the metal solution was added to the
phosphate/phosphonate mixture drop wise. Immediately after the metal addition the stir
bar was removed and the reaction vessels were sealed and placed in constant temperature
ovens at 80, 105, 120, 140, 160, 180, or 200 °C for 4 days. After cooling, the white
solids were washed copiously with ddi H,O by vacuum filtration and dried at 60-80 °C
overnight. Once dried the resulting products were white pastes that were easily ground
into powders. The analytical data are included in the narrative in subsequent chapters, as

they directly relate to the discussion.

2.3.1.2 Synthesis time

The general procedure was to dissolve a mixture containing the 0.5 mmol (0.1190 g) of

CsH4(POsH3), and 1 mmol (66.7 pL) of H3;PO4 in 3 mL of ddi H,O in a Teflon liner. A
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solution of 0.5 M [Zr(IV)] in ddi H,O was prepared ahead of time. While stirring, 1
mmol (2 mL) of the zirconium solution was added to the phosphate/phosphonate mixture
drop wise. Immediately after the metal addition the stir bar was removed and the
reaction vessels were sealed and placed in constant temperature ovens at 120 °C for 0, 2,
4, and 10 days. After cooling, the white solids were washed copiously with ddi H,O by
vacuum filtration and dried at 60—80 °C overnight. The reaction heated for 0 days was
left on the bench top for an hour after the addition of Zr before filtering and washing.
Once dried, the resulting products were white pastes that were easily ground into
powders. The analytical data is included in the narrative in subsequent chapters, as they

directly relate to the discussion.

2.3.1.3 Pillar-to-spacer ligand ratio

The general procedure was to dissolve a mixture containing the appropriate amounts of
CsH4(POsHz), and of H3PO4 in 3 mL of ddi H,O in a Teflon liner (see Table 1). A
solution of 0.5 M [M(IV)] in ddi H,O was prepared ahead of time. While stirring, 1
mmol (2 mL) of the metal solution was added to the phosphate/phosphonate mixture
drop wise. Immediately after the metal addition the stir bar was removed and the
reaction vessel was sealed and placed in a constant temperature oven at the desired
temperature for the desired time. After cooling, the white solid was washed copiously
with ddi H,O by vacuum filtration and dried at 60—80 °C overnight. The resulting

products were white pastes that ground easily into white powders. For the reactions
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based on zirconium, the P:S ratios chosen to be investigated were 1:2, 1:4, 1:6, and 1:8.
For the reactions based on tin, the ratios were adjusted, because the surface areas were
undesirable at higher ratios (see Chapter IV Section 4.3 for a complete discussion). The

P:S ratios that were used for the Sn—hybrids were:1:1, 1:2, 1:4, and 1:6.

Table 1: Starting amount of the pillar (P) and spacer (S) ligands to synthesize a material
with an ideal formula of M(C¢H4(PO3)2)1-x2(04PH)x*nH,0.

PSS x= Cé}&(lfn?fz)z CeHU(POsHY) (¢)  H3PO4 (mmol)  H3POs (uL)
1 066 0.66 0.1570 0.66 4.0
12 1.00 0.50 0.1190 1.00 66.7
14 133 0.33 0.0785 133 88.7
156 1.50 0.25 0.0595 1.50 100.0
1.8 1.60 0.20 0.0476 1.60 106.7

2.3.1.4 Phosphate source of the spacer ligand

The general procedure was to dissolve a mixture containing the 0.5 mmol (0.1190 g) of
CsH4(POsH3); and 1 mmol (0.3799 g) of Na;PO4*12H,0 or 1 mmol (0.2123 g) KsPO4 in
3 mL of ddi H,O in a Teflon liner. The Li;PO4 was made in situ by first dissolving 3
mmol (0.1675 g) of LiOH*H,0 and then adding 1 mmol (66.7 uL) H;PO4. A solution of
0.5 M [Zr(IV)] in ddi H,O was prepared ahead of time. While stirring, 1 mmol (2 mL)
of the metal solution was added to the phosphate/phosphonate mixture drop wise.
Immediately after the metal addition the stir bar was removed and the reaction vessels

were sealed and placed in a constant temperature oven at 120 °C for 4 days. After
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cooling, the white solids were washed copiously with ddi H,O by vacuum filtration and
dried at 60—80 °C overnight. The resulting products were white pastes that ground easily

into powders. The analytical data is included in the narrative in subsequent sections.

2.3.2 Bulk synthesis

The materials were synthesized on a ~ 3 g scale under hydrothermal conditions having
the ideal formula of M(O3PCsH4PO3);.,2(0O3POA),»nH,0, where M = Zr or Sn, A = H or
Na. The general procedure was to dissolve a mixture of 5 mmol (1.1897 g) of pillar and
10 mmol (0.667 mL) of spacer in 25 mL of ddi H,O in the Teflon liner. While stirring,
10 mmol (20 mL) of either the ZrOCl,*8H,0 or SnCls*5H,0 solution was added drop
wise. Immediately after the metal addition the stir bar was removed and Teflon liner
was sealed in a steel reaction vessel and placed in a constant temperature oven at 120—
140 °C for 4-5 days. After cooling, the white solid was washed copiously with ddi H,O
by vacuum filtration and dried at 60-80 °C for 24 hours. The resulting product was a
white paste that ground easily into a powder. The reactions that started from Na;PO4
were carried out using the same method, but the sodium phosphate was substituted for
the phosphoric acid. The reaction conditions are summarized in Table 2 and the

characterization is summarized in Table 3.
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2.4 M(IV) hybrid materials characterization

Thermogravimetric analysis (TGA) was performed on a TA Instruments TGA Q-500 at
a heating rate of 10 °C min' under 10/90 Ny/airflow. X-ray powder diffraction patterns
were collected on a Bruker AXS Advanced diffractometer with CuKa radiation
(A=1.5418 A) operated at 40 mA and 40 kV by the step-scan method (step 0.009°, time
0.1 s). N sorption-desorption isotherms were obtained on a Quantachrome Autosorb-6
instrument at liquid nitrogen temperature. The samples were dried in an oven at 140-
150 °C and then degassed under vacuum at 120 °C for 21-24 hrs on a Quantachrome
degasser. Surface areas were derived from the isotherms by the BET and #-plot methods.
All isotherm and hysteresis classifications are in line with the ITUPAC standards.
Elemental analysis for carbon and hydrogen (C and H) was performed by Atlantic
Microlab, Inc. or Robertson Microlit Laboratories. For zirconium and phosphorus ratios,
samples were digested in HF and Anderson Analytical determined relative amounts by
inductively coupled plasma atomic emission spectroscopy (ICP-AES). Zr/Sn:P:Na:Cl
ratios were also determined on a four spectrometer Cameca SX50 electron microprobe
with an accelerating voltage of 15 kV at a beam current of either 10 or 20 nA. All
quantitative work employed wavelength-dispersive spectrometers (WDS). Analyses
were carried out after standardization using very well characterized compounds or pure
elements. Qualitative analyses (spectra) were obtained with an Imix Princeton Gamma
Tech (PGT) energy dispersive system (EDS) using a thin-window detector. Solid state

Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) spectra were
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Table 2: Reaction conditions and yields of the four bulk syntheses.

Sample Time Reactants Yield(g) %Yield
H-Zr-hybrid 4 days ZrOCl,*8H,0 + 0.5 CcH4P2OsHs + H3PO4 3.093 93.5%
Na—Zr—hybrid 4 days ZrOCl,*8H,0 + 0.5 CcH4P2OgH4 + NazPOy 3.199 97.7%
H-Sn—hybrid 5 days SnCly*5H,0 + 0.5 C¢H4P2OcH4 + H3PO4 3.338 98.1%

Na—Sn—hybrid 4 days SnCl4*5H,0 + 0.5 C¢H4P>,OsHs + NazPO4 3.510 99.3%

Table 3: Elemental analysis along with the derived formulas of the four bulk syntheses.

%C %H
Sample Formula FW M :P :Na :Cl Cale. Exp. Calc. Exp.
H-Zr-hybrid  Zr(O¢P2CsHa4).49(03POH)g 86(OH)g3222.0H,O 331 1.0 1.8 - - 10.7 10.6 22 2.3
Na—Zr-hybrid  Zr(OsP2CsHa4).43(0;POH)g 15(0;PONa) 66(OH)g0¢1.7H,O 328 1.0 1.7 0.66 - 9.5 9.5 1.8 2.1
H-Sn-hybrid  Sn(O¢P2CsHa4).44(03POH)g 80(OH)g 55Clo 11 1.6H,O 340 1.0 1.7 - 0.11 93 9.4 1.9 2.3
Na—Sn—-hybrid  Sn(OgP,CeHy)0.44(O3POH)( 74(0O3PONa)g 0s(OH)p6602.4H,O0 353 1.0 1.7 0.05 - 9.0 9.3 2.3 2.4
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obtained on a Bruker Avance-400 Solids NMR spectrometer operating at 10 kHz for *'P
and 6 kHz for **Na, 0 ppm H3PO, and 0 ppm NaCl were used as external chemical shift
standards for *'P and *’Na, respectively. Scanning electron microscopy (SEM) images
were acquired on a JEOL JSM-7500F (FE-SEM). Samples were prepared using copper

grids from Ted Pella.

2.5 Ion affinity determination

The K4 values, as mentioned in the previous chapter, are good measures of ion affinity

for ion exchange materials and in all cases were calculated as follows:

Kd=C1—CEq.X (6)
CEq m

where C; is the initial ion concentration in solution, Cgq is the equilibrium ion
concentration in solution, V is the volume of metal solution, and m is the mass of
exchanger. The average of three repetitions of the experiment was used to estimate the
K4 values and the uncertainty was calculated from the confidence interval at a 70%
confidence level of those three measurements. For radioactive isotopes, where activity
was used to measure the ion concentration, A; and Agq were substituted for C; and Cgq

respectively.
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2.5.1 Groups 1, 2, d-block and lanthanides

The general procedure of the uptake studies was to shake 20 mg of sample with 5-10 mL
of 1x10* M [M™] in HNO; at pH 3 (unless otherwise stated) for 1-2 days on an orbital
shaker. After shaking, samples were allowed to settle and aliquots were removed and
diluted with 2% ICP grade HNOjs to reduce the [M"'] to match the sensitivity of the
instrument. Metal concentrations before (C;) and after (Cgq) contact with the exchanger
were determined by ICP-MS on a PerkinElmer SCIEX ICP Mass Spectrometer ELAN

DRC II in standard mode and K4 values were determined by Equation 6.

Mixed ion studies were performed in order to directly observe the selectivity of the
material. Intergroup separations were performed by introducing the following cation
pairs, Cs' and Nd**, Sr** and Nd*", and Ni*" and Nd**, to create three sets of competitive
reactions; the solution details are reported in Table 4. Intragroup separations were
performed with several lanthanides (Nd, Sm, Ho, and Yb) in competition. The
intragroup separations were run as a function of pH and the solution details are presented
in Table 5. Metal concentrations before (C;) and after (Cgq) contact with the ion
exchangers were determined by ICP-MS on Perkin Elmer ICP-Mass Spectometer

NexION 300D.
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Table 4: Solution details for the intergroup lanthanide group 1, group 2 or transition
metal separations studies. Metal concentration in M estimated error < 1%.

Solution Concentration (M) pH
N&*/Cs" 2.80x10°/495%x10° 2
N&*/Sr* 2.83x10°/2.75%x10° 2
N /Ni*" 2.89x10°/532%x10° 2

Table 5: Solution details for the intragroup lanthanide separations studies. Metal
concentration in M estimated error < 1%.

pH [Nd*™'] [Sm®'] [Ho™'] [Yb™]
1.0 1.95x10° 2.07x10° 2.15x10° 2.35x 107
1.5 201 x10° 2.12x10° 221x10° 241x107°
2.0 2.04x10° 2.14x10° 222x10° 243 x107°
2.5 2.06x10° 2.17x10° 225x10° 245x 107
3.0 1.98 x 10° 2.07x10° 2.18x10° 2.39x 107

2.5.2 Actinides

The general procedure of An uptake studies was to shake 20 mg of exchanger with 2 mL
of an An solution (see Table 6 for An solution details) for 24 hours. After shaking, the
samples were allowed to settle and 100 pL aliquots were passed through a 100 kDa filter
by centrifugation at 13,000 RPM for 15 minutes. 50 uL of each filtrate were then added
to 3 mL of LSC cocktail and counted for 10-60 minutes. The Na-Zr-hybrid reduced the
actinide concentration so low that its cocktails were spiked with 100 pL and 200 pL for
Pu*" and PuO,”" experiments, respectively. Actinide activity was measured by liquid

scintillation counting (LSC, Beckman Coulter, LS 6500 scintillation counter) before (Aj)
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and after (Agq) contact with the exchanger and the Ky values were calculated using

Equation 6.
Table 6: Actinide solutions, estimated error < 1%.
Solution Concentration (M) pH Zef
[AmO,]" /Eu’"  9.04x10°/2.55x10° 199 2.1[60]/3.0[61]
[NpO,]" 3.24 x 10™ 2.11 2.2[62]
Am™ /Eu’™ 472x10°/133x10° 200 2.9[61]/3.0[61]
[PuO,]*" 1.02 x 10 1.94 2.9[62]
Pu*’ 4.19 x 107 1.79 4.0 [61]

Details for the mixed ion lanthanide-actinide systems are summarized in Table 7. 100
uL of a solution containing the appropriate amount of Nd*" was added to the reaction
mixture to keep the volume constant at 2 mL (for Am(V) experiments the neodymium
solution contained OCI"). The samples were then allowed to shake for another 24 h and
sampled following the same procedure. The Nd and Eu concentrations were determined
by ICP-MS (Agilent ICP-MS 7500ce mass spectrometer), the Np and Pu concentrations
were determined for both by LSC counting only, and the Am concentrations were
determined by both ICP-MS as well as LSC counting and were in good agreement. Ky
values were calculated using Equation 6 and separation factors (SF) were determined by

directly taking the ratio of the K4 values.
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Table 7: Actinide/lanthanide solutions, estimated error < 1%.

Solution Concentration (M) pH s
[AmO,]/Nd”/Eu’"  8.59x10°/1.23x107%/2.43x10° 1.99 2.1 [60]/2.9 [61]/3.0 [61]
[NpO,]"/ Nd** 3.08 x 10™*/1.00 x 107 2.11 2.21[62]/2.9[61]
[PuO,]*" / Nd** 9.70 x 10°/1.00 x 10~ 1.94 2.9[62]/2.9 [61]

The general procedure of the Am-Cm separation studies was to shake 20 mg of
exchanger with 2 mL of a solution 3.8 x 10°° M [AmO,] and 3.0 x 10° M [Cm’"] for
24 hours on a rotatory shaker in 15 mL HDPE centrifuge tubes. After shaking, the
samples were passed through a 0.45 pum syringe filter. Samples were analyzed by o—
PHA to determine percent activity for the respective actinides. Ky values were

calculated from Equation 6 and SF’s were determined using the ratio of the K4 values.
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CHAPTER III
MATERIALS DEVELOPMENT:

ZIRCONIUM

3.1 Introduction

The way in which a material is prepared and synthesized can play a profound role on the
properties of that material. Parameters such at synthesis time and temperature, as well as
types and relative amounts of ligands may lead to significant changes in the total
porosity, overall pore structure, and ion exchange behavior of the product. The aim of
this chapter is to provide a clear discussion of four different specific areas and the effect
on the properties of the zirconium based materials, these area include: 1) synthesis
temperature (Section 3.2), 2) synthesis time (Section 3.3), 3) pillar-to-spacer ligand ratio

(Section 3.4), and 4) phosphate source of spacer ligand (Section 3.5).

3.2 Synthesis temperature

A series of reactions were designed to determine what effect synthesis temperature has
on the formation and structure of these hybrid materials. The synthetic procedure
follows that of the general procedure (see Chapter II section 2.3.1.1) with synthesis
temperatures spanning from 105-200 °C and reaction time of 4 days. The X-ray powder

diffraction (XRPD) patterns, presented in Figure 4, reveal the semi-crystalline nature of
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Zr-hybrids, having only four broad, weak reflections in the range of 4-40° 20 at d ~ 9.6,
44, 3.6 and 2.6 A. This first reflection is believed to be the interlayer distance,
corresponding to the distance of the metal layers being held apart by the diphosphonate
pillar. The later three reflections are believed to be in-plane values. Upon raising the
temperature to 160 °C the Zr—hybrids begin to become multiphased as observed by
XRPD, most evident in the reflections at d = 5.9 and 4.5 A which are characteristic of
zirconium phosphate, no further discussion will be made of the Zr—hybrids synthesized

above 160 °C.

The general thermal decomposition of these materials can be seen in Figure 5. There are
four weight losses observed, the first loss is attributed to loosely bound water loss below
190 °C and is ~ 11%. The next loss between 190—480 °C is believed to be a continuous
water loss from inside the pores, similar to that of a polymer and is ~ 1.5%. The next
two losses of ~ 10% overlap from 480-880 °C and are believed to be 1) the combustion
of the internal organic groups and 2) condensation of phosphate groups. The total
weight loss is ~ 22.5%, with the final product identified by XRPD was ZrP,O;. If the
TGA plots are normalized to neglect water loss, which can be done by taking the first
derivative of the weight loss (see Figure 6), very little difference can be identified in
signals resulting from the combustion and condensation reactions taking place up to the
synthesis temperature of 145 °C; however at 160 °C there is a shift towards a higher

content of PO4 moiety which may indicate the beginnings of a phase transition towards a
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Figure 4: XRPD patterns of Zr-hybrid materials synthesized at 105-200 °C.
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Figure 5: Thermogravimetric analysis of the Zr—hybrids synthesized at 105-160 °C.
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Figure 6: 1* derivative of the TGA signals for the Zr-hybrid synthesized at 105160 °C.
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multiphased system as in the in the case when the reaction temperature is above 160 °C.
It is therefore believed that there is very little difference in chemical composition in the

resultant material on increasing the synthesis temperature from 105-145 °C.

Comparing the TGA results with the element analysis, as summarized by Table 8, it can
be seen that the actual molecular formula is within experimental error of the ideal

formula provided. The yields were 85% and above in all cases.

The N, sorption isotherms for the Zr—hybrids can be generally characterized as a
modified Type II isotherm (see Figure 7). All materials contain a small H4 hysteresis
loop, which indicates a major combination of slit-like micropores to the total surface
area. The other major contribution of porosity, which originates from mesopores, is
believed to be generated from the “house of cards” arrangement [51, 63]. The “house of
cards” arrangement can be described as an aggregation of small platelet particles in a
dissordered fashion to create a large distribution of mesopores and can be visualized in
Figure 8. The calculated values of both the total surface area and percent microporosity,
BET and #-plot method respectively, are summarized in Table 9. The total surface area
appears to subtly decrease with an increase of temperature, this is most likely due to an
increase in particle size. It is well understood that the particle size of o—ZrP correlates
directly with synthesis temperature [64], and it is reasonable to believe the same

phenomenon is taking place in our system. All conjecture aside, it is clear that low
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Table 8: Molecular formula determination and percent yield calculation based on the TGA, ICP-AES and elemental analysis

for the Zr-hybrid materials as a function of synthesis temperature, estimated error < 5%.

Synthesis %C %H Yield .

Ter}1]1perature Formula FW Zrp Calc Exp Calc Exp (2) % Yield
105 °C Z1(O6P2C6Ha).5(O3POH)*1.7H,0 331.0 1:19 10.9 10.2 2.7 2.2  0.288 95%
120 °C Z1(O6P2C6Ha).5(O3POH)*1.8H,0 3349 1:19 10.8 10.7 2.7 1.7  0.287 93%
145 °C Z1(O6P2C6Ha).5(O3POH)*2.3H,0 3435 1:19 10.5 10.8 2.6 1.8 0.271 86%
160 °C Z1(O6P2C6Ha).5(O3POH)*1.5H,0 3304 1:2.0 10.9 10.3 2.7 1.8 0.260 85%

a: Based on starting amount of Zr.
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Figure 7: N sorption isotherms of Zr—hybrids synthesized at 105-160 °C.
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Figure 8: Model of the “house of cards” arrangement.



Table 9: Calculated N, sorption surface area for the Zr—hybrids as a function of
synthesis temperature, estimated error < 10%.

Synthetic Temperature ~ Total Surface Area (m*/g)  Microporous (%)

105 °C 450 56%
120 °C 490 58%
145 °C 440 45%
160 °C 340 63%

temperatures provide the ideal conditions to generate a material best suited for our

purposes, as the surface areas are larger.

The K4 values were observed for materials synthesized from 105-145 °C and are
provided in Table 10. There does not appear to be any change in Nd>* extraction upon
raising the synthesis temperature from 105 to 145 °C and therefore, no benefit to

increasing the synthesis temperature above 120 °C as it relates to the affinity of Nd*",

Table 10: Nd’* affinity as a function of synthesis temperature, reported in Ky.

Synthesis Temperature K4 values (mL g )
105 °C 92,000 + 22,000
120 °C 100,000 £ 49,000
145 °C 77,000 + 24,000

It can be seen from the above data that the synthesis temperature of 120 °C provides the
most advantageous materials for our purposes, providing the largest surface area with >
58% originating from micropores, without making large sacrifices in crystallinity or

material composition. That is to say, if a marked improvement in crystallinity would

43



have been observed at higher temperatures, there may have been reason to increase the
scope of the research and investigate other properties such as the effect of crystallinity
on ion exchange kinetics like was performed on other inorganic ion exchange materials
[10] or an investigation of selectivity as a function of crystallinity. As it stands, very
little to no improvement was seen in crystallinity with elevated synthesis temperature,
preventing any study that necessitated crystallinity to be a variable. From these results

all future materials were synthesized at 120 °C unless otherwise stated.

3.3 Synthesis time

Next, we were interested in investigating if the percent microporosity could be increased
in the Zr-hybrid materials by simply extending the reaction time, and in turn increasing
the Nd** affinity. To probe this, materials were heated for 0, 2, 4, and 10 days at 120 °C.
When examined by XRPD, the patterns show that there is a minimum time required to
make the semi-crystalline product (see Figure 9). The product of no heating (0 days)
was a completely amorphous material, but the products of 2, 4 and 10 days at 120 °C
show very similar diffraction patterns to those discussed in the previous section, with the

same semi-crystalline reflections with d-spacings of ~ 9.6, 4.4, 3.6 and 2.6 A.

The thermal decomposition plots are very similar to those of the synthesis temperature

experiments, having generally the same weight loss with the only real difference being

that of water loss (see Figure 10 and Figure 11). The material that was not heated does
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behave differently, having only one major weight loss other than water at ~ 500 °C with
a large tail that extends to 1000 °C. The amorphous character of the product that was not
heated is emphasized in the TGA showing a much broader range of condensation of the

—POH moieties, and will not be investigated further.

The nitrogen sorption isotherms of these Zr-hybrids are also similar to the synthesis
temperature experiments, and are presented in Figure 12. The isotherms for these
materials are again Type II with H4 hysteresis loops. Table 11 summarizes the total
surface area as determined by BET and the percent micropore as determined by z-plot
method. There is little difference in the total surface area of the materials and within
error they are essentially the same. The percent microporosity appears to be directly
correlated to the heating time. Thus it appears that the mesopores tend to anneal out of

the structure with increased time at temperature.

Table 11: Calculated N, sorption surface area for the Zr—hybrids as a function of
reaction time, estimated error < 10%.

Reaction Time  Total Surface Area (m” g‘l) Microporous (%)

2 days 470 51%
4 days 490 58%
10 days 480 73%
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Figure 9: XRPD patterns of Zr-hybrids heated for 0—10 days at 120 °C.
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Figure 10: Thermal decomposition of Zr-hybrids heated for 0—10 days at 120 °C.
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Figure 11: 1% derivative of the TGA of Zr-hybrids heated from 0-10 days at 120 °C.
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Figure 12: N; sorption isotherms of Zr—hybrids heated for 2—10 days at 120 °C.

49



The Nd** K, values for reaction times of 2, 4, and 10 days are presented in Table 12. At
this point it is worth pointing out the K4 values observed from the synthesis temperature
studies seem to be much lower than in the synthesis time studies. The large difference is
mostly an artifact of the calculation, i.e. a K4 value of 77,000 mL g represents >99% of
the Nd’" being removed from solution, so the denominator is very small leading to large
changes in Ky from small changes in Cgq. There does not appear to be any correlation

between reaction time and Nd’* affinity.

Table 12: Nd’" affinity as a function of reaction time, reported in K.

Reaction Time K values (mL g ™)

2 days 350,000 + 59,000
4 days 500,000 + 100,000
10 days 410,000 = 85,000

It can be seen that after two days, extending the reaction time does not affect the
crystallinity or the overall composition of the material to a large extent. As expected the
percent microporosity does increase with synthesis time, but this does not correlate well
with the Ky values. For our purposes the reaction times will be 4-5 days unless

otherwise stated.
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3.4 Pillar-to-spacer ligand ratio

To this point a generic ratio of 1:2 pillar-to-spacer ligand, that is 1,4-
monophenyldiphosphonate to phosphate, has been investigated. This ratio was
arbitrarily selected to form an ideal material that contains two equally abundant types of
phosphorous, the organophosphonate and the phosphate ion exchange active site. A
different way to think about this hybrid material is to imagine a single zirconium
phosphonate derivative, zirconium p-monophenyldiphosphonate, and removing half of
the (i.e. every other) phenyldiphosphonates and replacing the phosphorus sites with
phosphate moieties (see Figure 13). If the ion exchange behavior of this mixed
derivative is similar to that of alpha zirconium phosphate (0—ZrP) the total ion exchange
capacity should be 3.3 mEqu g ', exactly half of a—ZrP [65]. This loss in efficiency is
acceptable, as it is balanced by a drastic increase in selectivity (this will be discussed in
more detail in a later chapter). It was believed that by simply manipulating the ratio of
the two ligands during synthesis, the efficiency of the material could be pushed towards
that of a—ZrP without sacrificing the benefits that a balanced ratio provides. To
investigate this, a series of reactions were carried out to synthesize materials with the
ideal general formula of Zr(O3;PCsH4PO3)142(03POH)*nH,O with x varying between

1.0 and 1.6 (See Chapter II Section 2.3.1.3).

The XRPD patterns of the pillar-to-spacer ratio studies are shown in Figure 14. The

pure derivative, added for reference, of the p-phenyldiphosphonate shows a much more
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Figure 13: Visualization of converting the single derivative M(IV) material (top) to the
mix derivative having a pillar-to-spacer ratio of 1:2 (bottom).
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Figure 14: XRPD patterns of Zr(O;PCsH4PO3)142(O3POH),.
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pronounced reflection at a d-spacing of 9.6 A. This reaffirms our working model that
this first reflection originates from the interlayer distance, as every phosphorus position
must be occupied by a pillar ligand. The latter three reflections appear to be in the same
position as those of the synthesis temperature and synthesis time studies that were
discussed earlier. Upon addition of the phosphate ligand this first reflection quickly
diminishes and the pattern remains the same until the other pure derivative is reached, in

which case an amorphous zirconium phosphate gel is generated [25].

Thermogravimetric analysis lends itself as a useful tool for observing compositional
changes in the materials. Figure 15 shows the first derivative of the TGA and can be
interpreted as follows. When x = 0 the primary loss has a local maxima at 540 °C and a
shoulder that develops at 675 °C and extends up to 900 °C. The primary loss is
undoubtedly combustion of the organics, while the second loss is surmised to be carbon
burn up as well. One can imagine the ideal structure has very tightly packed pillars, of
which the outer will combust first. When enough of the pillars at the edge of the
particles have combusted, the layers should collapse and trap the interior pillars. If the
edge of the particle collapses, a higher energy barrier may exist to allow combustion and
the subsequent release of CO,. In unison with the collapse of the layer is the pyrolysis
of the metal phosphate layers to form the metal pyrophosphate, which begins formation
at 650-700 °C. At this early stage, ZrP,O; is amorphous and does not begin to crystalize
until 800 °C [25]. During this phase change any trapped carbon would be allowed to

evacuate the material, ideally leaving a white crystalline powder of ZrP,05.
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The mixed derivative Zr—hybrids show a nice trend in the first derivative of the thermal
decomposition, with a decrease in the loss resulting from combustion and an increase in
loss ensuing from condensation as x is changed from 1.00 to 1.60. This supports the
hypothesis that more and more phosphate is being incorporated into the layers, while the
amount of p-phenyldiphosphonate is decreasing. The carbon hydrogen elemental
analysis is in line with the TGA and is presented in Table 13. The percent carbon
decreases, as expected, upon increasing x from 0 to 2. This decrease corresponds to
expected decrease in the percent carbon and hydrogen when compared the ideal formula
of Zr(O3PCsH4PO3)1..2(0OsPOH),*2H,0, resulting in a very close correlation between the

calculated and experimental values.

Table 13: C and H percent based on elemental analysis as a function of pillar-to-spacer
ratio of Zr(O3;PCsH4PO3)152(0O3;POH),.

% C % H
Calc Exp Calc Exp
0.00 19.9% 18.5% 22% 2.6%
1.00 10.6% 10.2% 2.1% 1.9%
1.33 71%  69% 2.0% 1.8%

1.50 5.5% - 2.0% -
1.60 44% 42% 2.0% 2.1%
2.00 0.0% — 1.9% —

Finally, when x = 2.00, the pure phosphate derivative, an initial water loss is observed up
to ~ 200 °C followed by a broad loss from 200-1,000 °C also believed to be the pyrolysis

water. This is much lower than that of the mixed derivatives at 700-800 °C. This is
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believed to be caused by the close proximity of the phosphate groups. In the zirconium
phosphate, once the intercalated water is removed at 200 °C, the layers will be sitting
right on top of each other providing a very short distance of 2.0-2.5 A allowing the
proton to hop between the dangling hydroxyl moieties and split out water. The proton in
the mixed derivative, initially, has a much larger energy barrier with the pillar holding
the layers apart roughly 3.3 A between hydroxyl moieties; and it is only after the
combustion of the organics that the layers will be allowed to come together allowing

condensation of the remaining phosphate groups.

The nitrogen sorption surface area analysis reveals an interesting trend shown in Figure
16 and Table 14. The single p-phenyldiphosphonate derivative (x = 0.00) shows a large
total surface area, only exceeded when x = 1.00; however, this material has the lowest
percent microporosity of those expected to exhibit porosity in the microporous regime.
After x = 1.00, where the maximum in total surface area is reached, a steady decrease is
observed, until it all but drops off for x = 2.00. At this time, it is believed that the
microporosity of the pure phosphonate derivative is originating from defects of layer
growth, as previously reported [45, 51, 66]. The defects in the layers themselves,

coupled with the nanoparticle size of the material contribute to a sizable surface area.
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Figure 16: N; sorption isotherms of Zr(O3PC¢H4PO3);.42(O3POH),.
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Figure 17: MAS solid-state >'P NMR spectra of Zr(O;PCsH4PO3) .x2(0:POH), with x =
0.00 (top), 1.33 (middle), and 1.60 (bottom).
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Table 14: The calculated total surface area (BET) and percent microporosity (z-plot) for
Z1r(03PCsH4PO3)1x2(03POH),, < 10% estimated error.

x= Total Surface Area (m” g ') Microporous (%)
0.00 380 52%
1.00 420 80%
1.33 370 56%
1.50 320 67%
1.60 220 69%
2.00 22 0%

Solid-state *'P Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) was
observed for three of the six materials: x = 0.00, 1.33, and1.60 (see Figure 17). The

spectra show two major phosphorus resonances at —6 ppm and —21 ppm with respect to
an external phosphoric acid *'P reference. The pure phosphonate derivative was
expected to have only one of these resonances, but as observed in the top spectra of
Figure 17 there are three lines. The major resonance at —6 ppm originates from the
phosphonate fully bonded to the metal layer. The two smaller resonances at 7 and 1 ppm
are believed to be caused by the defects in the metal layers mentioned earlier leading to
chemically different phosphorus environments. It can easily be imagined that there are
phosphonate positions that are only bonded to two, one, or no Zr*" ions. However, the
data suggests that only two of these defects are present, most likely the two that are
present are phosphonates bonded to either two or no Zr*" ions (see Figure 18). This will
result in pillars that are bonded at the edge of the layer or next to a Zr*" vacancy, where
the third bonding oxygen does not contribute to the integrity of the structure. The

second scenario, that of a free phosphonic acid, will result in a pillar completely bonding
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to the metal layer at one end, and free of any metal layer bonds at the other end. The last
scenario, and least likely, is that either end of the pillar is only bound to the metal layer

by one oxygen, which would be easy to remove by hydrolysis.

Upon addition of the second ligand, phosphate, the emergence of several new resonances
appear at —14, —21 and —27 ppm as well as the -6 ppm resonance. The two major
resonances, —6 and —21 ppm, represent the phosphonate [67-70] and phosphate [68, 70-
73] phosphorus atoms, respectively. Wang et al. [68] reported the *'P chemical shifts for
a staged material that contained both phosphate and phenylphosphonate to be —5.3 and—
20.2 ppm, respectively; while Cabeza et al. [67] reported a shift of —5 ppm for the
biphenylbisphosphonate derivative. While these systems are not identical to those of the
current work they provide some basis for interpretation, appearing within one ppm. The
minor resonances are more ambiguous in what they represent and a thorough
investigation falls outside of this realm of this study; a brief comment will be made,
however. These could originate from a variety of different changes in environments
including: 1) differences in neighboring ligands, meaning that there is not a true
statistical distribution of pillars to spacers, but rather, as previously mentioned an
aggregation of like ligands; 2) differences in protonation of either the phosphates and
phosphonates ligands throughout the material, caused by local incomplete bonding to the
metal layer; and 3) defects in the metal layer much like was discussed previously.
Unfortunately, these complications are seemingly unavoidable when dealing with an

amorphous material, as is the case of our endeavor. However, they clearly are small
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Figure 18: Proposed defects in the single phosphonate derivative: top view (a) only two
oxo groups are bonding to the metal layer, circles represent Zr*" ion and triangles
represent the base of the phosphonate tetrahedra and side view (b) only one end of the
pillar is bound to a metal layer.
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contributions to the overall phosphate/phosphonate structure in the material, with the

majority of phosphorus atoms being observed in the —6 and —21 ppm resonances.

By taking the integral of the resonances an estimation of the relative amounts of the
different types of phosphorus are obtained. When x = 1.33, it is expected that there
would be a ratio of 1:2 with respect to the phosphonate to phosphate phosphorus types,
and in fact a ratio of 1:2.0 was observed. However, when x = 1.60 the expected ratio 1:4
is not reached, the observed ratio is 1:3.5. This indicates that a limit is being reached to

which the phosphate is being incorporated into the material.

The K4 values for neodymium were observed from x = 1.00—1.60, and are presented in
Table 15. It should be noted that these values were observed at pH ~ 2, and so they are
artificially lower than the above Nd*" affinity experiments (the effect of pH on the Kg
values will be covered in detail in Chapter V). There is a correlation between x and Nd>*
affinity, as x is increased the K4 value also increases. Certainly this is a clear indication
that more and more phosphate is incorporating into the material, and that indeed, like a—
ZrP, that the active ion exchange sites are those of the dangling -POH moiety containing

an acidic proton.
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Table 15: K4 values observed for Zr(OsPCsH4PO3)142(0OsPOH), at pH ~ 2.

x= K4 values (mL g_l)
1.00 9,400 + 200
1.33 15,700 + 1090
1.50 28,700 + 1,500
1.60 51,000 + 1,400

3.5 Phosphate source of spacer ligand

Starting from phosphoric acid can only result in a proton as the exchangeable cation, but
this may not always be desirable. Other monovalent cations were explored (see Chapter
IT section 2.3.1.4 for the synthetic procedure): Li", Na", and K'. Lithium phosphate is
only slightly soluble and no single-phased material could be recovered. The product
recovered from the potassium phosphate reaction was completely amorphous and had
almost no surface area. These pursuits were set aside when it was seen that the material
synthesized from the trisodium phosphate appeared to be very similar to the phosphoric
acid derivative, but showed a very high uptake for neodymium, with a K4 value of nearly
2 x 10° at pH 3 (this will be discussed further in a later chapter). It should be noted that,
at this time, it is unclear if the only difference of the two materials is a substitution of
Na' for H or if the nature of the material is different altogether. Solid state Na MAS
NMR revealed a single symmetric resonance at —6 ppm with respect to sodium chloride,
which is common for the loosely bound sodium ion. While the NMR data is not
conclusive it does support the hypothesis that Na" is simply replacing the proton as the

exchangeable cation.
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Several attempts were made to convert the proton phase to the sodium phase post-
synthetically by titration. First a dynamic titration was performed using a Radiometer
Analytical TIM860 auto titrator with a 0.1 M NaOH and 0.1 M NaCl solution at rate of
0.01 mL/min and 20 mg of Zr—hybrid, however no inflection point was observed.
Thinking that the inflection point had been overrun; a less concentrated solution was
used, 0.01 M [NaOH] and [NaCl], still no inflection point was observed. Every
parameter adjustment resulted in a curve similar to titrating H,O with NaOH, indicating
it was not a dilution problem. If it was not a dilution problem, the next thought was, “It
is a diffusion problem.” To investigate this, a static titration was set up where several 20
mg samples were shaken with different concentrations of NaOH for 48 hours and the
equilibrium pH was observed for each. The points obtained from the static titration fell
on the curve obtained from the dynamic titration! The H—phased material could not be
neutralized using NaOH and therefore could not be converted to the Na—phase. This will
be discussed more in a later chapter, but it is believed that the free space between the

layers, 3.3 A, is too small for a hydrated Na' ion to diffuse into the layers.

3.6 Conclusion

These zirconium based inorganic organic hybrid ion exchange materials are a highly

tunable class of compounds. A simple manipulation of synthesis temperature or reaction

time has large impacts on the morphology and structure of the product. For our

purposes, 120 °C was found to produce the most advantageous material. While the

65



microporosity increased with reaction time, even up to 10 days, the impact on affinity
towards neodymium was negligible, so 4-5 days was deemed to be acceptable for a
general synthesis procedure. As expected, adjusting the ratio of pillar-to-spacer ligand
caused sizable changes in the pore structure and pore size distribution of the materials.
P SS-NMR indicates that there is a limit to which the phosphate can be incorporated
into the material, showing less phosphate present than expected when x = 1.60.
Increasing this ratio also increased the Nd** affinity, causing the K value to increase by

a factor greater than 5 going from x = 1.00 to x = 1.60.

The most impactful adjustment observed was that of the phosphate source. By starting
with tribasic sodium phosphate the Ky values increase ~ 50 fold. The exact source of
this increase is still ambiguous, but this discovery, which will be covered more
extensively in a later chapter, has resulted in a material that quantitatively removes Ln’"
and, as will be seen, An’" ions are removed in a similar fashion, providing tremendous

potential in closing the nuclear fuel cycle.
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CHAPTER IV
MATERIALS DEVELOPMENT:

TIN

4.1 Introduction

The previous chapter described four basic synthesis parameters that have an important
roll on the outcome of the zirconium-based ion exchange materials: 1) synthesis
temperature, 2) synthesis time, 3) pillar-to-spacer ligand ratio, and 4) phosphate source
of spacer ligand. This chapter seeks to point out the differences observed when the
tetravalent metal ion is changed from zirconium to tin. Only two of the four basic areas
will be discussed in detail: 1) synthesis temperature (Section 4.2) and 2) pillar-to-spacer
ligand ratio (Section 4.3). Changing the reaction time will not be investigated, because
as will be seen, the Sn—hybrids are > 95% microporous at shorter synthesis times, even
after only four days. This is in contrast to the Zr-hybrids, which only reach ~ 73%
microporosity after 10 days of heating (see Chapter III Section 3.3). With almost no
mesoporousity there is no reason to investigate whether there is any annealing effect at
longer reaction times. No investigations into alternate phosphate sources will be
discussed in this chapter, except to state that bulk materials were synthesized from both
phosphoric acid and tribasic sodium phosphate (the synthesis of materials is discussed in
Chapter II Section 2.3.2 and a description of some of their physical properties is in

discussed in Chapter V Section 5.2). That it is to say, this approach of starting with
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Na3PO4 was immediately investigated without exploring the other group one phosphates
(LisPO4 and K3PO4) because of the marked improvement in lanthanide affinity when
synthesizing from the sodium phosphate in place of phosphoric acid in the Zr-hybrids.
As will be seen, the Sn—hybrids have many similarities to the zirconium analogs, but
where they do differ the distinctions are conspicuous and worthy of independent

investigations.

4.2 Synthesis temperature

Much like the zirconium analogs, a series of experiments was designed to determine the
effect synthesis temperature has on the formation and structure the tin ion exchangers.
The synthetic procedure follows that for the general procedure varying the reaction
temperature 80-200 °C (see Chapter II section 2.3.1.1). The XRPD patterns are very
similar to those of the Zr—hybrids, with four broad, weak reflections at ~ 9.6, 4.1, 3.4 and
2.5 A (see Figure 19). The first reflection is in line with Zr-hybrids showing an
identical d-spacing, reinforcing the hypothesis that the first reflection correspond to the
interlayer distance, which is that of the metal layers being held apart by the
diphosphonate pillar ligands. The other three reflections all have smaller d-spacing than
their zirconium counterparts, which is expected as the Sn*" ion is smaller than that of the
Zr*" ion. With the assumption these are generated from intralayer atom spacings, we

would expect these later three reflections to be sifted to larger angles, resulting from
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Figure 19: XRPD patterns of Sn-hybrid materials synthesized from 80-200 °C.
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smaller d-spacings. The hybrid synthesized at 80 °C displays the weakest diffraction
pattern and appears not to be fully formed. All other patterns have very similar features,
with a subtle increase in crystallinity as a function of synthesis temperature. Unlike the
Zr-hybrids there is no evidence in the XRPD patterns that a multiphased system is being

synthesized, even up to 200 °C.

An investigation of the thermal decomposition, presented in Figure 20 and Figure 21, of
the Sn—hybrids reveals a four weight loss decomposition pathway occurring from 0—-190
°C (10%), 190450 °C (3.5%), and the last two from 450720 °C (11%). The tin hybrids
differ from the zirconium in that they have a slight gain in mass from 720-1000 °C
(0.5%), which is believed to be the oxidation of the phosphorus species that lose an OH
moiety during phosphate condensation to result in the production of stannic
pyrophosphate (SnP,0-) as identified by XRPD; the reader should keep in mind that the
TGA was run in 90% air, so sufficient oxygen is available. This gain is not observed for
the Zr—hybrids. It should be noted at this point, as mentioned earlier, that the material
synthesized at 80 °C does not appear to have been subjected to high enough temperature
and therefore the activation energy to form the ion exchange material was not reached.
TGA revealed a water loss of ~ 15% up to 460 °C, followed by a major multicomponent
loss of ~ 50% from 460-750 °C, with no further loss observed up to 1000 °C. It is
unknown what type of material is formed at 80 °C and it is of little interest for this study,

so it will not be investigated further. To a lesser extent, the exchanger
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Figure 20: Thermal decomposition of Sn—hybrids synthesized from 120-200 °C.
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synthesized at 105 °C has a similar multicomponent decomposition pathway from 450—

725 °C; this material will also be left out of further investigations.

Comparing the TGA results with the element analysis, as summarized by Table 16, it
can be seen that the actual molecular formula is within experimental error of the ideal
formula provided. The Sn:P ratios were not determined because these materials proved
very difficult to digest and therefore a good ICP measurement could not be made. The
yields were all above 76%. It may be noticed that the reported yields for the Sn—hybrids
are distinctively lower than those of the Zr-hybrids. The reason for this is that the
particle size for the tin based materials is dramatically smaller than the zirconium
materials. The particles are so small, in fact that the smallest of these particles pass
through Whatman No. 1 filter paper. This can be avoided to some extent by using
Millipore Durapore® membrane filters, but even still the tiniest particles are trapped in
the pores of the filters. This accounts for roughly 50 mg of the sample. The loss of 50
mg of sample is much less significant when the reaction is scaled up. The bulk reactions
resulted in much higher yield almost quantitative (see Table 2 in Chapter II Section

2.3.2).

The Sn—hybrids N, sorption isotherms can be generally characterized as a Type I
isotherm with H4 type hysteresis loops (see Figure 22). The materials synthesized at
200 °C behaved differently than the other materials and will be discussed last. Below

180 °C the isotherms are zeolite-like in shape, which indicates a uniform pore size
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Table 16: Molecular formula determination and percent yield calculation based on the TGA and elemental analysis for Sn—
hybrid ion exchange materials, estimated error < 5%.

Synthesis %C %H ) .
Ter}rllpera ture Formula FW Calc Exp Calc Exp Yield (g) % Yield
120 °C Sn(OeP2CeHa)o5(OsPOH)*2.98H,0 3853  9.3% 9.1% 2.3% 1.9% 0.378 87%
145 °C Sn(OeP2CecHa)o5(0OsPOH)*2.99H,0 385.5 9.3% 10.0% 2.3% 1.6% 0.331 76%
160 °C Sn(OeP2CeHa)o5(0OsPOH)*3.24H,0  390.0 9.2% 9.6% 2.3% 1.6% 0.336 77%
180 °C Sn(OeP2CeHa)o5(OsPOH)*2.23H,0 371.8  9.7% 9.8% 2.4% 1.5% 0.337 81%
200 °C Sn(OeP2CecHa)o5(OsPOH)*2.09H,0 369.3  9.8% 10.0% 2.4% 1.8% 0.319 77%

a: Based on starting amount of Sn
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distribution in the micropore regime. Table 17 summarizes the total surface area as
determined by the BET method and the percent microporosity as determined by #-plot
method. The total surface area increases as the synthesis temperature increases, while
the percent microporosity slightly decreases with synthesis temperatures. The material
synthesized at 200 °C has a modified Type I isotherm, with a much larger H4 hysteresis
loop. The region below 0.5 P/P, shows a much more shallow slope, which is
representative of a large pore size distribution. At this point the mechanism of pore
formation is uncertain, but it does appear that elevating the synthesis temperature to 200
°C provides enough energy to allow rearrangement of ligands, thus creating a wide
distribution of pores. Chemically speaking, the phenyl ring in the diphosphonate is
highly hydrophobic while the phosphate is hydrophilic, increasing the energy of the
reaction system could allow the ligands to migrate and aggregate together into distinct
regions. The formation of distinct regions could account for the wider range of pore
sizes. The materials synthesized at 200 °C will not be investigated further, because a
non-statistical arrangement of ligands creating many different types of pores adds a new
level of complexity into understanding the materials and is therefore not desirable for

our purpose.
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Figure 22: N, sorption isotherms of Sn—hybrids synthesized at 120-200 °C.
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Table 17: N; sorption surface area data determined from BET and percent microporosity
by t-plot, estimated error < 10%.

Synthetic Temperature Total Surface Area (m” g_l) Microporous (%)

120 °C 270 98%
145 °C 270 95%
160 °C 290 96%
180 °C 340 95%
200 °C 340 94%

The Kq4 values were observed for materials synthesized at 120—180 °C and are provided
in Table 18. Just as is the case with the zirconium analogs there seems to be no
correlation between Nd** extraction and synthesis temperature, and therefore, no benefit
to increasing the synthesis temperature above 120145 °C. It should be remembered that
the ion exchange materials are being developed for implementation on an industrial
level, therefore ease and economy of synthesis is very desirable. In the lab there is little
difference in a synthesis temperature of 120 or 180 °C, but on an industrial scale this will

add to the overall cost of production.

Table 18: Nd’" affinity reported in K4

Synthesis Temperature K4 values (mL g )

120 °C 32,000 + 11,000
145 °C 60,000 + 3,000
160 °C 35,000 £ 2,900
180 °C 41,000 + 7,300

The tin hybrid materials behave very similarly to those of the zirconium analogs, with

the exception of the pore structure. It appears that there is an activation energy reached
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in the vicinity of 120-145 °C that is required to produce materials that are thermally
stable and homogeneous. There is no observable benefit in the affinity towards Nd>* to
elevating the synthesis temperature above that which is required for material formation,
and so, as in the case of the Zr—hybrids, all future materials will be synthesized at 120 °C

unless otherwise stated.

4.3 Pillar-to-spacer ligand ratio

Much like the zirconium analogs, it is important to understand the limit of which the
spacer ligand, phosphate, can be substituted in for the pillar ligand, p-
monophenyldiphosphonate, to increase the total efficiency of the ion exchange materials
without losing functionality. For this, a similar set of reactions were designed where the
relative amounts of pillar and spare ligands were adjusted so that x = 0.00, 0.66, 1.00,
1.33, and 1.50 in the ideal formula of Sn(O3;PCcH4PO3);.,2(O3POH),. Once again, this
will result in a P:S ratio of 1:0, 1:1, 1:2, 1:4, and 1:6, respectively. The XRPD patterns
show very little change as x increases from 1.00 to 1.50 (see Figure 23). However, much
like the Zr-hybrids, the pure p-monophenyldiphosphonate shows a much stronger first

reflection, with a d-spacing ~ 9.6 A.

Thermal decomposition of the tin based materials appears to behave similarly to the

zirconium based materials as x is increased. The 1% derivatives of the TGAs are

presented in Figure 24. The decomposition pathways are found in very similar
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temperature ranges as discussed earlier for the Sn—hybrids. Still, much like the Zr—
hybrid analogs, the decomposition observed from 400 °C to just under 700 °C decreases
as the starting amount of pillar ligand is decreased. The oxidation to the pyrophosphate
phase from 720 to 1,000 °C becomes more pronounced as the relative amount of the
spacer phosphate is increased which allows more condensation, thereby forcing more

oxidation to occur.

The carbon hydrogen elemental analysis is in accordance with the 1** derivative of the
TGA and is presented in Table 19. The amount of carbon decreases as x is increased
from 0.00 to 1.33. Much like with the Zr—hybrids the percent carbon and hydrogen were
calculated using the ideal formula of Sn(O3;PC¢H4POs3);.2(O3POH),»2H,0 and also
showed a good correlation for the % C between the calculated and experimental values.
The % H is higher than expected and probably is a result of a higher absorbed water
content caused by the high microporous surface area exhibited by the tin based

materials.

Table 19: C and H percent based on elemental analysis as a function pillar-to-spacer
ratio of Sn(O3;PC¢H4PO3),.x2(0O3POH),.

_ % C % H
o Calc Exp Calc Exp
0.00 18.5% 16.0% 1.5% 2.8%
0.66 12.8% 12.7% 1.4% 2.7%
1.00 9.8% 8.8% 1.4% 2.5%
1.33 6.6% 6.2% 1.3% 23%
1.50 5.0% — 1.3% —
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The most curious difference between the Zr—hybrids and the Sn—hybrids when adjusting
x is observed in the N, sorption isotherms and calculated surface areas, presented in
Figure 25 and Table 20, respectively. There is no observable difference in the percent
microporosity; conversely there is a decrease in total surface area as amount of the
spacer ligand added to the reaction mixture is increased. This decrease was seen only in
the zirconium based materials after an initial increase when the phosphate was first
incorporated into the framework. This result is quite curious, as we were expecting the
porosity to be primarily generated from the addition of the spacer phosphate ligands. It
would appear rather that there is a different primary source of porosity, at this point
believed to be caused by defects similar to those discussed regarding the Zr—hybrids (see
Chapter III Section 3.4), because the material with the highest surface area is that with
no spacer ligand. However, this is unexpected because the pore structure is very
uniform as indicated by the Type I isotherms. You would imagine that if defects were
the primary source of porosity, the pore structure would be more random and show a
much broader pore size distribution. That being said, for this study, determining the
exact source and nature of porosity is outside our goal of developing ion exchange
materials. When x is increased to 1.50 a very large drop in surface area, roughly 46%
below that of the pure derivative, is observed. Because the surface area drastically

decreased, this sample was not investigated further.
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Table 20: The calculated total surface area (BET) and percent microporosity (¢-plot) for
Sn(O3PCcH4PO3); x2(0O3POH),, < 10% estimated error.

x = Total Surface Area (m° g ')  Microporous (%)
0.00 390 98%
0.66 380 98%
1.00 370 98%
1.33 340 98%
1.50 250 98%

The *'P Magic Angle Spinning (MAS) solid-state nuclear magnetic resonance (NMR)
spectra were obtained for the materials where x = 0.00, 0.66, 1.00, and 1.33 and are
shown in Figure 26. The pure p-monophenyldiphosphonate, much like the zirconium
counterpart, has multiple visible resonances centered on 5 ppm and aligns with literature
results [74]. There is a slight shoulder downfield which indicates multiple phosphorus
species in slightly different environments. These multiple phosphorus resonances are
believed to be from defects in the framework as discussed earlier in regards to the high
internal microporous surface area. One option is visualized in Figure 18 (see Chapter III
Section 3.4), however, this is hard to imagine in case of the Sn—hybrids because a more
irregular pore size distribution should result from such an arrangement. As mentioned
previously to fully understand the formation and structure of these materials more

research is needed.

Once a second ligand is added to the reaction mixture, the spacer ligand (S), a second

major °'P resonance appears at —14 ppm corresponding to the —O;POH [75-77]. This

resonance grows as x is increased from 0.66 to 1.33; however, the relative amount of the
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Figure 26: MAS solid-state *'P NMR spectra of Sn(O3PCsH4PO3);.,2(O;POH), with x =
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phosphate ligand in the reaction mixture does not correspond directly with the amount
that is incorporated into the final product of the materials. By calculating the area under
the respective signals a rough ratio of pillar-to-spacer ligand (P:S) can be calculated; the
results of this calculation are presented in Table 21 along with the expected ratios based
on the relative amounts of reagents in the reaction mixture. When x = 0.66, just over
half of the spacer ligand added to the reaction mixture actually gets incorporated into ion
exchange material. Likewise, when x = 1.33, the ratio is lower than what was expected,
and there appears to be some small amount of spacer ligand that interacts differently
than the majority of the phosphate (this point will be discussed in more detail below).
Conversely, when the arbitrary ratio of 1:2 (P:S) is used, the expected amounts of pillar
and spacer are observed in the *'P NMR. It is interesting to note that this result is

serendipitous to the implementation of generic procedure of a 1:2 pillar-to-spacer ratio.

Table 21: Pillar-to-spacer (P:S) for Sn(O3;PCsH4PO3),.x2(O3POH);, calculated from the
integration of the *'P NMR spectra in Figure 26.

_ P:S
o Calc Exp
0.66 1:1 1:0.6
1.00 1:2 1:2.0
1.33 1:4 1:3.8

There are other observations that can be made from the data in Figure 26. First, the
shoulder observed in the pure phosphonate derivative seems to diminish as more

phosphate is introduced and is almost completely nonexistent when x = 1.33. As
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mentioned earlier, for the material where x = 1.33, the major phosphate resonance at —14
ppm is smaller than expected, nonetheless, there is a new resonance at —7 ppm that
accounts for the remaining balance of phosphate. This new resonance may be the reason
why the total surface area begins to decline as x increases and as will be seen

momentarily why there is a large decrease in Nd** affinity.

The affinity towards neodymium was observed for x = 0.66—1.33 and the K4 values are
provided in Table 22. The maximum uptake of Nd** was observed for x = 1.00, with a
striking drop on increasing x to 1.33. This drop of over 75% is quite surprising when
compared to the zirconium analog, as the Zr-hybrids behaved in a predictable manner
having a direct correlation between relative amount of phosphate and Nd** affinity.
More research is needed to understand the structure and ion exchange bonding
mechanism, but it is clear from these results that the benefit of increasing the total
number of active sites in the material does not guarantee that the K4 value will follow

suit.

Table 22: K4 values observed for Sn(O3PC¢H4PO3);x2(0OsPOH), at pH ~ 3.

x= K4 values (mL g_l)
0.66 92,000 + 14,000
1.00 159,000 + 2,000
1.33 39,000 + 2,000
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Adjusting the starting pillar-to-spacer ratio in the reactions gave very different results for
the tin based ion exchangers than for their counter zirconium based exchangers. While
the XRPD patterns and TGA decomposition pathways have similar trends upon
increasing x, the N, sorption, solid-state 3P NMR, and Nd&** affinity behaviors were
much different. The short-range order of these materials must be different and will need
to be understood to explain the differing performance of the two materials. At present,
for the current study, it is clear that for the Sn—hybrid materials x = 1.00 produces the
most advantageous product providing a large microporous surface area, a clear >'P
spectrum with the appropriate amounts of the two types of phosphorus, and the highest

neodymium affinity.

4.4 Conclusion

The tin based hybrid ion exchange materials appear to have several similarities to their
zirconium analogs such as their XRPD patterns and neodymium affinities when
changing the synthesis temperature. The thermal decompositions were aligned with the
Zr-hybrids, however they had a visible increase in mass in the last step of producing the
metal pyrophosphate final product. As stated earlier the gain is most likely caused by
the oxidation of the phosphorus that had lost an oxygen during the condensation step and
is also believed to be taking place with the Zr-hybrid analogs despite not being
observed. The most obvious discrepancy upon changing from zirconium to tin is the

porosity. Unlike the bimodal distribution of the Zr—hybrids, the Sn—hybrids have only
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one pore size distribution in the microporous regime and are zeolite-like in their pore
structure. They do not exhibit the “house of cards” particle arrangement that leads to the
meso- and micropore size distributions of the zirconium based materials. This should

allow for a more regular environment around the active ion exchange sites.

Attempting to increase the efficiency of the Sn—hybrid ion exchange materials by
altering the pillar-to-spacer ligand ratio did not result in the expected outcome. Both the
surface areas and Ky values were out of line with the Zr—hybrids. There appears to be
more going on at the molecular level of the materials than just a simple substitution of
the tetravalent metal within the layer. Further investigation into the exact source of the
discrepancy is needed to have a thorough understanding of the difference in their
behavior; however, for the time being, one thing is clear, the arbitrary 1:2 pillar-to-
spacer synthesis provides a material with large surface areas in the microporous regime

and high affinities for Nd*".

Despite their subtle differences, both M(IV) inorganic organic hybrid ion exchange
materials display promising characteristics for applications in separations, with their
high affinities for trivalent lanthanides. This will be developed more in a later chapter,
but suffice it to say, both are selective for ions with high charges (> 3+) and, as such,

were investigated more thoroughly regarding their ion exchange properties.
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CHAPTER V

ION EXCHANGE"

5.1 Introduction

As previously mentioned the purpose for developing the pillared M(IV) phosphate
phosphonate inorganic organic hybrid ion exchange materials is to produce a material
that is selective for a particular ion and not another. Ion exchange is a charge neutral
process, which is to say that for each ion sorbed there must be a charge equivalent ion or
ions desorbed. This is important to keep in mind throughout the following sections, as
some interesting results were observed in ion affinity when sodium is the exchangeable
counter cation. One of the major driving forces in ion exchange is the coulombic
attraction between the immobile active sites on the surface of ion exchange material and
the charge of the ions in solution. Neglecting other factors, such as steric hindrance of
bulky ions, there should be an increase of affinity with an increase of effective charge
(Zer). The electrostatics combined with the steric restriction of the interlayer free space

of ~ 3.3 A should lend themselves to a system in which a separation can be performed.

" Part of this chapter is reprinted with permission from “Pillared metal(IV) phosphate-
phosphonate extraction of actinides.” Burns, J. D.; Clearfield, A.; Borkowski, M.; and
Reed, D. T. Radiochim. Acta, 2012, 100 (6), 381-387 by Copyright 2012 Oldenbourg
Wissenschaftsverlag; “Separation of oxidized americium from lanthanides by use of
pillared metal(IV) phosphate-phosphonate hybrid materials.” Burns, J. D.; Borkowski,
M.; Clearfield, A.; and Reed, D. T. Radiochim Acta, in press, by Copyright 2013
Oldenbourg Wissenschaftsverlag; and “““Separation of americium from curium by
oxidation and ion exchange.” Burns, J. D.; Clearfield, A.; Shehee, T. C.; and Hobbs, D.
T. 2012, 84 (16), 6930-6932 by Copyright 2012 American Chemical Society.
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Although the idea of separating one constituent from another appears to be very simple,
in practice it can be a nontrivial problem, especially true for the group separation of
lanthanides (Ln) from actinides (An). The Ln-An separation is important for closing the
nuclear fuel cycle, as roughly one-third of the fission products in the used fuel are Ln’s
[78], which act as poisons due to their high neutron absorption cross sections. The Ln’s
are limited and homogeneous in their chemistry, because the 4f orbitals have a relatively
small radial extension and are actually buried below the 5d and 6s orbitals. The most
stable oxidation state for the entire lanthanide series is 3+ (due to the “core”-like nature
of the 4f electrons) and all are considered hard Lewis acids. The early An (while they
also are filling f orbitals) have a more diverse chemistry, as the 5f orbitals extend outside
of the 6d and 7s orbitals. The extension of the 5f orbitals is due to the relativistic effects
from s and p electrons near the core of the nucleus in heavy elements, which shield the
charge of the nucleus more effectively than those of lighter elements. The accessible 5f
e allows for a whole gamut of reactions and oxidation states. One unique species that is
only observed in the An series is the linear dioxocation, or actinyl ion ((O=An=0]""),
which will play a major role in aqueous solution and therefore in any separation process

that is proposed.

This work focuses on the separation of americium from other actinides, most importantly
curium, and the separation of americium from lanthanides. This is a difficult problem,
as Am in natural systems behaves primarily like a member of the heavy An, which are

lanthanide-like in their chemistry due the relativistic effects being outweighed by the f-
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orbital contraction. However, in strongly oxidizing environments higher oxidation states
can be achieved for Am (V and VI), while Cm and Ln’s are not known to exist in higher
oxidation states in acidic environments (Ce, as the exception, can exist as Ce*" and is
widely uses as an oxidizing agent, among other uses). The difference in electronics of

Am from Cm and the Ln’s should serve as a basis for a separation.

This chapter will first provide a detailed description of the bulk M(IV)-hybrid materials
that will be interrogated to expose their functionality in ion exchange processes (Section
5.2). Next, the ion affinity of mono- and divalent cations will be explored from groups 1
and 2 of the periodic table, respectively (Section 5.3). General trivalent cation affinity
will be determined using Ln’s, with a more through investigation of the series to
determine what role ion size plays (Section 5.4). Other studies in this section will
include the effects of pH on affinity in both a single and multi- lanthanide systems. The
actinides will be investigated in a variety of oxidation states including III, IV, V, and VI,
which exist as An’", An*", AnO,", and AnO,*", respectively (Section 5.5). The K4
values for both Am’* and AmO," were determined. A description of the synthetic route
to realize the rare Am(V) species, as well as proposed mechanism of oxidation will be
included. Lastly, a variety of separations will be discussed including a direct separation
of americium from curium (Section 5.6). Other separations that will be discussed
include intergroup alkali metals from lanthanides, alkaline earth metals from
lanthanides, transition metals from lanthanides, and lanthanides from actinides.

Separation factors (SF) of multi ion systems were directly observed.
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5.2 Bulk M(IV)-hybrids

Four representative bulk samples were synthesized following the bulk synthesis
procedure (see Chapter II Section 2.3.2) and characterized [79]. While much of this will
be a rehashing of the two previous chapters, there are some important points that will be
highlighted, as well as an emphasis that there is little change to the materials when the
scale of the reactions is increased by a factor of ten. The XRPD patterns shown in
Figure 27 are no different than what was described earlier, but it does serve to reinforce
the original hypothesis that the first reflection represents the interlayer distance of
roughly 9.6 A, as it is the same for all four ion exchange materials. The next three
reflections are visibly shifted to smaller d-spacings from zirconium to tin, once again
these are believed to be in-plane values and account for the smaller size of the Sn*" ion

over the Zr*" ion.

The TGA results are presented in Figure 28, and it can be seen that there is no noticeable
deviation from what was discussed earlier. However, it should be pointed out that all
four of these materials are stable up to ~ 500 °C, with the only loss being that of water to
this point. The organics do not begin to decompose until after 500 °C, making these
hybrid ion exchange materials very thermally stable and therefore they should be a more
robust medium to perform the separations required in the harsh environments of the

nuclear fuel cycle.
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Figure 27: XRPD patterns of the four bulk M(I'V)-hybrids.
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Figure 28: Thermogravimetric analyses of the four bulk samples.
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The nitrogen sorption isotherms are also representative of the previous discussions. The
zirconium-based materials have the same type II isotherms with an H4 hysteresis loop,
while the tin-based materials are zeolite like in their isotherms (see Figure 29). The total
surface area and percent microporosites are presented in Table 23 and were calculated

from the multipoint BET and #-plot methods, respectively.

Table 23: Calculated total surface area (BET) and microporous percent (#-plot) for bulk
ion exchange materials, estimated error < 10%.

Sample Total Surface Area (m’ g_l) Microporous (%)
H—Zr—hybrid 440 72%
Na—Zr-hybrid 250 56%
H—Sn-hybrid 400 98%
Na—Sn—hybrid 370 98%

Imaging these materials by scanning electron microscopy (SEM) show the inherent
nanoparticle nature of these materials (see Figure 30). The Zr-hybrids show larger
cluster-like aggregates of platelet particles, as discussed in Chapter III forming a “house-
of-cards” conformation; while the Sn—hybrids, also having platelet particles, seem to
form small stacks of aggregates. The particles in all cases seem to < 100 nm in size and

there is no regular shape from one to the next.

Now that it is clear that the bulk materials are in line with the exploratory studies done in

the previous two chapters, the focus will be shifted to an in-depth study of the ion

exchange properties of these four representative hybrid materials.
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Figure 29: N, sorption isotherms of bulk samples.
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- 10nm JEOL 6/27/2012 I 100nm JEOL 6/27/2012
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Figure 30: SEM images of the H-Zr-hybrid (a), Na—Zr—hybrid (b), H-Sn—hybrid (c),
and Na—Sn—hybrid (d).
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5.3 Group 1 and 2

The affinity for the metals of groups 1 and 2 in the periodic table were investigated to
determine the general affinity of mono- and divalent cations, respectively. The Ky
values are provided in Table 24 and reported in mL g '. In general, there is an increase
in affinity going down the group, or as the size of the ion increases, Na"” < Cs" and Ca*"
< Sr**. The increase in affinity down a group, presumably, is associated with the heat of
hydration (AnygH), which becomes less negative down the column, that is to say it
becomes easier or takes less energy to remove the hydration sphere from the positively
charged ion. According to our model, the free space between the metal layers is ~ 3.3 A,
leaving just enough space for the Cs” ion to diffuse into the material after shedding its
hydration sphere. As reported earlier [49], it appears that at room temperature there is
not enough energy for the Na' ion to dehydrate and diffuse into the layers. The divalent
cations exhibit a higher attraction to the hybrid exchangers. There may be a number of
effects at work here, the most important of which are the charge of the ion and the
chelation-like properties of the ion occupying multiple active sites simultaneously. As
discussed earlier there are believed to be clusters of pillar and spacer ligands, which
would allow several ionic interactions to occur between a single divalent cation and
multiple active sites in the material, as well as the ion having a higher coulombic
attraction to the negatively charged —PO™ moieties. It should be noted that the
differences in affinity for groups 1 and 2 are of little consequence when compared to the

lanthanides, as was reported in previous chapters and will be further discussed in the
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next sections of this chapter. The lanthanide affinity is much larger than the mono- and
divalent cations and is the major point of emphasis; moreover it will be seen that in a
competitive reaction the separation factors between Nd-Cs and Nd-Sr favor the removal

of Nd*" by several orders of magnitude (see Section 5.6).

Table 24: K4 values (in mL g ') for groups 1 and 2 at pH 3, where <1 indicates no
observable change in [M].

Sample Na Cs’ Ca”’ Sr*
H—Zr—hybrid 30+ 30 450 + 30 200100 650+70
Na—Zr-hybrid - 3,700 £300 800+200 >12,000
H—Sn-hybrid <1 130 £ 10 20+ 10 140 £ 10
Na—Sn—hybrid - 260 + 60 300£ 100 650+20
5.4 Lanthanides

The affinities of the Ln were investigated to gain a thorough understanding of their
interaction with the hybrid ion exchange materials. Neodymium and samarium were
chosen to represent the light Ln, while holmium and ytterbium represented the heavy Ln.
This is necessary because, while the most stable oxidation state is 3+, there is a decrease
of ionic radii across the series (almost 20% from La to Lu). That is to say, the size of the
ion may play a large role in the overall binding. Table 25 displays the K4 values for the
respective Ln. The H—Zr—hybrid shows a maximum affinity for Ho>*, while the H-Sn—

hybrid and the Na—M(IV)-hybrids show a decrease in affinities as the ionic radii
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Table 25: Kq values (in mL g ") observed at pH 3 with a phase ratio of 250 mL g™ for Nd®" and 500 mL g'
for Sm**, Ho’", and Yb*".

Sample Nd** Sm’" Ho" Yb'
H-Zr-hybrid 29,000 + 2,000 80,000 = 10,000 110,000 + 10,000 90,000 + 10,000
Na—Zr—hybrid >1,900,000 1,310,000 + 380,000 450,000 £ 110,000 450,000 + 10,000

H-Sn-hybrid 340,000 £ 170,000 320,000 £ 20,000 320,000 £ 10,000 160,000 + 10,000
Na—Sn—hybrid 480,000 + 30,000 300,000 + 10,000 220,000 £+ 10,000 220,000 £ 10,000
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decrease. These results appear to indicate a preference for a specific ion size that is most
energetically favorable, presumably caused by a quasi-chelation of the ions, as
mentioned earlier. This will be investigated further in a later section where these

trivalent ions will compete in the same solution.

A better understanding of the final environment of the ion is required to make any
conclusive statement on the binding characteristics of the materials. What can be seen
however, is the much higher affinity for the Ln over the alkali and alkaline earths—in
most cases three orders of magnitude—which implies an intergroup separation of the
lanthanides from the alkali and alkaline earth metals, and has the possibility even to be
translated to other mono- and divalent cations such as transition metals and actinides.
Once again, it should be noted that, despite the apparently large errors in some cases
(e.g. the sorption of Ho’* on the Na—Zr-hybrid), the consequence of that error is
negligible. The difference in a K4 value of 560,000 or 340,000 mL g™ in terms of
percent decontamination is 99.91% to 99.85% removal of Ho’* from solution. These
errors originate from detection limits of the instrument and the difficulty associated with
scrubbing the water and acid clean of lanthanide contaminate prior to starting the

analysis.

As mentioned earlier, ion exchange is a charge neutral process and while the Ln ions are

trivalent, this does not guarantee that the naked cation is being sorbed to the materials.

In other words, ligands such as nitrate could be coordinating the Ln ions and thereby

102



limiting the charge to either 1+ or 2+ of the molecular species and thereby change the
nature of the ion exchange process entirely. To probe this, the pH of the lanthanide
solution was determined before and after contact with the hybrids and the number of
protons displaced was calculated and compared to the number of Ln’" ions removed
from solution. For naked Ln ions, there should be three times the number of protons
released as Ln’" ions removed. While the results varied slightly from sample to sample
a general comparison will be made from one specific example using the H-Zr—hybrid
and Sm®>", where there were 2.8 x 10~ mols of H' released and 1.1 x 10~ mols of Sm*>"
removed from solution. These results indicate that upon sorption to the material the ions

shed their coordination sphere and associate to the active site as the naked ion.

Neodymium was then selected for a more rigorous investigation, because it has been
established as a good analog for americium in regard to both ionic radius and effective
nuclear charge of the trivalent species [80, 81]. To probe the reversibility of the Ln/An
sorption the K4 value was tracked as a function of acidity and plotted in Figure 31. The
log-log plot shows a linear relationship between the K4 and acidity with slopes of 2.1,
2.9, and 1.7 for H-Zr-hybrid, Na—Zr—hybrid, and both Sn—hybrids, respectively. The
Na—Zr—hybrid performed better than the other exchangers at pH 3, almost one whole
order of magnitude better than the Sn—hybrids and two whole orders better than the H-
Zr-hybrid; while its steeper slope indicates a greater ease of reversibility over the others,

which will be shown later. These results indicate that a system of separation and
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Figure 31: Extraction of Nd** as a function of [HNOs], the initial [Nd*] was ~ 10 M.
No uptake was observed for [HNO3] > 0.1.
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recovery should be able to be established and controlled by a simple manipulation of pH,

most likely in some form of chromatographic separation.

5.5 Actinides

5.5.1 Basic sorption

The early transuranic elements (Np, Pu, and even Am) can exist in a variety of oxidation
states including III, IV, V, and VI, which exist as An’", An*", AnO,", and AnO,*",
respectively.  Americium(IIl), plutonium(IV), neptunium(V) and americium(V), and
plutonium(VI) were chosen as representatives for the different valencies of this series.
Table 26 shows the results of the An uptake studies. The H-M(IV)-hybrids and Na—Sn—
hybrid were in line with earlier results, having the general trend of increasing in K4 value
as the charge on the ion increases. However, Pu*’, at first glance, appears to be an
exception to the trend, but taking into account that the experiments were performed at a
lower pH, the results are very reasonable. It should be pointed out that the Zr—hybrid
materials are not very ordered and some of the exchange sites may be isolated or even
inaccessible altogether, which in turn may decrease the working exchange capacity as
the charge on the ion increases. The Sn—hybrids have more regular pore structures,
which should, alternatively, increase the uniformity of the active site environment,
allowing for more and better access to the exchange sites. The Na—Sn—hybrid has a Kq4

value twice that of the H-Sn—hybrid, which can be accounted for by equilibrium
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Table 26: Kq values (in mL g') of the actinide species.

Sample Kq[AmO,]” K4 [NpO,] Kq Am®" Kq [PuO,]*" Kq Pu*
pH 1.99 pH 2.11 pH 2.00 pH 2.13 pH 1.79
H-Zr—hybrid 2+1 80 £ 4 4,870 + 80 1,440 + 80 1,340 + 30
Na—Zr—hybrid 1341 3,000+ 500 640,000 + 53,000 240,000 + 32,000 109,000 + 4,000
H-Sn—hybrid 14+ 1 233+9 12,100 + 200 3,200 + 300 43,000 + 13,000
Na—Sn—hybrid 15+3 480 + 20 38,800 + 1,400 6,100 =+ 300 83,000 % 5,000

K4 obtained at pH 1.94

Figure 32: Schematic of the ion exchange equilibrium for the M(IV) hybrids.
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considerations of the pH, meaning that because the extraction takes place in an acidic
medium the equilibrium is pushed to the left in the case of the H-phased material (see
Figure 32). There may also be small effects from the covalent character of the O—H
bond that slightly decreases the metal sorption. At this point it should be noted that the
K4 values for both Am(IIT) and Am(V) were observed in the presence of the Eu carrier,
and therefore are not the true values but artificially lowered due to the presence of a
competing ion. Am(III) will be far less affected by the presence of Eu’* as the Z. of the
two ions are very similar, however AmO," should be significantly reduced with a
difference in Zg of 0.9 unit charges (see Chapter II Section 2.5.2 Table 6). The K4 value

for carrier-free AmO," is expected to be very similar to that of NpO,".
p y p

5.5.2 Plutonium redox

Plutonium has a very interesting chemistry, some [82] have even stated, “From physical,
chemical, and technological perspectives, plutonium is one of the most complex and
fascinating elements in the periodic table.” From a chemistry standpoint, the fascination
comes from the fact that Pu has accessible 5f orbitals that can involve themselves in
bonding, while the redox chemistry is very diverse. Figure 33 shows the Latimer
diagram [83] of the four common aqueous oxidation states and it can be seen that the
redox potentials from one state to another are all very similar (roughly 1 V), and result in
small changes in the standard Gibbs free energies between the species. Simply stated it

only takes a small amount of energy for Pu to change from one oxidation state to
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another, and in fact Pu is known to commonly undergo disproportionation reactions to
exist in multiple oxidation states in a single solution or environment. In some cases all

four aqueous states are present at one time [84].

Pu(VI) 0.94V Pu(V) 1.04V Pu(IV) 1.01V Pu(III)
PUOQZQ' PuO,” Pu* Pu’*

0.99Vv

Figure 33: Latimer diagram for plutonium in 1 M perchloric acid [83].

There was an interest to observe what, if any, effect the exchange materials had on the
oxidation state of Pu(VI) [79]. This is important because if any redox processes take
place during or after sorption, the species will change and therefore the charge of the ion
will change. If this change is charge occurs the Ky value would be misrepresentative of
that reported in Table 26. To examine if any redox process occurred, 50 pL of
concentrated HNO; was added to the sorption reactions to lower the pH roughly 0.5.
The samples were shaken for 1 hour and the oxidation state was tracked by observing the
solution absorption spectra between 400 and 900 nm (see Figure 34). The observation of
a strong band at 830 nm is characteristic of Pu(VI) and the absence of bands at 569 nm
(Pu") and 469 nm (Pu") in all cases indicated no redox reactions occurring between the
plutonium and the ion exchange materials. Other information can be gleaned from these

experiments, in particular, the reversibility of the sorption for each ion exchange
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Figure 34: Absorption spectrum of PuO,”" after contact with ion exchanger material.
Plutonium was washed from the hybrid material with HNOs; pH 0.5. The blank is a
control that was not interacted with the ion exchange material.
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material. The fraction recovered can be determined by a comparison of the intensity of
the absorption bands at 830 nm of the solution contacted with the ion exchangers and
that of the solution not contacted with the ion exchangers (labeled as Blank), these
comparisons are presented in Table 27. The sorption appears to be reversible by simple
manipulation of the acid concentration, as stated earlier, and these results of the Pu(VI)
desorption are in line with the previous neodymium studies as a function of acidity (see

Section 5.4 Figure 31).

Table 27: Absorbance of PuO,>" at 830 nm after being striped from ion exchange

material.
Sample Wavelength (nm) Abs Recovery
Blank 830 0.0120 -
H-Zr—hybrid 830 0.0105 87%
Na—Zr-hybrid 830 0.0120 100%
H-Sn-hybrid 830 0.0073 60%
Na—Sn—hybrid 830 0.0068 57%

5.5.3 Americium oxidation

It is well known that the actinides can be broken up into two distinct groups, light and
heavy. The heavy An, curium and above, are primarily trivalent cations and behave very
similarly to the analogous lanthanides, while the light An, thorium through plutonium,
are more transition metal-like in their electronic properties. Americium however, acts as
a bridge between the two: in natural conditions Am is a trivalent cation like the heavy

An, but in strongly oxidizing conditions it can exist in higher oxidation states (V/VI).
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For the interested reader a recent review article has just been published on the higher
oxidation states of Am [85]. Only a handful of reports have been published discussing
the synthesis and stabilization of oxidized Am [86-99]. In acidic media, pentavalent
americium is highly unstable and readily reduces to Am(III). Magirius et al. [95]
reported the quantitative radiolytic oxidation of **' Am(III) to **’Am(V) in 5 M NaCl
within a week under slightly basic conditions. They proposed the radiolytic generation
of OCI" from the brine, which then initiates the oxidation of Am. Under acidic
conditions (pH < 2) hypochlorite does not appear to be a strong enough oxidant to
convert Am(III) to Am(V), as we saw no change in the absorbance spectra of Am’" with
just the addition of Ca(OCl),. However, when Na;S,0s is introduced to the Am solution
and heated to 80 °C the intensities of the Am(III) characteristic bands at 503 nm and 806
nm decreased, while the characteristic bands for Am(VI) at 666 nm and 996 nm grew in
as previously reported [97-99]. After 30 minutes at temperature the bands for Am(III)
completely disappear and the bands for Am(VI) reached a maximum. If the solution is
allowed to cool Am(VI) immediately begins to reduce to Am(V) and subsequently to
Am(II) and upon reheating is converted back to the hexavalent state. However, if OCI”
is added to the solution while it is still warm, Am(V) is synthesized in > 97% yield with
trace amounts of Am(III) present. As shown in Figure 35, if there is only a slight excess
of hypochlorite, as it is consumed either by redox or degradation processes, Am(V)
begins to reduce to Am(III). The Am(III) band at 503 nm grows in at a constant rate

over 60 hours, while there is only a slight decrease in the Am(V) band at 514 nm. The
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asymmetric tail of the Am(III) 503 nm band, which extends past 514 nm, causes the near

constant intensity of the Am(V) band.

When OCI™ is in large excess there was no observable change in the ratio Am(V) to
Am(III) after 24 hours, with an ingrowth of only < 10% Am(III) at 48 hours. It is
believed at this time the mechanism of oxidation of Am(III) to Am(V) first requires the
formation of a highly oxidizing radical, in this case SO;", which produces Am(VI).
Generation of the SO4 requires enough energy for the O—O bond to cleave (< 80 °C).
In order to produce Am(V) with a long enough lifetime to be observed or used, a
stabilizing agent of moderate oxidizing strength must be present to allow Am(VI) to
reduce to Am(V) without further reduction, e.g. hypochlorite. Am(V) should persist as
long as there is an excess of the stabilizing agent present. To our knowledge this is the
first report of using a mixture of persulfate and hypochlorite to synthesize and stabilize

Am(V).

The above findings [100] and subsequent discussion were a result of research
collaboration with Dr. Donald T. Reed and Dr. Marian Borkowski at Los Alamos
National Laboratory-Carlsbad Operations (LANL-CO) who invited me to the Carlsbad
Environmental Monitoring and Research Center (CEMRC) located in Carlsbad, NM to
perform the actinides studies. The oxidation of americium was performed in ~ 1 M
perchloric acid. Following this success I was invited to go and work with Dr. David T.

Hoobs and Dr. Thomas C. Shehee at Savannah River National Laboratory (SRNL)
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located in Aiken, SC. Our aim was to reproduce americium oxidation and conduct a
separation of Am from Cm. However, as life continually reminds us, not everything
goes according to plan. In the purification process of the on-hand Am stock at SRNL,
our working stock ended up being 0.01 M nitric acid [101]. In the work at SRNL, we
were able to significantly increase the stability of the AmO," species from the work done
at LANL-CO, with a lifetime of at least 48 hours ~ 10 % ingrowth of Am®", to only ~
5% ingrowth after 5 days by changing the matrix to nitric acid from perchloric acid
[100]. Our finding showed that there are several key differences in the oxidation of
americium when the matrix is HNO; rather than HCIO,4, and this was verified by
repeating the original studies performed at CEMRC at SRNL in 0.01 M HCIO4. The
most notable difference is the oxidation products resulting from the sulfate radical
oxidation, AmO," and AmO,*" in nitric acid and perchloric acid, respectively. The nitric
acid is limiting to Am(V), while the perchloric acid allows for the americium to reach
the hexavalent state. This difference is most likely caused by the evolution of the
reducing agent nitrite upon heating the HNO; system. Both systems require an excess of
OCI in order to stabilize and maintain Am in the pentavalent state. In nitric acid, 17
hours after the Ca(OCl), addition, nice colorless crystals form that appeared to be
monoclinic, presumably gypsum (CaSO4*2H,0). After filtering and inspecting the
spectrum, presented in Figure 36, the solution was absent of the trace amounts of Am®"
seen immediately after synthesis of AmO,", but there was no visible decrease in the
amount of Am(V) present. The Am’" undoubtedly co-precipitated with the gypsum,

resulting in a very pure AmO," solution [97]. In perchloric acid no precipitation was
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Figure 36: Spectrum of pure AmO," in 0.01 M HNOj after solution was allowed to age
resulting in precipitation of CaSO, and co-precipitation of any Am®" not oxidized.
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observed even up to 5 days, at either 0.1 M or 0.01 M concentrations. These two results
are very interesting, as they provide tools to control the oxidation and speciation of
actinides, allowing for a diverse set of experiments. If the chemistry is pH sensitive, the
in situ generated sulfate buffer system may be advantageous and therefore the perchloric
matrix should be used; however, if a simple environment is desired that resembles more
closely an ideal system, the nitrate matrix can be aged, allowing the majority of the
calcium sulfate to precipitate, leaving in solution AmO,", OCI', and small amounts of

ClO," from the decomposition of the hypochlorite.

5.5.4 Challenges in americium oxidation

Developing a new method of oxidizing americium was not the original goal in the
process of producing the higher oxidation states of Am. The first attempt made was to
reproduce the work of Mincher et al., employing sodium bismuthate as an oxidizing
agent to oxidize Am(III) to either Am(V) or Am(VI) [96]. This, however, proved to be
unfruitful. The following is an account of experimental procedure and results followed

by an explanation of what is believed to have taken place.

Mincher et al. first reported that Am(III) could be oxidized to either Am(V) or Am (VI)
by simply shaking a solution of Am with an excess of NaBiOj; at either 80 or 25 °C,
respectively. In both cases the conversion was reported to be quantitative and oxidation

states to be pure. For our systems it was important to use an excess of NaBiOs, because
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these experiments were to be performed in triplets. So, extra NaBiOs was added to the
solution of Am(III) to ensure that each sorption reaction would have excess solid
NaBiO;. The procedure was carried out as follows: 1 g of NaBiO; along with 2 mL of ~
1 x 10* M **Am’" was added to a 30 mL high-density polyethylene bottle with a screw
cap. The container was sealed and placed in an 80 °C water bath for 4 hours. The
solution was filtered and upon investigation of the oxidation state by means of the
absorption spectroscopy, no americium was observed! The Am was not in the solution,
so it must have been in the solid phase. There are two obvious reasons this could have
happened: 1) the Am precipitated, or 2) the Am sorbed to the bismuthate. The Am
solution was ~ 0.1 M HClOs, so it was unlikely that any precipitate formed. With the
excess of NaBiOs it was very possible that sorption took place. To test this hypothesis
two experiments were designed. 40 mg of NaBiO; was weighed out and 2 mL of pH 2
Am®" or Nd* solution was added (the rest of the experiment was performed following
the general K4 determination procedure, see Chapter II Section 2.5). Ky values for the
bismuthate were observed to be 1,000 = 5.6 and 340 + 2.4 mL g‘l for Nd** and Am®",
respectively (N> ] ~ 2.9 x 10* M, [Am’"]; ~ 6.2 x 10° M). These results were
conclusive that Am had sorbed to the bismuthate, and therefore, was not detected in the
solutions. Following these results the Am was stripped from the 1 g of bismuthate by
adding 4 M HNO;. No oxidation was observed for the stripped Am, however the solid
bismuthate underwent a color change from a light brown to a dark auburn red. This

color change is believed to be due to a decomposition of the bismuthate to one of the
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bismuth oxide phases. This decomposition is not surprising, as it is well know that

bismuthate decomposes in acid [102-104].

The oxidation was attempted a second time on a smaller scale inside a sealed cuvette, so
the reaction could be tracked by UV-Vis spectroscopy in real time. To perform this
experiment 1 mL of ~ 1 x10° M Am’" and 10-20 mg of NaBiO; were added to the
cuvette; the Am’" solutions were ~ 0.1 M HC1O4. The cuvette was sealed by means of a
screw cap and placed in the spectrometer. An initial spectrum from 400-1100 nm was
obtained before the addition of bismuthate, and again as quickly as possible after the
addition of the bismuthate. These two scans showed no observable change in [Am’],
however over time there was slight decrease in absorbance in the band at 503 nm with
no growth of other bands. Most certainly, this reduction of intensity in the 503 nm band
is a result of Am’" sorption to the surface the bismuthate. Once the band height
stabilized, meaning no further decrease was detected, the cell was heated in the
spectrometer to 80 °C and scans were taken every 10 minutes. The quality of the spectra
were very poor while heating; the elevated temperature increased the rate of
decomposition of the bismuthate, which generates O, (see Equation 7). The O,
evolution agitated the solid and increased particulate suspension in the solution. Other
than the poor quality of the spectra the only noticeable change was a slight increase in
intensity of the 503 nm band, presumably caused by the release of Am’" as the BiO;
decomposed to Bi,O3;. Upon visual inspection of the cuvette the solid had turned white,

providing further evidence of the formation of the oxide.
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4 NaBiO, +2 H,0 —— 2 Bi,0,+4 NaOH+2 O, (7)

Other attempts were made at a lower temperature of 60 °C, in hopes that the bismuthate
would decompose slower and allow for oxidation to take place. In every attempt
concerning that bismuthate no oxidation was observed. To the best of our knowledge,
we reproduced the reported experimental conditions, but were unable to achieve the

reported results.

As an aside, I have had several conversations with Bruce Mincher since the unsuccessful
bismuthate oxidation, and he has suggested several possibilities as to why we were
unable to reproduce his findings. The most likely of which is that one of the byproducts
of NaBiOj; synthesis is peroxide, but most manufactures do not report this in their assay
of the chemical. The presence of peroxide will most certainly prevent Am oxidation. As
a result of our conversations, Mincher has contacted the manufacture from which he
purchased the bismuthate and they have agreed to prepare the NaBiOs with the lowest
amount of peroxide possible. Mincher will test this ‘peroxide-free’ bismuthate to

determine what effect the peroxide has on the oxidation system.
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5.6 Separations

Single ion measurements help in predicting separation factors (SF’s), but there is no
substitute for a direct measurement of affinity in a mixed ion system. To this end,
several mixed ion systems have been investigated and experimental separation factors
have been calculated. These systems include intergroup studies of lanthanide and alkali
metals, lanthanide and alkaline earth metals, lanthanide and transition metals, and
lanthanide and actinide metals as well as intragroup separations of a variety of

lanthanides.

The SF’s of Ln and mono- or divalent ions using alkali, alkaline earth, and transition
metals were observed in several mixed ion systems: Cs" / N&*, sr** / Nd*', and
Ni*"/Nd*" [101]. The Kq values and SF’s are presented in Table 28, Table 29, and
Table 30; and the experimental conditions for these studies are presented in Chapter II
Section 2.5.1. These results correlate with the single ion studies: the more highly
charged neodymium ion sorbs much more readily than the ions of lower charge namely
cesium, strontium and nickel(IT). Separation factors are observed in the hundreds in
most cases and as high as the thousands in all three systems. Not only do these results
reveal the fact that group separations can be performed on the basis of charge, but more
importantly they show the effects of steric hindrance are negligible in comparison to the
coulombic driving force. This will become important later in the discussion of the larger

dioxo americium(V) multi-ion studies.
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Table 28: Kq values (in mL g ') and separation factors (SF) of Nd** from Cs" at pH 2.

Sample Kq Nd** Kq Cs” SF Nd*"/ Cs"
H-Zr—hybrid 1,190 + 30 79+ 3 15+1
Na—Zr-hybrid 29,000 8,000 370 + 50 80 + 20
H-Sn—hybrid 25,600 + 800 89+5 290 + 18
Na—Sn-hybrid 71,500 + 300 89+5 800 + 50

Table 29: K4 values (in mL g ') and separation factors (SF) of Nd** from Sr*™ at pH 2,
where <1 indicates no observable change in [M].

Sample Kq Nd** Kq Sr*F SF Nd** / Sr**
H—Zr—hybrid 1,600 + 300 <1 > 1,000
Na—Zr—hybrid 131,000 + 8,000 <1 > 100,000

H—Sn—hybrid 31,900 + 1,100 17+£2 1,900 + 200
Na—Sn—hybrid 84,000 + 2,000 35+4 2,400 + 300

Table 30: Kq values (in mL g ) and separation factors (SF) of Nd** from Ni*" at pH 2.

Sample Kg Nd** KgNi**  SENd*/Ni**
H-Zr—hybrid 430 + 30 30+ 16 14+8
Na—Zr-hybrid 50,000 = 5,000 100 + 30 500 + 200
H-Sn—hybrid 53,000 = 8,000 58+7 900 + 200

Na—Sn—hybrid 111,000 + 12,000 110 + 30 1,000 + 300

Other intragroup separation studies were performed with a mixture of four Ln’s: Nd, Sm,
Ho, and Yb. In this experiment the pH was varied from 1.0, 1.5, 2.0, 2.5, and 3.0. The
K4 values are presented in Figure 37, Figure 38, Figure 39, Figure 40, and Figure 41,
respectively. There appears to be very little to no discrimination between the four
lanthanides for any of the hybrid exchangers as a function of pH. There is a slight

preference for the heavier lanthanides at a pH of 1 for the Na—Zr—hybrid, however with
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Figure 37: Multi-ion uptake of select lanthanide ions at pH 1.0, Kq reported in mL g .
Estimated error < 5%.
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Figure 38: Multi-ion uptake of select lanthanide ions at pH 1.5, Kq reported in mL g .
Estimated error < 5%.
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Figure 39: Multi-ion uptake of select lanthanide ions at pH 2.0, Kq reported in mL g .
Estimated error < 5%.
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Figure 40: Multi-ion uptake of select lanthanide ions at pH 2.5, Kq reported in mL g .
Estimated error < 5%.
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Figure 41: Multi-ion uptake of select lanthanide ions at pH 3.0, Kq reported in mL g .
Estimated error < 5%.
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such a low Ky value for the preferred Ho’™ and Yb’", roughly 12 and 17 mL g,
respectively, this separation is not very efficient. Contrary to what was previously
hypothesized there appears to be no size discrimination across the lanthanide series,

preventing an intragroup separation of the lanthanides using these ion exchangers.

The last and most important separations observed were those of a Ln / An mixed ion
system. A mixed ion system was created to directly observe separation between the
different An species and Nd**, the results of which are summarized in Table 31. ICP-
MS data were unable to be obtained for the NpO,™ and PuO,*" systems, so only the
difference in activity of solutions in the presence and absence of Nd** will be discussed.
There is a noticeable reduction in the K4 value for NpO," with all four materials upon
introduction of Nd** into the system, as high as 56% for the Na—Zr—hybrid down to 26%
for the H-Sn—hybrid. Nd**, like Am®", has a significantly higher Ze than NpO," and so
the K4 value was expected to decrease upon the addition of Nd** into the system. The
Na—Zr-hybrid was also investigated for purposes of separating PuO,”" and Nd**, due to
its high affinity for PuO,>" [79]. It can be seen, as expected from the Zg, the Kq is only
very slightly reduced indicating a separation factor for PuO,”" and Nd** very close to
unity. These simple two ion systems revile interesting separation properties of the
hybrid ion exchange materials, Nd®" cannot be separated from PuO,”’, but it can be
separated from NpO,". By analogy, PuO,*", like Nd*", can be separated from NpO," and

therefore should be able to be separated from AmO,".
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Table 31: The Kq values (in mL g ') for the M(IV) hybrid exchangers after Nd>* was
introduced into the actinide systems.

Sample Ks AmO, /Nd*" / Eu’” Kq PuO,™" K4 NpO,*
pH 1.99 pH 1.95 pH 2.10
H-Zr—hybrid 5+2/36+2/80+ 12 - 5542
Na—Zr-hybrid 17+2/181+5/658+2 215,000 + 15,000 1,400 £ 300
H-Sn—hybrid 19+2/295+3/662+7 - 166 + 3
Na-Sn-hybrid  19+3/630+20/ 1,150 + 20 - 330 + 20

The results from the pentavalent americium studies require a more critical examination,
as the electrolyte system is much more complex and, as mentioned earlier, the impact of
the carrier is more significant. In all other ion sorption studies the electrolyte mixture
was made up of either nitrate or perchlorate as counter anions and minimal amounts of
sodium originating from NaOH added for pH adjustments, all three of which are
assumed to be non-interactive. Remember that ion exchange is a charge neutral process,
so upon sorption the ion should be completely disassociated from the counter cations
(both NOs~ and ClO,~ are very non-complexing themselves); while the affinity for Na" is
negligible at pH < 3. In the case of AmO, " there are a variety of species present because
they were required for synthesis and stabilization purposes, including S;0s>, SO,
OCI, as well as CIO generated from the decomposition of the hypochlorite. All these
species are believed to have little effect on the ion exchange processes themselves, but
persulfate and sulfate serve to generate an in situ buffer, which has the potential to affect
the sorption of the metals and therefore affect the Ky values. Figure 32 illustrates the
equilibrium of sorption in acidic media for the M(IV) hybrids, which is highly dependent

upon pH. The impact of the buffer should result in a more accurate value because it will

128



reduce the difference in pH; and pHg,. Despite the generation of the buffer, the
existence of the Eu carrier used in manufacturing should have the most significant
impact in the sorption of AmO,". This is assumed to be the explanation for the almost
identical Kq values before and after introduction of Nd** to the system. Moreover, the
K4 values associated with neodymium are reduced due to the increase in population of
trivalent ions and the lower pH. With all this being said, in the mixed ion system of
AmO,", Nd**, and Eu’" the K4 values were obtained and separation factors calculated
(see Table 31 and Table 32). Taking into account the complex system required for
synthesis of AmO,", these SF indicate the potential for a practical Am / Cm separation,

which will be discussed next.

Table 32: Observed separation factors calculated from data in Table 31 at pH 1.99.

Sample AmO, /Nd**  AmO," /Eu’’
H—Zr-hybrid 7£2 16+7
Na—Zr—hybrid 11+1 39+5
H-Sn—hybrid 16 £2 35+4
Na—Sn—hybrid 33+£5 60 + 10

Traditionally the separation of Am from Cm has been a very difficult problem to tackle
because of their very similar chemical properties that require complex solvent extraction
systems [105-107] using exotic ligands or chromatography [108-111] that depend on
organic resins, which are highly susceptible to radiolydic degradation. As was discussed
earlier, the inorganic hybrid materials, which are the focus of this dissertation, show

increased affinity for highly charged cations [79], which resulted in a separation of
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americium from neodymium and europium. Using the same procedure of oxidation,
stabilization, and ion exchange, americium can be separated from curium (see Table 33)
[101]. The K4 values for AmO," were observed to be slightly higher than what was
observed in the separation of AmO,” from Nd** and Eu’" and is believed to be a result of
performing the oxidation in nitric acid and not allowing the CaSO, to precipitate out
prior to contact with the ion exchange materials. In other words, the CaSO4 may have
precipitated during the incubation time, allowing co-precipitation of some Am or Cm.
This precipitation effect was discussed earlier (see Section 5.5.3). Unfortunately, due to
the limited availability of radiological laboratory space and time, both the americium
stability and Am-Cm separation experiments had to be run in parallel, so the CaSO,
precipitation results from the stability experiments were not compensated for in the Am-
Cm separation experiments. It should be noted that the Na—Sn—hybrid removed ~ 98%
of the Cm®" out of solution, leaving almost pure Am in solution. As a side note, the Ca>"
concentration was tracked by ICP-MS as well for the Na—Sn—hybrid and a K4 value of
3.1 £ 0.3 was observed. This reaffirms the single ion studies and confirms that the
counter cations found in the oxidation system do not interfere with sorption of trivalent
species of interest, in this case Cm’". The charge discrimination of these ion exchange
materials makes them very interesting and unique to classic ion exchange materials; the
inability of Na' or even Ca”" to sorb provides a useful tool for a separation that involves

oxidized Am(V).

130



Table 33: K values (in mL g ') and separation factors (SF) of Cm®* from AmO,"

at pH 2.05.

Sample K4 AmO," / Cm** SF Cm®*" / AmO,"
H—Zr—hybrid 62+6/100=+10 1.6 0.2
Na—Zr—hybrid 85+8/1,300+ 100 15+£2
H—Sn—hybrid 120+ 10/ 1,600 + 200 13+1
Na—Sn—hybrid 220 + 20/ 4,400 + 400 20+ 3

5.7 Conclusions

The four bulk hybrid inorganic/organic ion exchange materials can be synthesized and
used for the separations of species based on charge. It was shown that these materials
behaved as expected, judging from the results in the previous two chapters. They
possess very desirable attributes of mild synthetic routes, high thermal stability, high

surface areas with large microporosities, and participation in ion exchange.

The ion exchange properties, display very interesting selectivity for highly charged ions
(> 3+), while almost completely discriminating against ions that are singly or doubly
charged. In single ion studies the alkali and alkaline earth metals have very low Ky
values; within error Na' shows no affinity toward the ion exchangers and Ca®" is only
slightly higher. The trivalent lanthanides on the other hand, are readily sorbed and are
completely removed from the solution at pH 3 with a phase ratio of 250-500 mL g
The actinides behaved accordingly with respect to oxidation state and respective ion

species; with an increasing affinity as follows AnO," << AnO,*" < An*" < An*. Tt
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should be remembered that the formal charge and effective charge of An metals are not

equal and so PuO,”>" and Am>" both have a Zeg of 2.9 charge units and similar K4 values.

Despite the challenges in americium oxidation in aqueous acidic media a method has
been developed that employs sodium persulfate as an oxidizing agent and calcium
hypochlorite as a stabilizing agent. Of course, this is not without adversity either;
concerns of sulfate precipitation and hypochlorite stability are paramount. In our work,
we found that Am(V) is stable up to at least 5 days as long as OCI is present and

presumably longer times with the addition of fresh hypochlorite source.

The multi ion studies show definitively that intergroup separations can be made. The
lanthanides are sorbed in competition with group 1, group 2, and a transition divalent
metal, resulting in separation factors in the hundreds and even reaching the thousands in
some select cases. The most important implication of these results is that the driving
force for these separations is not based on sterics, but rather primarily on the charge state
of the specific ions in the system. This was further observed in the intragroup separation
studies of Nd*", Sm**, Ho’", and Yb>" where there was little to no discrimination of one
Ln to another, or even light to heavy Ln’s. Some small discriminations were observed at
low pH’s, but those were accompanied with very low Ky values and would require some

sort of chromatography to achieve a separation, if at all possible.
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Lanthanides can be separated from actinides using these hybrid ion exchange materials,
but this requires controlling the oxidation state of the An in a very strict manner, and is
best accomplished when AnO," is the dominate actinide species. For certain An, like
neptunium, this is less of an obstacle, but for plutonium and especially for americium
this proves to be a more rigorous task. In simple systems where only Am and one or two
non-redox active species are present (Nd**, Eu’*, or Cm®") a separation can be achieved
using the Na,S,0g / Ca(OCl), oxidation system. The conditions have not been
optimized, however, SF’s were seen around 60 and 20 for the Am(V)-Ln and Am(V)-
Cm, respectively. As mentioned earlier, in these studies the trivalent ions were almost
quantitatively removed from solution leaving pure Am behind. This is a great success in
the field of nuclear fuel cycle separations. These ion exchange materials show
significant promise in the challenging separations needed in the harsh environment of

the back end of the nuclear fuel cycle.
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CHAPTER VI
SUMMARY AND

FUTURE WORK

The previous five chapters have shown the development and usefulness of these M(IV)
phosphate phosphonate inorganic organic hybrid ion exchange materials.  The
zirconium-based materials (Chapter III) are similar to their tin based analogs (Chapter
IV), but the two have some distinct differences including pore structure. Both types of
materials have desirable properties with respect to closing the nuclear fuel cycle, with
mild synthetic routes, high thermal stability, large surface areas, high microporosity, and
ion exchange properties. The ion exchange properties of these hybrid materials (Chapter
V) are very interesting, as they are discriminatory towards ions of low charge, but
possess increased affinity towards ions of high charge (> 3+). The ion exchange
properties allow for intergroup and intragroup separations to be realized based on

charge.

While there are still many directions this research could go, one interesting course would
be to change the active site in the materials away from the hard oxo binding site to a
softer thiol or amine binding site. The actinides, while they are still fairly hard metals,
are well known to be significantly softer than their lanthanide counter parts [113-117];
and have been shown to complex much more readily to soft donor ligands. There are a

number of ways this could potentially be done; one is to increase the interlayer distance
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by changing the pillar to a biphenyldiphonsphonate to accommodate changing the spacer
ligand to a short chain thiolphosphonate or aminephosphonate. Another way is to use an
inert spacer ligand, like methylphosphonate, and bipyridyldiphosphonate. Along these
lines, materials possessing two different active sites with different functionalities could
be investigated. These types of materials could lend themselves to utility in more areas

than just the nuclear fuel cycle, but could be useful in a wide range of separations.
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