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Abstract

Chemical Isolation of 240Am and the Adsorption of Europium and Americium Using Silica
Supported CMPO-Calix[4]arenes

by

Erin Marie Gantz May

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor John Arnold, Chair

My dissertation is composed of two projects. The first area of study was the conclusion of a
six-year project to determine the neutron-induced fission cross-section of 240Am. This cross-
section is difficult to study due to the 50.8 hour half-life of 240Am but is important for the
evaluation of neutron signatures to establish the history of plutonium-containing materials.
Such a study is relevant for the fields of nuclear stockpile stewardship and nuclear forensics.
Prior to the study outlined here, much of the ground work for this determination had al-
ready been provided, including the identification of the 242Pu(p, 3n)240Am reaction for the
production of approximately 100 nanograms of 240Am and the development of a preliminary
separation procedure to isolate the 240Am from the unreacted 242Pu and the undesirable
fission and decay products generated from other reactions with the target. However, many
variables in the separation procedure needed further investigation. Therefore, a series of
column chromatography experiments was performed to determine which of the two previ-
ously designed procedures would provide the best purification of 240Am while minimizing the
losses.

Once the general outline of the procedure was determined, a collaboration with Idaho
National Laboratory (INL) made it possible to further refine and test it. Of the four steps
in the originally designed procedure, the final step was among the most difficult to ac-
complish as it involved the separation of the light trivalent lanthanides from americium.
Americium/lanthanide separations are difficult due to their identical oxidation states and
very similar ionic radii of americium and the lanthanides. The original step utilized a col-
umn composed of TEVA® extraction chromatography resin and a mobile phase composed
of ammonium thiocyanate and formic acid. Due to the complexity of this procedure, several
alternative procedures were tested at INL with the TRU® resin and a mixture of fission
products more representative of those that would be found in the actual target. A gas pres-
surized extraction chromatography (GPEC) system was used to automate the separation and
achieve greater resolution between the lanthanide and americium elution peaks. Ultimately,
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it was demonstrated that the original TEVA® resin procedure was more reliable than the
TRU® resin procedure, however the TRU® GPEC experiments may be relevant for future
target material separations. The culmination of this project was the testing of the first step
of the procedure with one-tenth of the amount of 242Pu that will be in the actual target. This
experiment, in conjunction with the americium/lanthanide separation steps that were tested,
prompted a re-evaluation and abbreviation of the overall separation procedure, decreasing
the required number of total separation steps from four to two. Therefore, the purification
of 240Am could be accomplished much more quickly and easily than originally anticipated,
making the determination of the neutron-induced fission cross-section of 240Am more of a
reasonable possibility in the future.

Part II of my dissertation describes the investigation of the adsorption and complexa-
tion properties of silica-anchored carbamoylmethylphosphine oxide (CMPO)-calix[4]arenes.
In Part I, it was demonstrated that the difficulty encountered when separating trivalent
lanthanides and actinides can be a severe impediment to accomplishing even fairly straight-
forward benchtop radiochemical procedures. Much greater motivation for developing new
technologies to achieve this are encountered when considering the mixtures of trivalent ac-
tinides and lanthanides produced when irradiated nuclear fuel is reprocessed. CMPO, a
ligand that binds indiscriminately with both the trivalent actinides and lanthanides, was
attached to a calix[4]arene scaffold, which was then attached via two different methods to
a silica surface. In previous studies, it has been shown that the CMPO-calix[4]arene has a
greater affinity for americium than europium. The experiments in this work aimed to estab-
lish whether this relationship held for CMPO-calix[4]arenes anchored in two new ways to the
silica surface. It was found that, for a very particular set of conditions - high salt concentra-
tion and an aqueous solution pH of 3 - that a CMPO-calix[4]arene very rigidly anchored to
the surface of the silica displayed extremely high uptake for EuIII when sites outnumbered the
number of EuIII atoms by at least 10 to 1. This was not found when the same material and
conditions were tested with AmIII nor when the more flexibly anchored CMPO-calix[4]arene
material and conditions were tested, leading to the conclusion that both the aqueous solution
conditions and the rigidity of the grafted site affect the affinity of the CMPO-calix[4]arene
toward cations of interest. The optimization of the CMPO-calix[4]arene system could have
been potentially useful for Part I of this dissertation for separating americium and the lan-
thanides, had it existed at the time, and could eventually be applied to the separation of
trivalent actinides and lanthanides at the conclusion of nuclear fuel reprocessing.

Part I and Part II contribute to two different areas of actinide/lanthanide separation
research, with Part I focused on optimizing existing resin systems to achieve separation
and Part II focused on testing new materials specifically intended for separating trivalent
actinides and lanthanides. Part I shows that existing resin systems can be used to rapidly
purify a very small amount of americium from much greater amounts of plutonium, the
lanthanides, and other elements. Part II demonstrates that the affinity of a grafted CMPO-
calix[4]arene site for either trivalent actinides or lanthanides can be tailored based on the
rigidity of the grafting to the solid and the aqueous phase conditions. Separately, it is
hoped that these studies can be applied to work focused on detailed actinide target material
purification and new innovations in actinide/lanthanide separations, respectively. However,
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it is also hoped that, cumulatively, these studies contribute to a broader understanding of
actinide and lanthanide interactions with ligands designed to effect their separation, both
for benchtop laboratory separations and nuclear fuel reprocessing.
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Chapter 1

Introduction

The research presented in Part I of this dissertation is the conclusion of a six year project
undertaken by the Heavy Element Nuclear and Radiochemistry Group at the University of
California, Berkeley and sponsored by the National Nuclear Security Administration (NNSA)
Stewardship Science Academic Alliance Program (SSAAP). Through this program, univer-
sities are funded to undertake projects that, while pertinent to the burgeoning fields of
stockpile stewardship and nuclear forensics, also investigate basic science questions relevant
to the fields of high energy density physics, material viability under extreme conditions, and
low energy nuclear science7. This project falls within the third category, low energy nuclear
science.

In Part I of this dissertation, the feasibility and testing of a procedure to chemically
isolate americium-240 from plutonium-242 as well as the concurrent separation of 240Am
from a broad range of fission products will be discussed. This work was part of a much
larger effort to establish an appropriate production method for 240Am such that a minimum
of 20 nanograms could be created. With this amount, it is possible to perform a neutron-
induced fission cross-section measurement. This fission cross-section measurement is the
final goal of this work and the information that would ultimately be of value to the nuclear
forensics, stockpile stewardship and the broader nuclear physics communities.

1.1 Motivation and Background

From the discovery of fission, the identification of both the fission products (fragments of
the original nuclei) and, in some instances, the new elements created therein by the resulting
neutron reactions have been some of the most concerted efforts across the disciplines of the
physical sciences in modern history. Indeed, it was this research impetus that sparked the
creation of the national laboratory system in the United States and has since provided a
multitude of questions for several generations of scientists. Of course, it is impossible to
disconnect this history from that of the development of the atomic bomb, as much of the
work to identify fission signatures and neutron-induced reactions was just as useful in the
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Manhattan project era as it is today. It is only recently that this study has been given a
different name, nuclear forensics8, and a slightly different goal, to deter a nuclear threat by
the ability to identify the source of the nuclear material.

While it is within the nuclear forensics framework that this project was first developed,
the identification of neutron-induced reaction networks, particularly with americium, is also
useful within several other fields including the transmutation of nuclear waste and the dis-
covery of super-heavy elements. The ultimate aim of this work was to measure the neutron-
induced fission cross section of 240Am. This particular isotope of americium is of interest
due to the fact that almost all reactor-produced plutonium (excluding that which has been
purified by an electromagnetic separation process) contains a small amount of 241Pu, which
decays over the course of 14.4 years to 241Am. Therefore, most plutonium samples contain
some 241Am unless they have been recently purified. If exposed to high energy neutrons, the
reactions shown in Figure 1.1 will all occur.

242

Am
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241

Pu
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241

Am
432.2 y

240

Am
50.8 h

( , )n γ( , )n 2n

( , )n f
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Figure 1.1: Neutron induced reactions on 241Am1

In a reaction with neutrons, the 241Am can undergo an (n, γ) reaction to become 242/242mAm
or undergo an (n, 2n) reaction to become 240Am. After 240Am is created, however, it can
also undergo fission via an (n, f) reaction. If one wanted to compare the 240Am/241Am ratio
to calculate the total high-energy neutron fluence that a sample of plutonium was exposed
to, the rate at which the 240Am is fissioning must be known in order to correct for its ab-
sence. The ability to measure this ratio and correct for the fission of the 240Am would add
an additional diagnostic tool for measuring neutron exposure to samples of 241Am.

The 241Am(n, 2n)242Am9 and 241Am(n, γ)240Am10 have both been recently experimen-
tally studied. However, the 240Am(n, f) experimental data are extremely limited. Two
studies11,12 utilized the surrogate reaction technique13 to estimate the neutron-induced fis-
sion cross-section of 240Am. These studies provide an estimate of the cross section but suffer
from inaccuracies of 10-20%. Additionally, they can only estimate cross sections at neu-
tron energies greater than 100 keV, far above the neutron energies typically encountered in
a standard nuclear reactor (0.025 eV). No additional references studying the formation of
240Am were found.
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1.2 Theoretical Experimental Measurement of the
240Am(n, f ) Cross Section

The dearth of information available regarding 240Am is a telling sign that experiments
with this isotope are not easy. In the following sections, the characteristics of 240Am as well
as the efforts to produce 240Am for experimental purposes will be discussed.

1.2.1 Discovery of 240Am and Decay Modes

Americium was discovered in the fall of 194414, although the finding of this new element
was not announced until November 1945, after the end of World War II, due to initial
classification of the discovery. In the paper describing the discovery of americium, Seaborg
et al.14 provide some detail on the isotopes which they believe to be present. In addition
to 241Am, which was easily discovered due to its presence in samples that were known
to contain 241Pu, and 242Am, the presence of two additional isotopes is hypothesized. One
isotope possessed a 12 hour half-life and the other a 50 hour half-life. In a later publication,15

the identities of these isotopes are confirmed to be 239Am and 240Am, respectively.

Initial observations of the radioactive emissions of 240Am revealed that it decayed pri-
marily by electron capture to become 240Pu. This mode of decay was then well-characterized
by Smith et al..16 While an odd-odd nucleus such as 240Am was not expected to possess an
alpha decay mode, the alpha decay of 240Am was observed and reported in 1970 by Gorman
and Asaro.17 A summary of the most prominent radioactive emissions18 from 240Am is given
in Table 1.1.

γ−rays x−rays α−particles

Energy (keV)
% per

Energy (keV)
% per

Energy (keV)
% per

Decay Decay Decay
987.79 6 73.2 10 103.74 2 29.0 10 5378 1 (1.65 61 )×10−4

888.85 5 25.1 4 99.53 2 18.6 6 5337 2 (2.28 84 )×10−5

98.9 1 1.49 4 5286 3 (2.34 88 )×10−6

42.87 4 0.111 2 116.25 3
10.8 4

916.1 2 0.090 6 117.23 3
507.9 10 0.072 6
606.7 10 0.070 8 120.65 3

3.80 15
382.1 10 0.053 5 121.56 3

Table 1.1: Radiation types and energies emitted during the decay of 240Am.

The production of 240Am in the past has been intriguing to researchers for a variety
of reasons. One of the earliest research efforts in this area began during the 1960s when it
was discovered that many actinide isotopes had spontaneously-fissioning isomeric states with
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picosecond to millisecond half-lives19,20 and researchers began studying them to adapt the
existing nuclear structure models. 240Am is such an isotope.21 Later, in the 1980s and 1990s,
240Am was found22–24 during studies of heavy ion transfer reactions that were being tested
to produce new neutron-rich, neutron-deficient, and super-heavy elements. Finally, 240Am
was also found when investigating the transmutation of nuclear waste using accelerators25.
The common thread among these studies is that while the 240Am was produced, creating
isotopically pure quantities of 240Am that could be manipulated chemically (i.e. more than
a few atoms) was not a primary focus.

1.2.2 Production of 240Am for Experimental Purposes

One of the first goals to be accomplished for this project was to theoretically deter-
mine how best to produce between 20 and 100 nanograms of 240Am. To do this, it was
necessary to find an appropriate production reaction. A starting condition when search-
ing for such a production reaction was that the reaction possessed a large enough cross-
section to produce 240Am without consuming large amounts of accelerator beam time. In
addition to the studies listed in Section 1.2.1, some studies of 240Am pertained to detailed
cross-section measurements with a variety of starting target nuclides including 239Pu(d, n)26,
239Pu(α, p2n)27,237Np(α, n)26,28,29, 241Am(n, 2n)9,30–32, and 241Am(γ, n)33,34. A second set of
conditions placed on the suitability of a production reaction is that the fissionable actinide
target material can be completely separated from the 240Am and that the reaction does not
produce other americium isotopes. It is impossible to make an accurate measurement of the
neutron-induced fission cross section of 240Am if other fissionable material is present, as the
fissioning of the extraneous material will dominate the signal received by the spectrometer.
Therefore, reactions that utilize 241Am or produce other isotopes of Am are not suitable
because the isotopes are chemically identical and thus could not be separated.

Locating an appropriate production reaction was one of the primary goals for Paul El-
lison’s dissertation work on this project. In his dissertation, Ellison provides a thorough
discussion as to which production reaction should be used for producing an isotopically pure
sample of 240Am.1 Unfortunately, the reactions that possess the highest 240Am cross-sections
are those that use 241Am as the target material and thus do not fulfill the requirements. These
cross-sections were in the range of 200 to 400 millibarns. The other reactions previously dis-
cussed in this section using 239Pu, 238Pu, and 237Np have much lower cross-sections, in the
range of 3 to 17 millibarns. Such small cross-sections would require much larger amounts
of beam-time and additional beam exposure poses a hazard to the delicate targets. After
further searching, the 242Pu(p, 3n) reaction was discovered as a good candidate. It was pre-
viously in use to produce the spontaneously-fissioning isomer 240Amf 35 but the cross-section
for the production of the ground state of 240Am had never been measured. However, accord-
ing to two methods of theoretically calculating the cross-sections36–38 shown in Figure 1.2,
the 242Pu(p, 3n) reaction is predicted to have a high 240Am production cross-section within
the range of projectile energies that are accessible at many accelerator facilities, approaching
that of the reactions utilizing 241Am as the target material. Therefore it was decided that
the best course of action would be to experimentally determine the 240Am production cross-
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section of the 242Pu(p, 3n) and then tailor the isolation of 240Am based on the elemental
composition of the irradiated target.

Figure 1.2: Predicted cross sections for the 242Pu(p, 3n)240Am reaction.1

A full explanation of the ways and means by which the 240Am production cross-section
from the 242Pu(p, 3n) reaction was determined is given in Ellison’s dissertation.1 However, a
brief summary is that a sample of 99.96% isotopically pure 242Pu originally obtained from Oak
Ridge National Laboratory was further purified via ion exchange chromatography to remove
241Am contamination. The purified 242Pu was then electrodeposited on to 2 µm Ti foils.
In order to determine the 240Am production cross-section, it was necessary to characterize
the thickness of the electrodeposited target as well as the proton dose to the target very
accurately. The thickness was characterized using alpha spectroscopy. The proton dose was
characterized by irradiating a “target stack” which included the electrodeposited target foil
itself as well as vanadium and nickel foils, which contain nickel and vanadium isotopes that
would become radioactive for a brief time after irradiation. The radioactive components of
the target, as well as the activated vanadium and nickel foils were measured after irradiation
using high purity germanium (HPGe) gamma spectroscopy(Appendix A.3). A total of five
targets were separately irradiated at varying proton energies. The results of these irradiations
are given in Figure 1.3.
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Figure 1.3: Predicted cross sections for the 242Pu(p, 3n)240Am reaction compared to actual
measured cross sections.1,2

The experimentally observed cross-sections for the production of 240Am from the 242Pu(p, 3n)
are about an order of magnitude lower than initially speculated.2 However, these cross-
sections are still greater than the other suitable reaction candidates and the decision was
made to utilize this reaction for the production of 0.1 µg quantities of 240Am.

1.2.3 LSDS Measurement of Neutron-Induced Fission Cross
Sections

With the production method of 240Am determined, the project then advanced to the
next stage: determining how to isolate the 240Am so that its neutron-induced fission cross-
section could be measured. However, in order to devise a separation scheme, it is necessary
to consider how the neutron-induced fission cross-section of 240Am will be measured and the
sample requirements for this instrument.

The instrument that is designed for measuring neutron-induced fission cross-sections is
the lead slowing down spectrometer (LSDS). This instrument, first introduced in 195539, is
largely based on the principle that neutrons interact with lead in a predominantly elastic
way. If a pulse of neutrons is introduced to the middle of a large (generally 1 m3 or greater)
lead cube, those neutrons will scatter around interacting with whatever else is in the cube
rather uniformly, with all the neutrons possessing roughly the same amount of energy. Over
the hundreds of microseconds that the neutrons are trapped in the lead cube, they begin to
lose energy, all at about the same rate. The amount of time that has passed since the neutron
pulse occurred can be correlated with the energy of the neutrons in the cube. Materials that
will fission upon contact with a particular neutron energy are placed in the lead cube in such
a way that the fission can be detected. Typically, this is done with a fission chamber, a small
cylinder filled with a gas that minimizes the energy loss of the fission fragments as they are
emitted. It contains an electrode to detect when fission occurs. Therefore, because the time
the pulse occurred is known, the energy of the neutrons after a certain amount of time has
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passed is known, and whether fission has occurred is known, it is possible to determine the
energy range at which a particular nuclide fissions and the number of those fission events
that have occurred. Knowing this, as well as the established flux of neutrons within the
spectrometer (which is well characterized), allows one to determine the neutron-induced
fission cross-section of a nuclide of interest.

While there have been several LSDSs constructed around the world, the ideal LSDS to
use for this experiment is located at Los Alamos National Laboratory.40 This spectrometer
has been specifically designed to measure the neutron-induced fission cross-sections of very
small amounts of radioactive target materials. To produce the neutrons, an 800 MeV proton
beam is directed at a tungsten target situated in the middle of a lead cube measuring 1.2
m in each direction. The neutrons are created in a spallation reaction between the proton
beam and the tungsten to produce a total flux of 1013 to 1014 neutrons per second. This
very large flux allows the use of very small radioactive target samples, as the large number
of neutrons increases the probability of interaction with the target material. Indeed, the use
of a 10 ng target is not unprecedented, such a measurement was performed by Danon et al.
using 239Pu.41 However, while this demonstrates that a neutron-induced fission cross-section
measurement of 240Am could be theoretically performed, the sample of 240Am must be very
well purified from the 242Pu in order to obtain an accurate measurement. This is the subject
of the next chapter.
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Chapter 2

Development of a Procedure to
Isolate 240Am

2.1 Desired Separation Characteristics

Given the motivation for this project outlined in the previous chapter as well as the
challenges that have either been explicitly stated or implicitly resulting from the parameters
required for physically obtaining enough 240Am to measure its neutron-induced fission cross
section accurately, it is clear that any separation procedure devised for isolating 240Am will
need to fulfill some basic requirements. It is necessary that the separation be:

1. Fast

The overall objective of this experiment is to obtain enough 240Am to measure accurate
neutron-induced fission cross sections (at varying neutron energies) using a LSDS. It is
likely that at least one 240Am half life (50.8 hours) will pass when retrieving the target
from the accelerator, as some time will be allotted for the short-lived fission products
to decay before handling the target. Any separation procedure that requires more than
24 hours, or, at the extreme, an additional 50.8 hour half-life, would result in too little
240Am remaining for the final, pure sample. There would not be enough to obtain an
accurate measurement and the effort to purify the sample would have been futile.

2. Effective

Failure to completely isolate 240Am from the target material of 242Pu would result in
a convoluted LSDS measurement of little value, as the remaining amount of 242Pu
would also detectably fission. An ideal separation procedure must remove nearly all
detectable traces of plutonium while retaining nearly all of the americium.

3. Safe

As mentioned in Chapter 1, americium and plutonium will not be the only elements
present in the final production target after it is irradiated with protons. The proton-
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induced fission of 242Pu will also occur and elements with atomic numbers from 36(Kr)
to 62(Sm) will be produced through this process. Ohtsuki et al.42 plotted the expected
mass yields resulting from the proton-induced fission of 242Pu. Several of these fission
products will be the primary contributors to the high radiation doses being emitted by
the target. These doses will make handling the target material very difficult outside of
a specialized location such as a hot cell. While their low atomic number will prevent
their interference in a LSDS measurement, a dose that is high enough to exclude
maneuvering the final 240Am sample by hand will make it impossible to position the
sample in the spectrometer. A separation procedure that balances the purification of
the 240Am with the removal of 242Pu and the high dose fission products is therefore
ideal.

4. Efficient

The final broad requirement is efficiency. As will be detailed in the following sections,
there are several techniques and strategies that can be used to achieve an ideal separa-
tion of 240Am. However, an important consideration that combines the three previous
characteristics is efficiency. An ideal separation should consist of a minimum number of
steps with as few conversions to different acidic media as possible. Such a consolidation
saves time and prevents the loss of 240Am throughout the process.

2.2 Previous Work

With these ideal separation characteristics in mind, it is important to consider the method
by which this separation will be theoretically achieved and to summarize the initial efforts
to determine the effectiveness of the chosen method.

2.2.1 Determination of Separation Mode

In order to determine which technique will fulfill the most requirements listed in Section
2.1, one must consider the chemistry of the components to be separated. In the irradiated
target, the most common element will be un-reacted plutonium. Fortunately, the purification
of plutonium has been of interest since its discovery in 1941 and its behavior in aqueous
solution has been well characterized.43,44 In aqueous solutions, it can be found in six oxidation
states (III, IV, V, VI, VII, and VIII). The oxidation states of 5, 6 and 7 exist as the plutonyl
moiety, PuO+

2 , PuO2+
2 , and PuO3+

2 . In strong, complexing acids such as hydrochloric or nitric
acid, Pu is predominantly present as PuIV and PuO2+

2 and will form anionic complexes such
as PuCl2−6 or PuO2(NO3)2−

4 . However, if a strong reducing agent such as hydroiodic acid,
hydroquinone, or H2O2 is added, PuIII will be formed, which forms neutral complexes with
Cl− and (NO3)−.

Americium, the element of interest, is very similar in chemistry to PuIII , with a pre-
dominant oxidation state of III, although higher oxidation states (IV, V, and VI) have been
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observed.45 These higher oxidation states are not accessible except under extraordinary con-
ditions and do not exist for long periods of time, therefore only the chemistry of AmIII is of
interest. Like PuIII , it forms neutral complexes with hydrochloric and nitric acids.

It was realized that a benchmark was needed to determine whether a separation technique
performed sufficiently well that the LSDS would be able to get a clear signal from the 240Am
without interference from the 242Pu. This roughly translates to having ten times as much
240Am as 242Pu present in the final sample. When considering that, after irradiation, between
500 milligrams to 1 gram of 242Pu and of 20 to 100 nanograms of 240Am will be present, a
target separation factor (SF) can be established. This SF quantitatively defines the extent
to which the decontamination of the 240Am must occur. The equation for this separation
factor is given in Equation 2.1

SFPu/Am =
mfinal,Am/minitial,Am

mfinal,Pu/minitial,Pu

(2.1)

Given these parameters, a target SF of 107-108 was set for the separation procedure.

The behavior of the fission products are also of concern. Table 2.1 lists these expected
fission products in the order of most to least challenging to remove within the context of this
procedure (top to bottom). The amounts given and the gamma doses shown are based on a
3 day irradiation with a 5 µA beam current and a 200 mg 242Pu target. The cross sections
used to determine these amounts are from Ohtsuki et al.42
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Nuclide Half-Life (h) Moles Produced Activity (Ci) γ dose at 1 ft (rem/h)

97Zr (97Nb) 16.9 4.05×10−12 7.51×10−4 6.31×10−3

95Zr 1536.5 1.25×10−11 2.55×10−5 1.06×10−4

103Ru 942.2 1.74×10−11 5.78×10−5 1.65×10−4

143Ce 33.04 3.35×10−12 3.18×10−4 4.43×10−4

141Ce 780.0 1.45×10−11 5.84×10−5 2.33×10−5

140Ba 306.0 1.31×10−11 1.34×10−4 1.73×10−3

126Sb 299.0 4.47×10−12 4.68×10−5 1.42×10−3

132Te 76.9 5.21×10−12 2.12×10−4 2.58×10−3

99Mo (99mTc) 65.9 1.00×10−11 4.77×10−4 1.06×10−3

115Cd (115mIn) 53.5 1.96×10−12 1.15×10−4 3.38×10−4

105Rh 35.4 1.04×10−11 9.19×10−4 4.00×10−4

153Sm 46.3 1.46×10−12 9.87×10−5 1.93×10−5

151Pm 28.4 1.26×10−12 1.39×10−4 1.73×10−4

112Pd (112Ag) 21.0 1.72×10−12 2.57×10−4 7.68×10−4

93Y 10.2 1.39×10−12 4.27×10−4 1.68×10−4

91Sr 9.6 1.05×10−12 3.40×10−4 1.23×10−3

113Ag 5.4 5.84×10−13 3.41×10−4 7.45×10−5

135I 6.6 1.86×10−12 8.87×10−4 7.25×10−3

133I 20.8 4.89×10−12 7.36×10−4 2.44×10−3

131I 192.5 8.21×10−12 1.34×10−4 2.87×10−4

135Xe 9.1 2.58×10−12 8.83×10−4 3.34×10−3

Table 2.1: Expected nuclides produced from the 242Pu(p, f) reaction.

It should be noted that, for brevity and clarity, some expected radioactive fission products
have been eliminated from this list. Nuclides with a half-life shorter than five hours have
been completely omitted, as it is expected that at least one half-life of 240Am (50.8 hours) will
pass immediately following irradiation of the target to allow short-lived radioactive fission
products to decay. Due to the exponential fashion by which radioactive decay proceeds,
a sample of radioactive material is considered completely decayed after 10 half-lives have
passed. Therefore, if the target is allowed to cool for 50.8 hours, ten half-lives will have
passed for any nuclides with a half life shorter than five hours and they will be almost
completely absent from the target by the time the target is removed. Additionally, non-
radioactive fission products have also been removed from this list.

Those nuclides remaining were ranked according to three factors: half-life, gamma dose at
1 ft, and a consideration of whether their aqueous chemistry would complicate the separation
of americium under commonly encountered radiochemical separation schemes. At the very
bottom of the list are found 131,133,135I and 135Xe. Although these nuclides contribute a
substantial dose, they will most likely volatilize out of the target during the cooling-off
period after irradiation and therefore do not need to be of consideration for removal via
aqueous chemistry. However, they will need to be of consideration when planning for the
appropriate engineering controls. Continuing up from the bottom of the list, the nuclides
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gradually increase in half-life. Within the time-scale of this experiment, nearly identical
amounts of these nuclides present after irradiation will also be present when the separation
of 240Am is undertaken. Among the most troublesome due to their emitted radiation doses
are 126Sb, 140Ba, and transition metals such as 95,97Zr, 103Ru, and 99Mo. While the listed
lanthanides such as 141,143Ce are lower in dose, they pose a different problem. These nuclides
have high neutron-absorption cross-sections. If they were present in a sample placed in a
LSDS, they would absorb the neutrons introduced for the purpose of measuring the neutron-
induced fission cross-section of the sample, altering the known flux. This would significantly
increase the error of the measurement. Therefore it is advantageous to remove the lanthanide
fission products within the separation procedure as well.

With such a large portion of the periodic table represented in the reactants, products, and
side (fission) products of the reaction the choice of separation mode becomes more limited.
The viable choices for this particular separation are solvent extraction, ion exchange, and
extraction chromatography. All have their advantages and disadvantages.

Solvent extraction was the first method employed to isolate plutonium from fission prod-
ucts produced in a reactor. This method is commonly employed to re-process spent nuclear
fuel via the PUREX (Plutonium Uranium Recovery by EXtraction) process.46,47 In the
PUREX process, tributyl phosphate diluted in n-paraffin oil (or another non-polar low den-
sity organic liquid) is used as the organic phase and nitric acid is used as the aqueous phase.
The nitric acid is used to dissolve the fuel and then, through an iterative process, uranium
and plutonium are extracted into the organic phase from the aqueous, dissolved fuel mixture
(due to the fact that they form anionic complexes with nitrate), leaving the minor actinides,
the lanthanides, and the fission products behind. The uranium and plutonium can then be re-
cycled and reused. Due to the fact that PUREX was only designed to extract plutonium and
uranium, many other ligands have been developed to be used on the unwanted effluents of the
PUREX process. Two variants of a carbamoylmethyl phosphine oxide ligand (diphenyl-N,N-
di-isobutyl carbamoylmethylphosphine oxides and octyl-phenyl-N,N-diisobutyl carbamoyl-
methylphosphine oxide, both generally referred to as CMPO), which will be discussed later
in Part II of this thesis, were designed to co-extract trivalent actinides and lanthanides from
the PUREX waste effluent, leaving the fission products behind. This is called the TRUEX
(TransUranic EXtraction) process. Further development has yielded many types of “soft”
donor ligands containing nitrogen and sulfur functional groups designed to capitalize on the
ability of the minor actinides (Am, Cm, Np in some cases) to form more covalent bonds
than the lanthanides.48 Other ligands such as di(2-ethylhexyl)phosphoric acid (HDEHP),
diethylenetriaminepentaacetic acid (DTPA), and N,N,N’,N’-tetraoctyldiglycolamide (DGA),
coordinate through their oxygen atom to complex trivalent actinides and lanthanides, and
are among many others that have been demonstrated to be effective for these purposes.

Overall, solvent extraction is a manipulable method for achieving the separation of many
types of radionuclides. It can be scaled easily and slight variations to the method can
dramatically tailor the extraction to the needs of the experiment. However, due to the
number of extraction stages typically needed to achieve high purity, the method is very
labor intensive and produces large amounts of radioactive waste that is difficult to dispose
of due to the presence of hazardous liquid organic solvents.
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Another traditional method for the purification of actinides and other elements is ion
exchange. In ion exchange, a functional group possessing a positive or negative charge (most
typically a sulfonic acid group for a cation exchange resin or a quaternary amine for an anion
exchange resin) is covalently attached to a styrene/divinylbenzene bead tens to hundreds of
micrometers in diameter. A glass or plastic column is then filled with these solid beads
and acidic liquid samples containing actinides are introduced to the column. The liquid is
then allowed to flow through the column, either driven by gravity or by a pressurized pump,
and the complexes to be separated interact with the ion exchanging groups on the resin
beads. Neutral complexes will not be adsorbed by the column and will thus elute from the
column immediately. On an anion exchange column, anionic complexes will exchange with
the counter-ions in which the column has been conditioned (usually Cl− or NO−

3 to match
the liquid mobile phase) and reside on the column for a period of time. Cation exchange
columns function identically, with the exception that the complexes exchanging with the
functional groups are positive rather than negative. In the context of Am/Pu separations,
separation can be achieved by retaining the anionic PuIV and PuV I complexes on the resin
and collecting the Am as it elutes. The Pu complexes can be eluted at a later time by
weakening them. This is done by flowing a lower molarity of acid through the column, such
that the Pu has a higher affinity for the mobile phase than the stationary phase. Several
types of resins are available, however the most commonly used anion exchange resins for
radiochemical separations are DOWEX 1TM and Bio-Rad AG 1®. The chemistry of anion
exchange procedures is straightforward and tends to be simpler than solvent extraction.
However, the procedures can be difficult to scale due to the limited number of sites on the
resin for the adsorption of complexes and complications can arise from from attempting
to create too large of a resin bed in a gravity-driven column. Additionally, elution band
broadening due to poor technique can contaminate fractions that should be pure, resulting
in the need for repeated, time-consuming separations.

A third technique, extraction chromatography, is best described as a combination of
solvent extraction and ion exchange chromatography. Polymer beads or silica particles are
utilized as the solid phase, with an acidic liquid mobile phase that contains the analytes to
be separated. The polymer beads are impregnated with solvents containing ligands that are
commonly used for solvent extraction operations such as CMPO49, Aliquat 336 (a mixture of
trialkylamines with either C8H17 or C10H21 as the alkyl groups)50, various forms of HDEHP,
and many others. Instead of ion exchange ligands covalently grafted to the solid resin
support, complexants for extraction chromatography are coated around the solid support.
The use of such ligands allows the complexation of analytes present in the mobile phase
and is not a charge-based separation. Thus reactions can occur between the solid phase and
neutral complexes, diversifying the separations that can be accomplished using a solid/liquid
system.

These resins, while especially useful, do have some drawbacks. Due to the fact that they
are non-covalently attached to the resin, they tend to degrade more easily than ion exchange
resins both in the presence of strong acids and due to radiolysis. Therefore, they cannot be
as readily reused. Additionally, the number of ligands loaded on to extraction resins tends to
be lower than anion or cation exchange resins. Therefore, they cannot be used for the same
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scale of separations for which ion exchange resins are used. They do, however, perform very
well as complimentary steps in a procedure that also incorporates ion exchange columns or
for applications that do not involve large amounts of radioactivity, such as environmental
samples.

Upon consideration of all the methods available, it was decided that the best mode of
separation for this procedure was a mixture of types of solid/liquid extractions, rather than
solvent extraction. At this scale, column based extractions are easier to execute than solvent
extraction operations in a hot cell or glove box environment, as much of the preparation for
the separation can be performed before the materials enter the radioactive work space. The
use of ion exchange and extraction chromatography resins also do not generate contaminated
organic solvents, which must be expensively disposed of as hazardous, radioactive waste.
Overall, the column chromatography procedure was viewed as the more flexible, versatile
procedure that could be adapted based on the actual experimental location.

2.2.2 Determination of Separation Steps

Once the mode of separation was chosen, approximately 24 preliminary separation trials
were undertaken to determine the framework of a separation procedure. The data obtained
from these trials was used to generate the flow chart shown in Figure 2.1. These trials were
undertaken shortly after the beginning of the project by Dr. Zuzana Dvorakova, Dr. Julie
Champion, and Carolina Fineman-Sotomayor.

As shown in Figure 2.1, the overall procedure consists of four column chromatogra-
phy steps, two anion exchange columns followed by two TEVA® extraction chromatography
columns. TEVA®(TEtra Valent Actinide) is a commercially available extraction chromatog-
raphy resin produced by Eichrom®.50,51 Chemically, TEVA® is very similar to DOWEX 1TM

or Bio Rad AG 1® resins as the functional group on the bead is also a quaternary amine,
Aliquat-336. However, the quaternary amines that comprise the TEVA® resin are not co-
valently attached to the polymer bead as they are for an anion exchange resin. Instead,
because they are simply coated on the AmberchromTM CG71-ms bead used as the inert
solid support,52 they are free to coordinate to target anions. Additionally, the quaternary
amines in Aliquat-336 have much larger R groups than those present on DOWEX 1TM. This
type of functionalization allows TEVA® to retain tetravalent actinides such as PuIV , NpIV ,
ThIV , and UIV in a wide range of HCl and HNO3 acidities having no affinity for actinides
of other oxidation states, such as AmIII . In this way, it functions very similarly to DOWEX
1TM, although DOWEX 1TM will retain actinides in a wider variety of oxidation states at
some acid concentrations. The TEVA® resin can also be used with a mobile phase composed
of ammonium thiocyanate in formic acid. This makes use of of the fact that actinides form
anionic thiocyanate complexes and lanthanides do not, the Aliquat-336 ligands are able to
bind to the actinide complexes while not retaining the lanthanides. In this way, it is possible
to effect an efficient actinide/lanthanide separation.

The proposed separation scheme first utilizes a series of two DOWEX 1x8TM columns
with either an 8 M HNO3 or a 10 M HCl mobile phase. Under these conditions, the anionic
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Figure 2.1: Original Am/Pu separation scheme.
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Pu complexes will be retained and the neutral Am complexes will be immediately eluted.
The arrows pointing to the left in the flow chart illustrate a means by which the costly 242Pu
could be recovered at each step, potentially for reuse in future accelerator targets. The
mixture of 0.5 M HI (a reductant) and 11 M HCl reduces the PuIV and PuV I complexes
on the column to PuIII complexes, which are neutral, causing them to elute. There are
two DOWEX 1TM columns, rather than just one large column, so that a majority of the
plutonium can be removed in the first anion exchange step and then most of the remaining
plutonium can be removed in the second anion exchange step. In the development trials,
this was the strategy that was most effective for removing the plutonium while preventing
the loss of americium to the plutonium fractions and to the column.

The next step in the developed procedure utilizes TEVA® to extract any remaining
plutonium from the americium fractions from the first two ion exchange steps. This step
is the final scrub of the plutonium from the americium fractions. If HNO3 is in use as the
mobile phase, it is necessary to decrease the molarity from 8 M to 3 M due to the damage
it may cause to the resin and to maximize the distribution coefficient between americium
and plutonium. According to the Eichrom® documentation50 and the development trials,
it was not necessary to decrease the molarity of 10 M HCl if it was in use for this step.
Americium is eluted from the column in both nitric and hydrochloric acid mobile phases and
the plutonium is retained. In lieu of the HI/HCl mixture used for plutonium reduction for
the earlier anion exchange steps, the gentler mixture of hydroquinone in 4 M HCl is used to
reduce the oxidation state of the plutonium so that it can be removed from the column and
reused later.

The fourth and final step in the procedure serves to remove the lanthanides from the
americium. It uses the mixture of 2 M NH4SCN in 0.1 M HCOOH (although these molarities
were adjusted slightly over the course of many experiments) as a mobile phase to create
americium thiocyanate complexes. The lanthanide fission products are immediately eluted
from the TEVA column and the americium is eluted upon addition of a 2 M HCl rinse
solution applied to the column. In the actual separation for the LSDS measurement, this
rinse should contain enough pure 240Am to be used for effective measurement of its neutron-
induced fission cross section.

The initial development experiments greatly advanced the project. They established the
framework for the overall separation and showed that a Am/Pu separation factor of at least
4.6×106 could be obtained from the first three steps of the procedure.1 This experiment was
performed using 1 mg of 239Pu and 1 ng 241Am. However, only a lower bound could be
placed on the separation factor as there was no longer enough 239Pu present to be detected
via alpha spectroscopy (Appendix A.1). While these results are encouraging, the quantity
of 239Pu that is below the detection limits of the alpha spectrometer is enough plutonium
to interfere with a LSDS measurement. Therefore, further confirmation was needed of the
actual Am/Pu separation factor.

Some of the initial development experiments also began to address the behavior of the
fission products during the separation procedure. In reality, both variants of the procedure,
which will henceforth be referred to as the “nitric acid” procedure and the “hydrochloric



18

acid” procedure (in reference to the mobile phase in use for the first three out of four steps),
had been developed with only Am, Pu, and the lanthanides in mind. Unfortunately, the
expected fission products collectively possess a wide range of oxidation states and solution
behaviors that may preclude some of them from complete separation within the procedure.
Table 2.2 lists these characteristics for most of the challenging fission products listed in Table
2.1. The labels “Yes”, “No”, etc indicate whether that element in the oxidation states listed
would be adsorbed to the given column material under the specified conditions.

Element
Aqueous 8 M HNO3 10 M HCl 3 M HNO3 10 M HCl

Oxidation States DOWEX 1 DOWEX 1 TEVA TEVA

Zr(Nb) IV (V )53,54 Limited55 Yes56 Limited1 Possible57,58

Ru II,III,IV 59 Limited55 Yes60 No Data No Data

Ce III,IV 59 Limited55 No61 No Data No Data

Ba II 62 No55 No61 Improbable63 No Data

Sb III,V 64 No55 Yes61 Limited1 Possible65

Te IV 66 No55 Yes61 No Data No Data

Mo(Tc) VI (IV,VII )67,68 No55 Yes69–72 Possible73,74 No Data

Cd(In) II (III )75,76 No55 Yes61 No Data Possible77,78

Rh III,IV 79 No55 III -No,IV -Yes55 No Data Improbable80

Sm II,III 59 No55 No61 No Data No Data

Table 2.2: Oxidation states and expected interaction of a selection of fission products un-
der proposed column chromatography conditions.“Yes” indicates that the species would be
adsorbed by the column under the given conditions.

The bulk of the initial development experiments were focused upon the behavior of Zr
and Nb with a few experiments addressing Eu and Sb. However, no trials existed of a
comprehensive view of the behavior of each simulated fission product during each successive
step of both the hydrochloric acid procedure and the nitric acid procedure. This was a severe
deficiency, as it was hypothesized that the hydrochloric acid procedure would remove most of
the fission products during the procedure but the nitric acid procedure may ensure a higher
Am/Pu separation factor. Therefore, for the continued development of the procedure, it was
first necessary to determine the behavior of these fission products using each mobile phase.

2.3 Tracer-Scale Experiments with Eu, Zr, Nb, and Sb

As was established in Section 2.2, a considerable amount of experimental work took
place to test several resins, aqueous reagents, and various combinations thereof to determine
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the chromatographic separation scheme that would most effectively purify the 240Am from
the 242Pu and the fission products. However, as was noted in Section 2.2.2, not all of the
representative fission products had been tested with both procedures in a way that was
directly comparable. Additionally, some of the fission products, particularly zirconium and
niobium, did not have consistent behavior between trials with the same loading and column
conditions, thus necessitating further experimentation. Finally, several optimizations to
the procedure had been proposed after evaluating many of the earlier tests but were not
immediately implemented. For all of these reasons, it was desirable to undertake additional
testing in a way that the two procedures could be directly compared and optimized.

Each element tested in this phase of procedure development was both expected to be
a high-dose fission product (or possessing similar chemistry, as in the case of substituting
europium for the lighter lanthanides) and had a readily purchasable and fairly long-lived
(t1/2 > 1 month) isotope. Both procedures were tested using radionuclides on the tracer
scale (102 - 106 becquerel for each radionuclide) with no non-radioactive carriers added.
All radionuclides were purchased from Eckert and Ziegler Isotope Products. Chemicals of
reagent grade quality and above from Alfa Aesar, Riedel del Hahn and Sigma Aldrich were
used. Dowex 1x8TM(100-200 mesh) was purchased from Alfa-Aesar, washed, and conditioned
with 1 M NaOH and 1 M HCl before using. TEVA® resin was purchased from Eichrom®,
washed, and conditioned with 1 M HCl before using. The radioactivity in each aliquot
was quantified using high purity germanium (HPGe) gamma spectroscopy. A description of
HPGe gamma spectroscopy is given in Appendix A.3. The radioactivity of each isotope was
quantified using one of its gamma ray emissions with an intensity above 10 % and without
interference from other gamma rays or background peaks. The gamma ray with the greatest
energy (to minimize background contributions from Compton scattering) that met these
requirements was chosen for analysis. This information is listed in Table 2.3.

Nuclide Half-Life Measured Peak (keV) Intensity of Peak

152Eu 13.5 y 964.06 14.51%
125Sb 2.8 y 635.95 11.22%
95Zr 64 d 724.19 44.27%
95Nb 35 d 765.80 99.8%

Table 2.3: Peaks used for detecting each simulated fission product.

It is important to note that during both of these sequences of experiments, 102-106 Bq of
each radionuclide was added to each column. In some of the initial development experiments,
the eluent fractions from the first column of the procedure were collected, evaporated, and
re-dissolved for loading on to the second column. This was repeated after each column in
the sequence, with the exception of the final column. The method used for the previous
experiments does simulate what would occur in the actual separation of 240Am and the
amounts of the simulated fission products decrease to undetectable levels over the column
sequence. However, because the amounts are at the tracer level and are much lower than
those that would be in the 242Pu target after irradiation, it is also beneficial to test with
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a full tracer amount on each column. This provides experimental knowledge of the fission
product behavior on each set of column conditions without the risk of the amount of a
particular radionuclide dropping below the detection limits. This knowledge could prove
useful in the event that it is necessary to alter a procedure in the future or if there are
unexpected complications (such as channeling in the column) that result in fission products
traveling with the 240Am farther along in the separation scheme than originally expected.

Glass columns with a platinum tip were used for each step in both procedures. A small
amount of glass wool was placed at the bottom of each column to prevent resin elution and
the column was filled with either DOWEX 1x8TM resin or TEVA® resin. A picture of a
column filled with freshly conditioned DOWEX 1x8TM resin is shown in Figure 2.2.

Figure 2.2: Platinum-tipped glass column containing DOWEX 1x8 resin.

Both the column volume (CV) and the free column volume (FCV) were determined
for each column before it was used to separate the simulated fission products. The CV is
simply calculated as the volume of a cylinder with the height and radius measured by visual
inspection of the glass column. The FCV is a rough measure of the space between the resin
beads, essentially the volume of liquid that the resin bed can hold at one time. This is
determined via a brief experiment after the resin has been packed into the glass column but
before the column separation takes place. First, the resin is washed with 3 CVs of 8 M
HNO3. Once the nitric acid drains to the top of the resin bed, a vial of 0.5 M AgNO3 is
placed under the tip of the column and 1 M HCl is added to the top of the column. As the
liquid in the column drains from the tip of the column, the liquid AgNO3 in the vial is swirled
by hand so that the first sign of a white AgCl precipitate can be observed. The number of
drops eluted before the precipitate is formed corresponds to the FCV. After measuring the
FCV, the column is rinsed thoroughly with water and then conditioned with the desired acid
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for the experiment.

For each experiment, the loading solution containing the simulated fission products (nom-
inally 300 µL) was added carefully to the top of the resin bed using an Eppendorf adjustable
pipettor, taking care not to splash any on the glass of the column reservoir, as some of the
simulated fission products have a tendency to stick to glass and produce erroneous separa-
tion results. Each FCV of the eluent was collected in a 2 mL snap-top conical Eppendorf
centrifuge tube. These tubes were then placed into a liquid scintillation counting (LSC) vial
to provide secondary containment and mitigate potential contamination of the gamma detec-
tor. The LSC vial was then placed into a custom-built holder in front of an HPGe detector
and the gamma ray emissions were recorded for a minimum of two hours. The LSC vial
and custom holder helped to ensure a uniform geometry between experiments. The column
containing the resin was also counted after it was dried at the end of each experiment.

2.3.1 The Nitric Acid Procedure

The nitric acid procedure possesses some advantages for separating 240Am. Nitric acid
will most likely be the most effective reagent for dissolving the 242Pu and 240Am from the
target backing, therefore a step is eliminated if it is not necessary to evaporate and re-dissolve
the loading solution in hydrochloric acid. Additionally, a lower molarity of acid (8 M), in
comparison to the molarity of hydrochloric acid required (10 M), can be used, which may
provide a slight advantage for glovebox or hot cell handling. The first step of the nitric acid
separation procedure is shown in Figure 2.3. Please note that only the fission products were
present in the loading solution for this experiment. The curves for 242Pu and 240Am from
a previous experiment were overlaid to provide a reference for the reader for their elution
positions.
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Figure 2.3: First step of the proposed separation procedure with 8 M HNO3 as the loading
solution.

Based on the separation goals listed in Section 2.1, separating the high-dose fission prod-
ucts from the 240Am as early as possible in the separation scheme is clearly advantageous.
Doing so will reduce the radiation dose to those scientists and technicians performing the
separation and lower the ion loading on the resin columns for subsequent steps, which could
lead to a more pure sample of 240Am. This step does not achieve that. Most (approaching
90%) of the simulated fission products pass directly through the column and elute in the
third FCV, along with the americium. This means that they will be carried through to the
next step.

In the second stage of the first ion exchange step, the plutonium, which has been adsorbed
to the anion exchange sites on the resin beads, is recovered. To remove the plutonium, it
is reduced from PuIV to PuIII using a mixture of 1 part concentrated HI (freshly distilled)
to 7 parts concentrated HCl. Because plutonium was not in the loading solution mixture
for the experiment pictured in Figure 2.3, the purpose of perfoming this step was merely to
test what the reduction step would do to any of the simulated fission products remaining
on the column. The exact molarities of HI and HCl had been varied throughout previous
experiments. This particular mixture, in combination with one crystal (approximately 2 mg)
of NH2OH to prevent the immediate oxidation of HI by any HNO3 that was remaining on
the column, was one of the strongest that had been tested. It was, in fact, too strong. The
resulting damage to the column is pictured in Figure 2.4.
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Figure 2.4: Damage inflicted to the DOWEXTM column used in the first step of the nitric
acid separation procedure by the reductive conditions applied to it.

While the color change of the DOWEX 1x8TM column had been previously observed by
our group when performing plutonium/americium separations, the gas bubbles formed were
the more destructive component of the reaction and had not been observed before. It is
unknown how the plutonium would be affected if it had been present on this column when
this reaction took place. This highlights the need to throughly test all conditions on the
tracer scale before attempting to implement them for the actual separation of 240Am.

The second column in the nitric acid procedure is identical to the first, a DOWEX 1x8TM

column with 8 M HNO3 as the loading solution. Therefore, the plot shown in Figure 2.5
should resemble the plot shown in Figure 2.3. One can easily note that it does not bear
a strong resemblance. The activity eluted is approximately the same, but the activity is
spread out over many more fractions. Presumably, the same would be true for the americium
activity as well, making the re-concentration of the aliquots for loading on to the third column
a more tedious process. This pattern is caused by improper loading of the simulated fission
products on to the column. Some of the activity was dripped on to the reservoir, rather than
the top of the resin bed, resulting in a long tailing of the fission products across the entire
americium elution step. Simple technique improvements remedy this issue. This emphasizes
the importance of practicing the separation procedure in a low-stakes environment.
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Figure 2.5: Second step of the proposed separation procedure with 8 M HNO3 as the loading
solution.

The third column in the nitric acid procedure is shown in Figure 2.6. This step is the
first of two to use the TEVA® resin. From the graph shown in Figure 2.6, it is shown
that the simulated fission products will elute primarily in the first FCV, where americium
is expected to elute. Therefore, again, very little separation between the americium and the
fission products is achieved.
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Figure 2.6: Third step of the proposed separation procedure with 3 M HNO3 as the loading
solution on a column containing TEVA® extraction resin.

The fourth and final column chromatography step in the nitric acid procedure also utilizes
the TEVA® resin, this time with a loading solution of 2 M NH4SCN in 1 M HCOOH. To
reiterate, the elution pattern of americium changes in this step in comparison to the other
three steps of the procedure. The lanthanides elute immediately after loading while the
americium thiocyanate complexes remain on the column until the second stage of the step,
when 2 M HCl is added. The americium retained on the column then forms AmCl3 complexes
with the available chloride ions and elutes. According to the behavior shown in Figure 2.7,
the europium and antimony will elute almost completely in the first FCV, accompanied
by a small amount of zirconium. In the second stage of the step, it appears that a very
small amount of the zirconium will elute along with the americium. This could be due to
the formation of zirconium polynuclear hydrolysis products which can behave erratically in
separation processes due to their larger size and varying overall charge. The niobium remains
adsorbed to the column throughout the entire experiment. This is the only step of the nitric
acid procedure where separation between the americium and the majority of the simulated
fission products is achieved.
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Figure 2.7: Fourth and final step of the proposed separation procedure with 2 M NH4SCN
in 1 M HCOOH as the loading solution on a column containing TEVA® extraction resin.

2.3.2 The Hydrochloric Acid Procedure

Overall, the scheme for the hydrochloric acid procedure is very similar to the nitric acid
procedure, with the primary differences being the type and concentration of acid used as
the loading solution in the first three columns of the procedure. As is shown in Figure 2.8,
however, this difference dramatically affects the behavior of the simulated fission products
on the first DOWEX 1TM column. Unlike the first anion exchange column loaded with 8
M HNO3, not all of the simulated fission products elute with the americium in the first few
FCVs. Instead, only about 50% of the europium and 30% of the zirconium accompany the
americium fractions. Approximately 60% of the niobium and another 30% of the zirconium
will elute with the plutonium, which could be purified at a later time before reuse of the
plutonium. Finally, all of the antimony remained on the column for the duration of the
experiment, most likely adsorbed to the glass.

It should be highlighted that for this experiment, the HI and HCl molarities were adjusted
back to those used for the earliest americium and plutonium tracer trials, 0.44 M HI in 12
M HCl. This did not produce a reaction like the one seen in Figure 2.4, most likely due to
the absence of HNO3.
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Figure 2.8: First step of the proposed separation procedure with 10 M HCl as the loading
solution.

Figure 2.9 shows the second anion exchange column used for testing the hydrochloric
acid procedure. Again, in common with the HNO3 procedure, this column is identical to
the first column of the scheme. Here, some slightly more erratic behavior is observed, again
highlighting the high variability that can be experienced because of column loading technique.
However, the general trends for each simulated fission product are the same. A majority of
the europium will elute with the americium fractions, accompanied by approximately half of
the zirconium. In this experiment, it was observed that less than half of the antimony and a
small amount of the zirconium will also elute with the americium fractions. The behavior for
the second stage of the separation will again result in zirconium and niobium being present
in the plutonium fractions, this time also accompanied by a small amount of antimony. The
behavior of the antimony appears to be highly dependent on column loading conditions.
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Figure 2.9: Second step of the proposed separation procedure with 10 M HCl as the loading
solution.

Differences between the nitric acid procedure and the hydrochloric acid procedure are
again observed in the testing of the third column of the procedure, shown in Figure 2.10.
The only change to this step of the procedure is the loading solution, which is comprised
of 3 M HCl rather than 3 M HNO3. This does not seem to significantly change the fission
product behavior, with the exception of antimony, which again stays completely adsorbed
to the column.



29

-10

10

30

50

70

90

0 1 2 3 4 5 6 7

P
e

rc
e

n
t 

A
c

ti
v
it

y
 E

lu
te

d
 (

%
)

FCV eluted (FCV)

Sb-125

Zr-95

Nb-95

Eu-152

0.08 M Hydroquinone 
in 4 M HCl

3 M HCl

Figure 2.10: Third step of the proposed separation procedure with 3 M HCl as the loading
solution on a column containing TEVA® extraction resin.

The fourth and final step of the hydrochloric acid procedure is identical to that of the
nitric acid procedure. It is shown in Figure 2.11. Nearly identical behavior as that shown in
Figure 2.7 is observed.
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Figure 2.11: Fourth and final step of the proposed separation procedure with 2 M ammonium
thiocyanate in 1 M formic acid as the loading solution on a column containing TEVA®

extraction resin.

2.3.3 Comparison of Both Separation Procedures

From Figures 2.3 through 2.11 it is clear that the behaviors of the simulated fission
products throughout the two procedures are different, especially between the anion exchange
steps of the procedures. These data are summarized in Table 2.4. The hydrochloric acid
procedure possesses an advantage over the nitric acid procedure with respect to the removal
of fission products. It is extremely beneficial to the overall purification of americium that
in the hydrochloric acid procedure the fission products either adsorb to the anion exchange
resin or elute during the second, reductive step of the chromatographic scheme of the first
DOWEX 1TM anion exchange column. This minimizes the ionic load on the two TEVA®

steps of the procedure, which is advantageous as TEVA® has a lower capacity than DOWEX
1TM.50 It will also minimize radiation damage to the resins in the subsequent steps of the
procedure if a majority of the fission products are removed in the first step. Furthermore, if
the emitted dose is lowered substantially in the first step, it is possible that the subsequent
column chromatography procedures can be moved from a hot cell to a glovebox or another
more convenient laboratory workspace. This would substantially increase the pace at which
the separation could be performed.



31

When observing both sets of procedures side-by-side, similarities do appear. One such
similarity is the behavior of the simulated fission products on the first column with TEVA®

resin (step 3 in the overall procedure). With the exception of antimony, the fission products
have essentially no affinity for the TEVA resin and immediately elute. While the purpose of
this step is the isolation of americium from remaining trace amounts of plutonium, it should
be noted that this step does nothing for the removal of fission products and should thus be
closely evaluated for its overall contribution to the separation. This point will be revisited
in Section 2.5.

A second similarity is the behavior of the simulated fission products during the sec-
ond column utilizing TEVA® resin, the fourth step of the overall procedure. In the nitric
acid separation procedure, all of the simulated fission products would be accompanying the
americium fractions through the procedure until reaching this step. While it can be argued
that because of the efficacy of this step the overall goal of americium purification could be
achieved, the convenience of working with a lower dose emitting sample is lost. It was for
this reason that the hydrochloric acid procedure was submitted to further testing.

Step Percent of Each Nuclide That Travels With
Americium
125Sb 95Zr 95Nb 152Eu

Anion Exchange 1 - HNO3 99.3 98.7 99.7 99.7
Anion Exchange 1 - HCl 0.2 42.8 0.6 99.4

Anion Exchange 2 - HNO3 96.2 91.7 94.5 94.2
Anion Exchange 2 - HCl 47.0 54.2 9.6 98.5

TEVA 1 - HNO3 92.5 98.0 98.6 98.9
TEVA 1 - HCl 1.1 89.0 91.8 98.4

TEVA 2 - HNO3 0.2 8.0 0.4 0.7
TEVA 2 - HCl 6.5 0.8 1.4 1.0

Table 2.4: Results from experimental testing of the elution patterns of the simulated fission
products, tabulating the percent of each fission product that would elute from the columns in
the same position as americium for both the nitric acid and the hydrochloric acid procedures.
Error in the percentage values is 5%.
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2.4 Experiments with Many Simulated Fission Prod-

ucts

2.4.1 Gravity-Driven Chromatography of Simulated Fission Prod-
ucts

Improvements on the work begun at UC Berkeley were made possible through a collab-
oration with Idaho National Laboratory (INL). INL makes extensive use of an inductively-
coupled plasma mass spectrometer (ICP-MS) for elemental analysis. Therefore, it is not
only possible to obtain accurate measurements of almost any element in a given solution us-
ing their instrument, they also have appropriate controls in place to measure the elemental
concentrations of samples containing radioactive isotopes, something which is not possible
using the facilities at UC Berkeley. This was extremely convenient for this project, as it
allowed for the testing of simulated fission product solutions containing non-radioactive iso-
topes of many elements that are expected to be present in the irradiated target but for which
there are no long-lived, easily obtainable radiotracers with suitable gamma emissions. Addi-
tionally, it was possible to test mixtures of non-radioactive fission products with americium,
which allows for more realistic testing of the separation procedure without the accompanying
radiation dose that results from using radioactive simulated fission products.

A detailed overview of ICP-MS is beyond the scope of this dissertation. However, a
brief summary of the instrument’s operation is appropriate here to place into context how
the results for the INL experiments were obtained. The ICP-MS instrument used at INL
was a Elan DRC II manufactured by Perkin-Elmer. Each eluted fraction from a given
column chromatography experiment was diluted to 10 mL with 5% HNO3. This reduced the
concentration of the analytes to an amount that can be effectively detected by the instrument.
A peristaltic pump is used to inject a small amount of the sample into a nebulizer.81 Large
droplets resulting from nebulization are removed in the spray chamber and the sample is
passed to the plasma torch, where it is formed into a plasma.82 In the plasma, singly-charged
ions are formed, which facilitates their movement through a series of charged ion optics.83,84

Unique to this particular instrument is a Dynamic Reaction Cell (DRC), a chamber filled with
a gas that reacts with undesired components in the sample of interest. When an undesired
component encounters a molecule of the reaction gas, a reaction occurs that alters the mass of
the undesired component, usually by increasing it via adduct formation.85 This allows it to be
removed by the quadrupole mass spectrometer, which is next. The quadrupole scans through
all the mass to charge ratios of interest, only allowing ions of the desired mass to charge
ratio to pass through.86 Once these ions of interest have passed through the quadrupole,
they collide with a dynode, which emits an electron. A series of dynodes produces a large
enough cascade of electrodes that the detection electronics can record a measurable pulse.87

This process then occurs many times in succession such that an accurate measurement of
each analyte can be obtained. ICP-MS is a powerful tool for this type of analysis due to
the number of elements that were included in the list of potential fission products resulting
from the 242Pu(p,3n)240Am reaction. Among all commonly available analytical instruments,
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ICP-MS provides the most accurate measurements of all the elements of interest in the
context of this work. Although isobaric interferences are an issue, especially when working
with isotopes with mass numbers very close to one another88, the team at INL performs
actual fission product analyses quite frequently and has developed strategies for avoiding
such interferences.

It was hypothesized that the TRU® (TRansUranic) resin by Eichrom® may be a better
choice than the previously tested TEVA® resin. TRU® resin is also an extraction chro-
matography resin, similar to TEVA®. In the case of TRU®, octylphenyl-N,N-di-isobutyl
carbamoylmethyl phosphine oxide (one of two variants of CMPO, as mentioned in 2.2.1)
is dissolved in tri-butyl phosphate (TBP) and impregnated on a polymer resin bead. The
behavior of CMPO will be discussed more extensively in Section 4.2 but for the purposes of
this separation it should be noted that CMPO has been shown to bind indiscriminately to
both trivalent actinides and lanthanides when used in conjunction with TBP for liquid-liquid
extractions.89 From the documentation49, it is well established that TRU® can selectively
extract PuIV over AmIII . However, the documentation does not mention how the lanthanides
interacted with TRU® resin. While theoretically both americium and the lanthanides would
be minimally extracted by the TRU® resin, it may be possible to briefly retain the americium
on the column due to the slightly more covalent nature of its interaction with CMPO. There-
fore, with manipulation of either hydrochloric or nitric eluent acidities, it may be possible for
one TRU® column to accomplish the separation performed by two TEVA® columns in the
previously proposed separation procedure. This has the potential to save time and prevent
the loss of americium to the column materials.

Two TRU® columns were tested, each with an identical mixture of fission products. 83.3
µg aliquots of each simulated fission product were taken from ICP-MS standards (Inorganic
Ventures) and combined. The mixture chosen was comprised of many of the untested chal-
lenging fission products listed in Table 2.2 and consisted of Rb, Cs, Sr, Ba, Mo, La, Ce, Sm,
Ru, and Rh. Each column had a 2 mL volume and was composed of TRU® resin of 50-100
µm diameter bead size. A “poly-prep” column by Bio Rad was used to contain the resin.
All the acids and H2O used to prepare the loading and elution solutions were Optima grade
from Fisher, such that the resulting fractions from the columns would be of sufficient purity
for ICP-MS analysis.

The elution patterns of the simulated fission products on a TRU® column with nitric
acid as the eluent are shown in Figure 2.12. This experiment was performed by Dr. Jeffrey
Berg of INL, with the ICP-MS data collected by Dr. Jeffrey Giglio, also of INL, with the
author observing.
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Figure 2.12: TRU® column chromatography of many simulated fission products using nitric
acid as the eluent.

According to the TRU® resin documentation49, it is expected that americium will be
retained on the column until the nitric acid concentration is lowered to 0.05 M, at which
point it will elute. From Figure 2.12, it is clear that this would also be the point at which
the light lanthanides (La, Ce, and Sm as representatives in this mixture) will elute. Fairly
complete isolation from the other simulated fission products (Rb, Sr, Mo, Ru, Rh, Cs, Ba)
would be achieved, as they display either no affinity for the column (Rb, Sr, Cs) or limited
affinity (Mo, Rh, Ru) for the TRU® resin and elute with the 2 M nitric acid loading solution.
Under these column conditions, it is expected that plutonium would elute with either many
more FCVs of 0.05 M HNO3, at an even lower concentration of HNO3, or not at all. Thus,
using nitric acid as the elutriant would accomplish the same function as the first TEVA®

column in the original separation procedure, the removal of small remaining amounts of
plutonium, however would not accomplish the function of the second TEVA® column, the
isolation of americium from the lanthanide fission products.

Given the benefits of the hydrochloric acid procedure stated in Section 2.3.3 it was of
interest to test the TRU® resin under hydrochloric acid conditions, even though manufac-
turer data at these conditions are limited.49 These data are shown in Figure 2.13. Here,
because the americium behavior was somewhat unknown, americium was also tested, albeit
separately from the fission products. The data are overlaid in Figure 2.13. Please note that
the line denoting the transition from the loading solution of 6 M HCl to 0.1 M HCl is for the
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set of fission product data. For the americium data, this line would be located at an elution
volume of 5 mL but was omitted for clarity.
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Figure 2.13: TRU® column chromatography of many simulated fission products using hy-
drochloric acid as the eluent.

This graph is very different than that pictured in Figure 2.12. Here, the americium
elutes quickly, but not immediately, with approximately 24% remaining on the column until
the rinse solution is applied. Almost all of the simulated fission products, with the notable
exception of molybdenum, elute in the first 4 mL of 6 M hydrochloric acid applied to the
column. While plutonium was not tested in this experiment, its behavior on the TRU resin
in hydrochloric acid has been investigated previously49 and it is known that it possesses a
very high distribution coefficient for high hydrochloric acid concentrations, approximately
106 when 6 M HCl is used. There is a possibility that the plutonium would elute with the
rinse solution of 0.1 M HCl, as the distribution coefficient drops to approximately 10 at this
acidity. However, it may also stay adsorbed to the TRU® resin under these conditions.

At first glance, this separation procedure does not appear to be of much use. The elution
of americium is spread out over 12 mL of aqueous solution and, while plutonium would be
adsorbed to the resin under the 6 M HCl loading conditions, the same cannot be said of the
0.1 M HCl rinsing condition, where 24% of the americium is now residing. A loss of 24% of the
very small amount of 240Am that will be produced is unacceptable and re-contaminating the
americium stock solution with plutonium would mean that performing this chromatography
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step would be pointless in the overall scheme. The positive aspect of this data is that there
is a very slight difference between the elution position of the lanthanides (and the other
fission products except molybdenum) and americium. Additionally, the loading solution
is 6 M HCl. If this step were to follow anion exchange, the 10 M HCl eluent from the
DOWEX 1TM column could be quickly diluted to 6 M HCl and applied to the TRU®

column. For these reasons, it was considered worthwhile to investigate the elution patterns
of the lanthanides and americium on the TRU® resin using a gas pressurized extraction
chromatography system.

2.4.2 Gas Pressurized Chromatography of Simulated Fission Prod-
ucts

The gas pressurized extraction chromatograph (GPEC, detailed in Appendix B) is an
instrument created by Idaho National Laboratory for the purpose of perfoming radiochemical
separations. The high resolution between elution peaks that can be obtained due to the very
long length over diameter (L/D) columns used with this instrument makes it an ideal tool for
optimizing the separation outlined in the latter half of Section 2.4.1 and shown in Figure 2.13,
where the lanthanides and americium were eluting in sequential fractions using a gravity-fed
column. If this separation procedure could be optimized using the GPEC, this step could
be substituted for the two TEVA® columns outlined in the original procedure (Figure 2.1).

To this end, a 24 inch long, 0.04 inch internal diameter polytetrafluoroethylene tube was
filled with 0.38 g of pre-conditioned TRU® resin. This had a theoretical volume of 0.494
mL. A 96 inch length of 0.03 inch internal diameter polytetrafluoroethylene (PTFE) tube
was prepared as the loading/sample loop. This had a theoretical volume of 1.112 mL. The
actual volume of the loading/sample loop was determined to be 1.1738 ± 0.0072 by filling the
sample loop with water, pushing the water through the system, collecting it, and weighing it.
Liquids were moved through the GPEC system using 45 psig nitrogen. The flow rate of the
column during the experiment was measured as 0.12 mL/minute. The lanthanides and the
americium were tested during two separate but nearly identical runs of the GPEC system.
During the first run, 100 µg each of lanthanum, cerium, and samarium (Inorganic Ventures)
in 0.5 mL 6 M HCl were loaded into the sample loop and then injected on to the TRU®

column. 10 0.25 mL aliquots of 6 M HCl eluent were collected and analyzed using ICP-MS.
The column was stripped with 4 mL of 0.1 M HCl, which was all collected in the same
fraction and also analyzed using ICP-MS. In total, the experiment lasted approximately 40
minutes. The column was returned to 6 M HCl conditions and the second run took place
with 241Am. A 0.5 mL stock containing 0.672 µg of 241Am (4.8× 106 dpm) was loaded into
the sample loop. This is approximately seven times the amount of americium that would be
expected to be present after the irradiation and cooling of the 242Pu target. The contents of
the sample loop were driven through the column and a total of 10 0.5 mL aliquots of 6 M HCl
were collected. The column was rinsed with two 4 mL aliquots of 0.1 M HCl, both of which
were collected separately. Each fraction collected was then analyzed using liquid scintillation
counting (LSC), the principles of which are explained in Appendix A.2. Each fraction was
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diluted to a total volume of 4 mL using 0.1 M HCl and a 0.4 mL aliquot of the dilution was
added to a 20 mL volume of Optima Gold scintillation cocktail. Each diluted fraction was
the counted for a total of 90 minutes using the LSC. The experiment took a total of 1 hour
and 45 minutes to complete. The results of these two experiments are combined and shown
in Figure 2.14.
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Figure 2.14: Gas pressurized extraction chromatography (GPEC) results for americium and
lanthanides on TRU® resin in hydrochloric acid media.

It should be noted that the ICP-MS results determined that 93.2% of the lanthanum,
91.8% of the cerium, and 94.6% of the samarium were removed from the column, as calculated
from the theoretical mass of each that were used. For the americium, a reference standard
that contained the same amount of americium that was placed on the column but was not
run through the GPEC system was tested by LSC. Compared to this amount, only 87.7%
of the americium was recovered. Compared to the calculated amount of americium that was
added, 93.1% of the americium was recovered. Both values are outside of the expected 5%
error (resulting from pipetting and other systematic errors), indicating that there was some
loss of americium in the system.

It is clear from the results shown in Figure 2.14 that greater spacing between the elu-
tion peaks of the lanthanides and americium was achieved using the GPEC system. It is
interesting to note that the ordering of the lanthanide peaks is significant, with lanthanum,
the largest cation, being eluted first, followed by the second largest cation cerium, which is
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then followed by samarium. This shows the affinity of the TRU® resin for cations of slightly
different sizes and the added resolution that is obtained by using a column with very high
ratio of L/D.

While the resolution of the peaks has improved and the spacing between the lanthanides
and americium peaks is greater than that obtained with the gravity-fed column, it is still not
clear whether americium could be effectively purified from all of the lanthanides using this
technique. It is also disconcerting that up to 13% of the americium was lost to the column
or to the GPEC tubing. Although there are certainly optimizations to the GPEC procedure
that can be made, it was determined that it would be best to re-visit the second TEVA®

step from the original procedure and compare it side-by-side with the GPEC results.

2.4.3 Separation of Americium from the Lanthanides Using TEVA

Working at INL provided many unique and convenient opportunities, not the least of
which was the ability to work with larger quantities of actinides on the benchtop or in an
open hood. When the re-testing of the second TEVA® column of the hydrochloric acid
procedure was proposed, this also provided the opportunity to combine the lanthanides with
a sizeable amount of americium in the loading solution, such that the radionuclides would be
together on the column. This combination, in conjunction with the amounts of lanthanides
and americium used in the loading solution, could not have been performed at UC Berkeley.
Needless to say, there were some experimental differences between the column set up at UC
Berkeley versus the column setup at Idaho which will be noted. It should also be noted that
the hands-on work for this experiment was performed by Dr. Jeffrey Berg with the author
assisting and recording data.

In lieu of a glass column with a platinum tip, a 2 mL “poly-prep” chromatography column
from Bio-Rad was used. NH4SCN and HCOOH were newly purchased from Sigma-Aldrich
and used as received. A 1.0 M NH4SCN in 0.1 M HCOOH solution was prepared and 10
mL of this solution was used to pre-condition the TEVA® column after the resin had been
loaded into the poly-prep column. Once again, lanthanum, cerium, and samarium ICP-
MS standards from Inorganic Ventures were used. 50 µL of each 1000 µg/mL elemental
standard were combined with 100 µL of a 6.72 µg/mL 241Am standard. As all standards
were originally in varying concentrations of nitric acid, they were combined and evaporated
to dryness in a 10 mL Teflon beaker on a hot plate. The solids were then re-dissolved in 1.5
mL of 1.0 M NH4SCN in 0.1 M HCOOH. This 1.5 mL aliquot served as the loading solution
for the experiment. This loading solution was carefully added to the top of the resin bed
and allowed to fully adsorb to the column. Eight 1.5 mL fractions of 1.0 M NH4SCN in 0.1
M HCOOH were added to the column and eight 1.5 mL elutions were collected. The eight
1.0 M NH4SCN in 0.1 M HCOOH elutriant fractions were followed by the addition of one
2 mL, 2 M HCl fraction, which was then closely followed by a concluding 8 mL, 2 M HCl
fraction. These fractions were then collected as one large 10 mL elution fraction. Each of
the first 8 fractions was topped off with 1 M HNO3 for a total volume of 10 mL so that the
fractions could be analyzed using ICP-MS. However, it is the author’s recommendation that
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if this preparation for ICP-MS is used, the samples should be analyzed immediately. When
allowed to sit, the reaction of formic acid and nitric acid produces CO2 and NO gases, which
pressurize the sample tubes. For this experiment, polypropylene snap-top tubes were in use
for collecting the eluted fractions. The caps of these tubes blew off during the weekend
between when they were prepared and when they were to be analyzed. Although these
particular tubes thankfully did not contain any radioactivity, this reaction is both a safety
concern and a radiological contamination concern and should be kept in mind by those who
may want to attempt this experiment.

The results from this experiment are shown in Figure 2.15.
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Figure 2.15: Elution patterns of the lanthanides and americium on TEVA® resin loaded
with a mixture of formic acid and ammonium thiocyanate.

This experiment confirms that the fourth step of the original proposed HCl procedure
performs exactly as anticipated. The separation between the lanthanides and americium is
excellent and could be further optimized for time and minimization of elutriant volumes.
The recovery of americium from the experiment is also excellent, with no observable losses
(within 10% error) to the column and minimal losses (less than 1%) to the NH4SCN/HCOOH
fractions. It is evident that this separation step fulfills the requirements listed in Section 2.1
and should be included in the final overall separation procedure.
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2.5 One-Tenth Scale Experiments with Am and Pu

A final opportunity that arose from partially undertaking this work at INL was the
chance to perform the first step of the separation procedure with one-tenth of the amount
of plutonium that is expected from the target. It was hypothesized that this experiment
would show that sufficient separation can be achieved when using hydrochloric acid as the
loading and rinse eluents. Additionally, the ability to use ICP-MS to detect the presence of
americium and plutonium offers a significant advantage over previous attempts undertaken
at UC Berkeley. This is due to the fact that the only available detection method for such
small quantities of 239Pu at UC Berkeley is alpha spectroscopy. In the past, and as mentioned
in Section 2.2.2 excellent separation of americium from plutonium has been achieved with
columns using DOWEX 1TM, so good that the amount of plutonium remaining in the eluted
fractions is undetectable using alpha spectroscopy.1 While those results are encouraging, it
was necessary to meet or exceed a quantifiable limit in order to ensure an 240Am sample with
sufficient purity that it could be used in the LSDS. Therefore, it was vital to the continuation
of the project that the exact separation factor be determined.

In a similar way as the TEVA® experiment discussed in Section 2.4.3, it was necessary
to alter some experimental parameters based on the availability of materials at INL. Again,
in lieu of a platinum-tipped glass column, a 2 mL Bio Rad “poly-prep” plastic column was
utilized. Bio Rad AG 1x2 ® was substituted for the usual DOWEX 1x8TM due to availability
and due to the larger amount of plutonium being loaded on to the column. The Bio Rad
AG 1® resin is chemically identical to DOWEX 1TM, with the x2 (as compared to x8)
indicating a lower degree of cross-linking of the styrene and divinylbenzene polymer matrix
that comprises the resin beads. This leads to larger pores in the resin beads. Although the
lower degree of cross-linking lowers the exchange capacity, having larger pores allows greater
flow within the column, which can be beneficial when preparing and running columns of
larger sizes. The resin was conditioned per the general procedure listed in Section 2.3.
Additionally, H2O2 was used instead of NaNO2 to prevent the formation of Pu3+.

A 2 mL aliquot was prepared that was composed of 50 mg of Pu (a mixture of isotopes)
and approximately 34 µg of 241Am. The amount of americium present was not added to the
original plutonium sample. Rather, it was 241Am that was present due to the beta decay of
241Pu. The sample was originally dissolved in 6 M HCl but was converted to 9 M HCl with
a few drops of H2O2 added. This solution was loaded on the 2 mL column and the Am was
eluted with approximately 3 mL of 9 M HCl (with a few drops of H2O2). Following this,
the plutonium was eluted with 10 mL of 0.1 M HCl. An ICP-MS analysis of the Am elution
revealed that 33.6 ± 2 µg of 241Am and less than 0.2 ng of Pu were present. The plutonium
stripped from the column was found to contain 0.1 µg of 241Am. Therefore, compared to
the initial estimate of the amount of 241Am present, 98.8% of the 241Am was recovered. The
process recovery (the amount of 241Am in the pure elution added to the amount of 241Am in
the Pu fraction) was 99.60%. The separation factor (Am/Pu) was determined to be 2.5x108.
This exceeds the goal of 1 x108 outlined as the target separation factor for this project and
ensures that the sample of americium would be pure enough for an LSDS measurement. The
implications of these results on the separation procedure will be discussed next.
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Chapter 3

Conclusions from Am Separation
Experiments

3.1 Summary and Conclusions

In the previous chapter, it was shown that the primary work for the first part of this thesis
was performed to investigate the behavior of the fission products on the existing hydrochloric
acid and nitric acid separation schemes. This study was then extended, with the help of the
expertise and facilities available at Idaho National Laboratory, to a more representative
sample of the fission products resulting from the 242Pu(n,2n)240Am reaction. The focus of
this study then shifted to optimization, testing whether the TRU® resin could outperform
the TEVA® resin in separating the americium from the fission products, most notably the
lanthanides, under both gravity-fed and pressurized column conditions. Finally, the first
step of the originally proposed hydrochloric acid procedure was tested with one-tenth of the
amount of plutonium that is expected to be present in the accelerator target after irradiation
to determine whether the separation factor of americium from plutonium was sufficient to
ensure a LSDS neutron-induced fission cross-section measurement free of interferences.

It was clear from the comparison of the hydrochloric acid procedure versus the nitric
acid procedure that the hydrochloric acid procedure possessed a significant benefit when
separating the model fission products. Sb, Zr, and Nb were separated from the americium
fractions gradually over the four columns in the procedure, rather than entirely in the fi-
nal step as happens in the nitric acid procedure. Both procedures isolated europium from
americium using the final TEVA® step, however the nitric acid procedure was relying on
the final TEVA® step to separate all the fission products from the americium, something
that the second TEVA® column was not designed to do.

It was confirmed that the hydrochloric acid procedure would work well for separating
americium and plutonium after achieving a separation factor of 2.5 x 108 with one-tenth of
the plutonium that would be expected in the final target. This separation factor exceeds
the target separation factor originally outlined as a goal for this project. With this and
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Figure 3.1: Final separation scheme.

the successful trial of the thiocyanate/formic acid TEVA® separation (step 4) in mind, a
simplified separation procedure is proposed in Figure 3.1.

It should be noted that the flow chart shown in Figure 3.1 depicts the minimum number of
steps that this procedure could possibly contain based on the currently available experimental
evidence. In comparison with the chart shown in Figure 2.1 there are two fewer steps, both
the second anion exchange step (which was identical to the first anion exchange step) and
the first TEVA® step (the third step overall) were deemed unnecessary considering the very
high separation factor that was obtained with just one anion exchange step. The addition of
these two columns to the procedure increases the risk that americium will be lost to column
surfaces without removing additional plutonium, as there is very little additional plutonium
to remove. Additionally, these steps increase the time the separation will take to perform
and do not play a primary role in fission product removal. While it is possible that the
second anion exchange step could be added back into the procedure when considering how
to scale the procedure for 1 gram of plutonium, it is unlikely that there would be a need for
the first TEVA® step of the procedure in that situation.

The abbreviation of the procedure provides benefits that fulfill the goals for the separa-
tion outlined in Section 2.1. In comparison to the previously proposed procedure, the new
procedure is much faster because it is two steps shorter and requires one fewer adjustment
of the acidity of the loading solution. The effectiveness was demonstrated by the one-tenth
scale plutonium anion exchange experiment performed at INL. This will be addressed further
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in Section 3.2. By removing as much of the plutonium and high-dose fission products in the
first step of the separation as possible, the procedure is much safer (and accordingly, easier
to perform) than the corresponding nitric acid procedure. Finally, minimizing the amount
of material handling by minimizing the number of steps makes this procedure optimal in
terms of efficiency. In moving forward with this project, the primary focus would be testing
the procedure shown in Figure 3.1.

3.2 Future Work

With the simplified procedure in place, the future work for this project would logically
proceed through a series of separation experiments using simulated loading solution mixtures
that more closely approximated those expected from the dissolved, irradiated 242Pu target.
The work included in this thesis demonstrates a preliminary understanding of the behavior of
the model fission products, americium, and plutonium within the simplified separation pro-
cedure. However, there has been no single experiment that has tested the behavior of all ra-
dionuclides simultaneously on the anion exchange column followed by the thiocyanate/formic
acid TEVA® column. Creating a loading solution mixture, perhaps again with one-tenth of
the expected amount of plutonium (and whatever americium has grown into the plutonium)
as well as non-radioactive simulated fission products, and then observing the effectiveness
of the abbreviated two-step procedure would be an ideal experiment to perform given the
results obtained for this thesis. Using the fission product mixture created for the TRU®

resin testing (Section 2.4.1) would resolve almost all of the remaining questions regarding
the behavior of the fission products expected to emit the most radiation after bombardment.
Included in this mixture was molybdenum, which according to calculations performed by
Ellison in his earlier thesis on this project1 would contribute approximately 11% of the total
dose (in combination with 99mTc and 99Tc, the decay products of 99Mo) being emitted 24
hours after irradiation. While the literature clearly states that Mo will be strongly adsorbed
on a strong base form anion exchange resin under 10 M HCl conditions, Mo possesses several
oxidation states at these conditions69–72 and therefore it would be prudent to verify that the
Mo would be effectively removed by the exact conditions of the proposed separation scheme.

From this point, scaling the separation becomes the next most pertinent issue. This
was also thoroughly discussed by Ellison in his prior thesis on this project1. Of utmost
concern when considering the scale of the actual experiment is the overall radiation dose
being emitted by the sample of 240Am and the fission products. Ellison calculates the γ dose
from the 240Am using a formula from Shleien et al.90 as 155 mrad/h for 100 nanograms of
240Am. This radiation dose of course cannot be eliminated, as it is being emitted by the
product of interest. What can be eliminated, however, is the dose being emitted by the
proton-induced fission products of 242Pu. The γ dose from the fission products at a distance
of 30 cm after one day of cooling is 111 mrad/h, and the β dose under the same conditions
is 11.2 rad/h, again using the formulas by Shleien.90 Therefore, eliminating most of the
fission products in the first column of the separation would reduce the overall emitted γ
dose by up to 42% and, more importantly, reduce the prohibitively high β dose to something
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more manageable. Reducing the dose in the first chromatography step of the separation
scheme could allow the sample of 240Am to be transferred out of the hot cells and into
a glove-box (where it can be more easily manipulated) for evaporation and re-dissolution
in the thiocyanate/formic acid mixture and subsequent TEVA® column chromatography.
This would then be a convenient location to prepare the 240Am for a neutron-induced fission
measurement. This aspect of the project will be discussed later in this section.

Another issue pertaining to the scale of the separation is the amount of resin required and
how the emitted radiation will interact with that resin. According to calculations by Ellison1,
the anion exchange column must contain 34 mL of wet DOWEX 1TM anion exchange resin.
Ellison has multiplied the calculated amount of resin by 10 in order to supply a requisite
safety factor. Unfortunately, the differences in column flow between a 2 mL column (which
was used for the one-tenth scale plutonium separation) and a 34 mL column are significant
and could slow the separation scheme considerably. With the availability of facilities where
larger amounts of plutonium and americium can be used (such as INL) it would be possible
that, instead of calculating the amount needed and adding a very large safety margin, the
amount of plutonium in use can be gradually scaled up, to 20%, 50%, etc. In this way,
potential issues with the size and flow of the chromatography columns can be addressed in
a lower-stakes environment. Fortunately, the TEVA® column with ammonium thiocyanate
and formic acid as the eluent has already been tested with the amount of americium exceeding
(approximately 7 times greater) that expected to be present in the dissolved target mixture.
While this step should still be tested, it will not be necessary to increase the amount of resin
and the column dimensions.

It is also necessary to consider whether the radiation dose poses a hazard to the resins.
This hazard is two-fold, not only can radiolysis cause a decrease in the resin’s capacity,
a common degradation product of DOWEX 1TM is carbon dioxide gas which can disturb
the resin, causing channeling and ineffective separation. This has been of concern since it
was decided that the project would utilize column chromatography rather than liquid-liquid
extraction and therefore a literature review was conducted by Ellison to determine whether
these chromatographic methods would work for this dissolved target material. Reviews by
Mincher91,92 as well as two articles by Pillay93,94 establish that although the strongly basic
anion exchangers are susceptible to degradation, this degradation begins to occur between
104 Gray (106 rad) and 106 Gray (108 rad), at which point the resin loses an exchange
capacity of anywhere between 5-60%. A loss of exchange capacity at the higher end of that
range would not produce the desired separation of 240Am and 242Pu. However, Ellison also
calculates that, based on his prior dose calculations, the expected dose to the resin in one
hour will be approximately 1.2×103 Gy. This is an order of magnitude lower than the lowest
point of the range in the literature where damage was shown to occur. Several orders of
magnitude lower would of course be preferable, however it is unlikely that one would see
catastrophic damage to the resin in this range. Ellison also calculates that, for a 34 mL
column of a strong base anion exchange resin of type 1 (Bio-Rad AG 1® or DOWEX 1TM)
just 68 µL of CO2 would be produced. It is not likely that this amount of gas will disturb
the resin bed, as it will be distributed throughout the column.

Studies of the effect of radiolysis on extraction resins such as TEVA® are less common
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in the literature. Chiarizia and Horwitz did study the effect of gamma irradiation on the
DIPEX® extraction resin, a phosphonic acid based system.95 They found that, after the
DIPEX® resin was irradiated with 2.5 ×105 Gy of adsorbed dose, the resin’s affinity for
certain ions changed by approximately 15%. However, other resin parameters measured,
such as the acid/base dependency of the distribution ratios, remained the same, which may
indicate that the functional groups are remaining intact and the radiation could be primarily
affecting the polymer support. It was also observed that this radiation dose decreased the
capacity of the DIPEX® resin by 24%. This study is most applicable to TEVA® because
both DIPEX® and TEVA® are supported by Amberchrom® CG71 polymer beads and
degradation of the support could be causing many of the effects observed. While it is
important to keep these findings in mind for the potential effect that radiolysis will have on
the TEVA® resin, TEVA® and DIPEX® bear different functional groups and thus could be
impacted by radiolysis in completely different ways. The best course of action moving forward
with this work would be to plan for an appropriate quantity of resin that would compensate
for the estimated amount of degradation in a worst-case scenario while leveraging that need
with an amount of resin that would still allow efficient separation.

The final broad category of future work shifts the focus of the experiments from the the-
oretical separation ability of the chromatographic procedure to the practical considerations
needed to accomplish the experiment. These issues involve the dissolution of the irradiated
242Pu target, the form and shape of the target that will be measured using lead slowing down
spectroscopy, and the hot cell and glovebox procedures that will be required to be in place.
This first consideration, testing the dissolution of 242Pu targets, could be accomplished at
Berkeley. During the campaign to establish a production reaction for 240Am, a series of 6
mm circular targets were electrodeposited on thin titanium foils and then irradiated in the
88-inch cyclotron at LBNL. The 240Am content was then measured by HPGe spectroscopy
but the foils were not subjected to any kind of destructive analysis. Therefore, it would be
possible to test a dissolution procedure on these foils, measuring the content both within
the dissolver solution and remaining on the plate using the alpha particles emitted by 242Pu.
In this way, the amount of activity removed without destroying the foil itself could be mea-
sured. If this technique fails to be effective at removing the target contents, more aggressive
procedures, such as dissolving the entire foil, would must be investigated.

The 240Am target configuration needed for lead slowing down spectroscopy is dependent
upon the exact experiment undertaken and the spectrometer in use. However, based on
documentation in the previous literature96,97 it is likely that the 240Am would need to be
electroplated in a small circle on a thin foil for placement into a fission chamber. This is
a familiar technique, as this is how the 242Pu targets were created for initial testing of the
production reaction. It would be ideal to test this procedure so that the plating efficiency of
240Am could be determined. No plating procedure plates 100% of the material in solution,
so losses from electroplating the final target must be accounted for in the overall scheme.

The remaining practical considerations for glove box and hot cell procedures are de-
pendent on the facility where the actual experiment is taking place. Unfortunately, LBNL
does not possess the facilities to effectively protect workers from the radiation that will be
emitted by the irradiated 242Pu target and it would be extremely difficult if not logistically
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impossible to irradiate the target at LBNL and then ship it elsewhere, due to the emitted
radiation field. Therefore, it would be ideal to accomplish the irradiation and the separation
at the same facility and even more ideal if the irradiation, the separation, and the LSDS
measurement could all take place at the same complex. It was originally planned that this
experiment would take place at Los Alamos National Laboratory. However, issues such as
the availability of institutional funds, facility priority, and personnel time complicated the
planning of the experiment and an actual 240Am measurement was not possible before the
expiration of funding. It is hoped that this project will be revived in the future.

In conclusion, the future experiments needed for this project range from simple combina-
tions of steps within a scaled-up procedure to ambitious coordination of multiple specialized
facilities at a national laboratory. A recent publication from a group at PNNL indicates that
efforts to produce 240Am for a neutron-induced fission cross-section measurement are ongo-
ing.98 While the necessary groundwork has been laid, there is much more that could be done
so that the neutron-induced fission cross section of 240Am could be accurately measured.
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Chapter 4

Introduction

4.1 Motivation

In Part I of this dissertation, it was shown that a substantial fraction of the time and
effort spent on the overall 240Am isolation project was devoted to separating a trivalent
actinide (Am) from other lanthanide fission products. This effort was necessary so that a
known neutron economy could be maintained within the lead slowing down spectrometer.
However, the need to separate trivalent actinides and lanthanides highlighted for that project
extends to many other radiochemistry efforts including the treatment and reprocessing of
spent nuclear fuel and the analysis of radioactive forensic samples. Such separations have
historically been a challenge due to the identical oxidation state, highly similar ionic radii6,
and only very small differences in complexation properties between the trivalent actinides
(Am, Cm, Np) and the lanthanides.48 However, such separations have been and will be very
important for the efficient disposal of nuclear waste as well as the rapid benchtop analysis
of forensics samples bearing both trivalent actinides and lanthanides.

A primary need to isolate trivalent actinides and lanthanides occurs due to the workings of
the PUREX process,46 which was briefly discussed in Section 2.2.1 and is the primary method
for recovering un-fissioned U and Pu from used nuclear fuel so that it can be made into new
fuel rods for nuclear reactors. Both the trivalent actinides and the lanthanides, as well as
a variety of other unwanted fission products and dissolved cladding materials are discarded
in PUREX process effluent, destined for disposal in a geological repository. However, the
isotopes of the lanthanides and Cm produced by fission in power reactors have half lives on
the order of days to tens of years while the isotopes of Am produced have half-lives between
hundreds and thousands of years. Additionally, environmental mobilities of these elements
vary, which affects their suitability for the different modes of placement in a repository.99,100

For these reasons it would be highly beneficial within the nuclear fuel cycle if these elements
could be separated. Doing so would not only allow for the creation of tailored waste forms to
best contain each type of elemental waste, but also the segregation of the waste to separate
repositories, with Cm and the lanthanides diverted to shorter-term repositories and Am
destined for much longer term storage. This is also economically beneficial as it reduces the
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volume of waste diverted to more expensive long-term storage. A further disposal strategy of
periodic interest is transmutation.101 In this process, the longer-lived fission products (such
as Am) are deliberately placed in the fuel rods of a nuclear reactor that operates using fast
neutrons (1-20 MeV). Neutrons of this energy cause the Am to fission into shorter-lived or
stable fragments. In this way, volumes of long-lived radioactive waste are either completely
eliminated or significantly reduced. While this process is complex and there may or may not
be economic incentives for building and maintaining the necessary infrastructure, possessing
the ability to isolate the trivalent actinides from the lanthanides or vice versa would be a
significant step making transmutation a viable strategy.

Additional motivation for the development of chemical methods for separating trivalent
actinides and lanthanides is to produce benchtop radiochemical methods which are relevant
not only for nuclear forensics analytical development efforts but also accessible for common
radiochemistry procedures such as stock purification or accelerator target production/disso-
lution. The needs of such processes are very different than those of nuclear fuel reprocessing,
as demonstrated by the americium/lanthanide separations discussed or attempted in Part I of
this dissertation, but a method would be advantageous if it could be scaled to accommodate
many process sizes.

These issues are, of course, not entirely unsolved problems. In fact, many extractant sys-
tems have been developed for the removal of trivalent actinides, lanthanides, or both from
reprocessing mixtures102–104, as was discussed briefly in Section 2.2.1. In the United States,
the TRUEX (TRansUranic EXtraction)3 and TALSPEAK (Trivalent Actinide-Lanthanide
Separation by Phosphorus reagent Extraction from Aqueous Komplexes)105 processes have
received very significant development efforts. In Europe, current development is centered on
the DIAMEX-SANEX (DIAMide EXtraction-Selective Actinide EXtraction)47,106,107 GANEX
(Group ActiNide EXtraction)108–110, and EXAm (EXtraction of Americium)111 processes.
These processes use a wide variety of ligands, most require some degree of modification from
the original PUREX process effluent, and all are effected using solvent extraction. As was
established in Part I, many solvent extraction processes are not well suited for benchtop
laboratory procedures. Therefore, on the benchtop scale, most of the historical methods for
the separation of trivalent actinides and lanthanides are performed using ion exchange chro-
matography. These include the ammonium thiocyanate complexation extraction performed
in this thesis (adapted for TEVA®, Section 2.4.3) and an extremely sensitive technique us-
ing DOWEX 50TM cation exchange resin and ammonium α-hydroxyisobutyrate (abbreviated
colloquially as α-HIB) mobile phases.112,113 The downside of both of these benchtop tech-
niques is that they require specialized reagents and, in the case of α-HIB, precise control of
both temperature and pH as well as extremely good hands-on technique.

It was the desire to utilize some of the reprocessing extractant systems on a laboratory
scale that lead to the development of extraction resins such as TRU® and TEVA®, among
many others. However, while they are extremely useful in a laboratory setting, extraction
resins degrade too quickly in the presence of extremely radioactive samples to be useful
for fuel reprocessing and, therefore, are not intended for this purpose. More recently, in-
vestigations have been performed to covalently modify silica and other robust solids with
variants of the ligands used in many of the established reprocessing systems to create a ma-
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terial that can be easily manipulated on the laboratory scale but would possibly be robust
enough to withstand actual nuclear fuel reprocessing conditions.114–118 If implemented, these
systems would change the current trivalent actinide/lanthanide separation scheme from a
organic/aqueous solvent extraction system to a solid/aqueous column chromatography sys-
tem, which would reduce the amounts of hazardous, radioactive organic solvents produced as
waste. Furthermore, the presence of the solid support and the arrangement of the ligands on
that support can influence the binding between the support and the desired ions beyond what
was originally possible with that ligand in the organic solvent. The implications of such an
effect for these systems is that ligands that are currently used as co-extractants (they remove
both trivalent actinides and lanthanides from PUREX effluent together) could be coerced
into having greater affinity for either trivalent actinides or lanthanides, or even among each
group, when physically affixed to a solid surface. Such constraint can be effected by either
heavily influencing the grafting density of the ligand to a surface or by using a molecular
intermediate between the solid support and the ligands for “pre-organization”.119

With an idea that built on a substantial body of work centered around pre-organized
ligands for solvent extraction systems120, a collaboration with the Katz group in the De-
partment of Chemical Engineering at UC Berkeley yielded the opportunity to study the
interaction of silica-anchored tetra-carbamoylmethylphosphine oxide modified calix[4]arenes
with europium and americium. Each component of this system will be addressed in detail
in subsequent sections of this introduction. The overall goal of this work was to establish
whether the calix[4]arene scaffold covalently attached to a silica surface could provide the
necessary framework for carbamoylmethylphosphine oxide, a ligand that does not discrimi-
nate between trivalent actinides and lanthanides when un-grouped in the organic phase, to
display an affinity for americium, europium, or both. This investigation aims to contribute to
an understanding of the importance of the calix[4]arene’s anchor to the silica surface in such
a system as well as to provide the foundational research for the use of new silica-supported
CMPO calix[4]arenes in sequestering trivalent actinides and lanthanides.

4.2 Use of the Carbamoylmethyl Phosphine Oxide Lig-

and in Radiochemical Separations

Carbamoylmethylphosphine oxide (CMPO) has been previously mentioned in this thesis
in two contexts, both as the functional ligand for the TRU® extraction resin and for the
co-extraction of lanthanides and trivalent actinides as part of the TRUEX process, which was
designed to follow PUREX nuclear waste reprocessing. However, when discussing CMPO
it is important to realize that the general acronym ‘CMPO’ actually refers to several lig-
ands. The first, of TRU® and TRUEX fame, was developed by E. Philip Horwitz and
his team at Argonne National Laboratory during the early 1980s. Their first experiments
centered around the carbamoylmethylphosphonates,89,121–123 which were of interest because
they were neutral, bifunctional and had been known for some time for their ability to extract
lanthanides and trivalent actinides from acidic matrices.124,125 Neutral extractants were pre-
ferred over acidic extractants because of their higher selectivity for the transuranic elements
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over fission products and other constituents of reprocessing effluent as well as the lower level
of complexity that they posed to fuel processing flow sheets. Later inquiry began to focus
upon the carbamoylmethylphosphine oxides as extractants, particularly those that had one
long alkyl chain and one phenyl ring attached to the phosphorus atom, due to the fact that
the phosphine oxides seemed to be much stronger extractants than the phosphonates.126,127

One molecule in particular, labeled as ‘A’ in Figure 4.1 with a phenyl group and an octyl
chain bonded to the phosphorus atom and two isopropyl groups bonded to the nitrogen
atom was deemed to be particularly effective at extracting transuranic elements from nitric
acid solutions and the extraction conditions were optimized for maximum extraction from
PUREX waste solutions. This was the basis of the TRUEX process.3,128–130 The timing
of the discovery of such an efficient ligand was fortuitous, as there were several locations
in the United States, as well as in other countries where the TRUEX procedure could be
and was tested on the semi-process scale or on the lab scale with actual high-level waste
solutions,131–143 making octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide the
most thoroughly studied ligand for the practical removal of transplutonium elements from
reprocessing effluent to date.144

However, concurrently with efforts taking place in the United States, a very similar
progression of research was occurring at the USSR Academy of Sciences in Moscow. B.F.
Myasoedov and his group undertook similar actinide solvent extraction experiments, first
beginning with the carbamoylmethylphosphonates145,146 and then later progressing to their
own variant of a carbamoylmethylphosphine oxide which terminates with two aryl groups
attached to the phosphorus atom and two alkyl groups (rather than isopropyl groups) at-
tached to the nitrogen atom.4,147 The molecule shown to be most effective is ‘B’ in Figure
4.1.

There are several key differences between the CMPO molecule designed by Horwitz et al.
and the CMPO molecule designed by Myasoedov et al, although they appear very similar.
In a review of current progress in the solvent extraction treatment of acidic high-level liquid
waste, Horwitz and Schulz state that Myasoedov’s CMPO has an affinity for AmIII that is
three times greater than what they have observed with Horwitz’s CMPO, thought to be due
to the presence of both aryl rings, rather than just one.148 Indeed, Horwitz tested a diphenyl
variant of his CMPO resembling Myasoedov’s CMPO (he retained the isobutyl groups),
but found that its overall hydrophobicity lead to the formation of a third phase in solvent
extraction processes that could not be resolved with the addition of tri-butyl phosphate,
unlike his octyl(phenyl) CMPO.129 Myasoedov and his co-workers were able to attain such
high extraction of AmIII by using Fluoropol-732, a fluorinated solvent commercially available
in the USSR. Designing the TRUEX process to be compatible with the PUREX process lead
to Horwitz choosing the octyl(phenyl)CMPO over the diphenyl CMPO. Myasoedov was not
confined to such a choice.149 While Horwitz and Schulz address numerous process difficulties
stemming from the use of the Fluoropol-732 diluent,148 such concerns are not relevant within
a solid-supported system, the subject of this dissertation.

After the creation of octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide and
the subsequent development of the TRUEX process, Horwitz and his co-workers began to
devise a series of extraction chromatography resins, one of which involved his variant of
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Figure 4.1: A.“American” CMPO, developed by Horwitz et al.,3 B. “Russian” CMPO,
developed by Myasoedov et al.4

CMPO. This is the TRU® resin, mentioned previously in this dissertation, which consists of
octyl(phenyl)CMPO dissolved in TBP and coated on and within polymer beads.51,150 Extrac-
tion chromatography, also discussed previously in this dissertation (Section 2.2.1), proved to
be a fruitful direction for actinide-extraction research and many types of materials were cre-
ated on a wide variety of supports including ferromagnetic microparticles151,152, styrene/di-
vinylbenzene co-polymers153, polyacrylonitrile (PAN)154,155, Merrifield resin156, carbon nan-
otubes157, Chromasorb-W158, and silica159–161. Among the silica materials, a new class of
solid-supported extractants emerged, extractants with covalently grafted CMPO ligands on
the surface. Covalent grafting was thought to make the materials more robust in the face
of hydrolysis and radiolysis, two processes that can cause extraction resin materials to de-
grade more quickly than their solvent extraction analogues. However, because three CMPO
ligands are needed for the complexation of an actinide or lanthanide atom162, the grafting
density of the CMPO ligands on the surface must be fairly high so that the ligands are close
enough together to work cooperatively. Another way to create such a material would be to
pre-organize the ligands on a scaffold molecule and then attach the scaffold molecule to the
silica surface. This is an ideal task for a calix[4]arene.

4.3 Use of Calix[n]arenes for Radiochemical Separa-

tions

Calix[n]arenes are a class of molecules with their earliest roots in the investigation of
phenol-formaldehyde chemistry, which began in the late 1800s. The name “calixarene” was
coined by David Gutsche in the 1970s, derived from the Greek word for “vase” combined
with “arene” to signify the presence of the aryl groups in the macrocycle.163 The number in
brackets in the center of the term indicates the number of aryl groups present. Figure 4.2
shows an unmodified calix[4]arene. Calix[n]arenes are of interest due to their unique “basket-
like” structure. Indeed, much of the work to properly identify the calix[n]arene structure and
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Figure 4.2: An unmodified calix[4]arene. The upper rim, the location of the tert-butyl
groups, is wider than the lower rim, where the OR and OR’ groups are located, forming a
“basket-like” structure.

to develop efficient syntheses for such molecules took place because researchers were in search
of an enzyme mimic, a molecule that had the capacity to enclose other ions or molecules.
Since that time, the use of calix[n]arenes in chemistry and biochemistry has exploded and
their use has been investigated for everything from crystal engineering, to ion and molecule
sensitive electrode sensors, to biomimetic catalysts.164 Their history, creation, and use has
been summarized in many excellent books and review articles.120,163–169

It should come as no surprise that one of the earliest investigations of potential uses
for calix[n]arenes was for the remediation and sequestration of some of the components of
nuclear waste. In fact, the first patent to explicitly describe a calix[n]arene was written to
claim the use of calix[n]arenes for the recovery of Cs from radioactive wastes.170 Calix[4],[6],
and [8]arenes soon became a popular area of study, especially for the sequestration of Cs, Sr,
and other highly radioactive fission products in spent fuel. For these purposes, calix[n]arenes
worked well due to the good match-up between the calix[n]arene cavity size and the ionic
radius of the species of interest as well as the solubility of the calix[n]arenes in solvents
commonly used for radiochemical liquid-liquid extractions, however much work was also
devoted to investigating the combination of a calix[4]arene with a crown ether, with the
crown ether providing selectivity between the ions of interest and benign counter-ions in
solution.171–173 The process of modifying either the upper or lower rim of the calix[n]arenes
to dial in their inclusion abilities, dubbed “embroidering” by Gutsche, began to become more
and more popular for sequestering elements such as uranium, plutonium, and the trivalent
actinides and lanthanides. Thus the CMPO-calix[n]arenes came into being.
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4.4 Previous Studies Using CMPO-Calix[n]arenes

The first literature documentation of a CMPO-calix[4]arene occurred in 1996, beginning
with the simple assumption that because AmIII is coordinated by 3 CMPO molecules, and
other ions such as PuIV require anywhere from 2 to 4 molecules of CMPO to be prop-
erly coordinated,162 collecting that number of ligands together on a single platform may
afford some thermodynamic benefit when attempting to extract ions from aqueous solu-
tions.174 One should note that it is a variant of Myasoedov’s CMPO that is attached to
the calix[4]arene for all studies. This is due to the fact that this molecule is easier and less
expensive to synthesize that Horwitz’s CMPO and because the solubility of the individual
CMPO groups is not relevant after attachment to the calix[4]arene. The researchers (a col-
laboration between the University of Strasbourg, Johannes Gutenberg University, and the
CEA) found that any oligomeric collection of 4-5 CMPO ligands (not necessarily gathered
together in calix[4]arene formation) extracted Eu, Np, Pu, and Am better than the free
CMPO ligand but, more importantly, that the CMPO-calix[4]arenes were “tremendously
strong” extractants compared with CMPO. This lead to a much more comprehensive look
at the behavior of the calix[4]arenes modified with CMPO at the upper rim in subsequent
publications, one a Chemical Communications paper published in 1998,175 which was fol-
lowed by a more detailed publication in Separation Science and Technology.176 These works
were the first to show that the lanthanides and the actinides could be extracted with differ-
ent extraction efficiencies, potentially enabling their separation. In these reports, Delmau
showed that the CMPO-calix[4]arene extracted AmIII with a higher efficiency than Cm or
all other lanthanides, with the exception of LaIII, whereas the control CMPO that was not
placed on a calix[4]arene and instead left loose in the organic solvent displayed no difference
in extraction affinity between any of the tested elements. Many other studies then closely
accompanied this finding, exploring functionalization of the calix[4]arene at the lower (nar-
row) rim rather than the upper (wide) rim177, the effect of the lower rim groups when the
calix[4]arene was modified with CMPO at the upper rim,178,179 the extraction behavior of
upper-rim CMPO-calix[4]arenes rigidified at the lower rim with a short crown ether “sta-
ple”,180,181 the effect of spacers between the CMPO and the calix[4]arene as well as methyl
substitution at the nitrogen atom,182 and the complexation capabilities of partially sub-
stituted wide-rim CMPO-calix[4]arenes.183 While some advantages and disadvantages were
found for each variant, overall the calix[4]arene modified at the wide rim with CMPO was
found to have the most desirable properties and all variants were found to be selective for
trivalent actinides over lanthanides.

At the same time that many of the aforementioned liquid-liquid extraction studies were
occurring, the same members of the European collaboration responsible for most of those
studies were investigating how to translate the CMPO-calix[4]arene system from the liquid-
liquid extraction system into a solid-supported system. Of interest was the potential for
a magnetically-assisted solid extraction, in which silica particles are created that possess a
magnetic core, which allows them to be dispersed into a solution and then collected using
a magnetic field.184 The species to be extracted is complexed with a ligand attached to the
silica surface. Given the previous successes of the wide-rim CMPO-calix[4]arene, it follows
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that they were used for this purpose.185–187. These materials also showed a higher affinity
for AmIII than EuIII and were exposed to aqueous phases of high nitrate ionic strength and
high acidity, similar to those found in the PUREX process effluent.

While many additional variations have since been tested with the liquid-liquid CMPO-
calix[n]arene systems more recently,188–194 no work (to the author’s knowledge) has been
published regarding CMPO-calix[4]arenes covalently attached to the surface of silica particles
in the last ten years. This dissertation is aimed to contribute to this area by investigating
the behavior of CMPO-calix[4]arenes attached to a silica surface in two new ways.
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Chapter 5

Synthesis and Characterization of the
CMPO-Calix[4]arenes on Silica

The syntheses of the two different silica-anchored CMPO-calix[4]arene materials studied
in this work were a product of the efforts of two groups of researchers, the Kalchenko group of
the Institute of Organic Chemistry at the National Academy of Sciences of Ukraine and the
Katz group of the Department of Chemical and Biomolecular Engineering at the University
of California, Berkeley. This chapter will summarize the work to create each component of
these two solid CMPO-calix[4]arene materials as well as the characterization of their physical
properties.

5.1 Synthesis of the “Grafted” CMPO Calix[4]arene

For the synthesis of both the “grafted” (rigidly linked to the silica surface via 3 of 4 of
the lower-rim hydroxyl groups) and the “tethered” (more flexibly linked to the silica surface
via 2 alkyl chains attached to the lower-rim) materials to proceed, it was first necessary to
synthesize the tetra-CMPO modified calix[4]arene. This was accomplished by the Kalchenko
group according to a procedure that they have published previously.5 The generation of
tetranitro-tetrahydroxy-calix[4]arene was performed according to a procedure published by Li
et al.195 This was then converted to the tetraamino-tetrahydroxy-calix[4]arene by suspending
it in concentrated HCl at 70 degrees Celsius and adding granular tin while stirring. This
reaction is monitored by the disappearance of the brown color of the tetranitro-tetrahydroxy-
calix[4]arene as well as by 1H NMR. A precipitate forms which is filtered off, washed with
concentrated HCl, and dissolved in water. Of that precipitate, the portion insoluble in
water is removed and dried. This residue was then treated with methanol and an additional
precipitate was generated and removed, washed with methanol three times and then dried
for 1 hour under vacuum.

To add the CMPO groups to the upper-rim of the tetraamino-tetrahydroxy-calix[4]arene,
the tetraamino-tetrahydroxy-calix[4]arene and p-nitrophenyl (diphenylphosphoryl)acetate
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were suspended in dry chloroform under nitrogen and triethylamine was added. This was
stirred at room temperature for 26 hours. Methanol was added and the precipitate that
formed was filtered off, washed with methanol three times and dried for 1 hour at 100
degrees Celsius.

HNO3 Sn Ph
2

Figure 5.1: Synthesis diagram for the tetra-CMPO modified calix[4]arene. This synthesis
was performed by the Kalchenko group following a procedure they had developed for a
thiacalixarene.5

The grafting of the tetrahydroxy-CMPO-calix[4]arene was performed by Dr. Yijun Guo of
the Katz group according to their documented technique.196,197 To do this, SelectoTM silicon
dioxide was calcined at 200 degrees Celsius and placed in a schlenk flask. Silicon tetrachloride
in dichloromethane (DCM) and triethylamine (TEA) were added via a schlenk tube and the
mixture was stirred overnight at room temperature under airfree conditions. This resulted
in the formation of silicon trichloride modified silicon dioxide. The tetrahydroxy-CMPO-
calix[4]arene was dissolved in triethylamine and dimethylformamide (DMF) and then added
to the flask containing the modified silicon dioxide. This mixture was then refluxed overnight
to result in the grafted CMPO calix[4]arene. The final product was washed three times, first
with DMF, then methanol, and finally with 10% hydrochloric acid in water.
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SiO
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Figure 5.2: Procedure for grafting the CMPO-calix[4]arene to the surface of the silica. This
procedure was performed by Dr. Yijun Guo of the Katz group.

Figure 5.3: “Grafted” CMPO-calix[4]arene, with 3 of its 4 lower rim hydroxyl groups con-
nected to one silicon atom at the surface of the silica.
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5.2 Synthesis of the “Tethered” CMPO-Calix[4]arene

The tethering of the tetrahydroxy-CMPO-calix[4]arene was performed by Dr. Andrew
Solovyov of the Katz group. First, the tetrahydroxy-CMPO-calix[4]arene was modified with
two propyl chains terminating in Si(OEt)3 at two of the hydroxyl groups on the lower rim.
This was completed by adding 10 equivalents of dry potassium carbonate/sodium iodide
to the tetrahydroxy-CMPO-calix[4]arene dissolved in DMF. To this mixture, 3 equivalents
of Cl(CH2)3Si(OEt)3 were added dropwise. This mixture was then stirred for 18 hours at
70 degrees Celsius. After that time, the solvent was evaporated and the compound was
was purified via column chromatography using SelectoTM silica as the stationary phase and
dichloromethane/ethanol (1:0.05 v/v) as the mobile phase. Proper functionalization was
verified using 1H NMR (DMSO-d6) which displayed peaks at 7.79 ppm (multiplet, 8H, ArH),
7.50 ppm (multiplet, 12H, ArH), 7.15 ppm (singlet, 4H, ArH), 6.85 ppm (singlet, 4H, ArH),
4.00 ppm, 4.07 ppm (two multiplets, 8H+4H, CH2P+ArCH2Ar), 3.73 ppm (broad multiplet,
20H, OCH2+SiOCH2+ArCH2Ar), 1.63 ppm (multiplet, 4H, CH2), 1.12 ppm (multiplet, 18H,
CH3), 0.56 ppm (multiplet, 12H, CH2) and 31P NMR which displayed a peak at 26.76
ppm. The structure was also confirmed using electrospray ionization for a mass calculated
to be 1883.6353 (C102H112O18N4Na1P4Si2) and was found to be 1883.6424. The CMPO-
calix[4]arene modified with tethers was then dissolved in dimethylformamide and SelectoTM

silicon dioxide was added. This mixture was stirred overnight at 60 degrees Celsius, resulting
in the formation of the tethered tetra-CMPO-calix[4]arene shown in Figure 5.5.

DMF

(EtO)
3
Si(CH

2
)
3
Cl / KI

SiO
2

K
2
CO

3

SiO
2

70 °C, DMF

3
3

Figure 5.4: Procedure for tethering the CMPO-calix[4]arene to the surface of the silica.
This procedure was performed by Dr. Andrew Solovyov of the Katz Group. In the final
“tethered” form (far right), R can either be a hydrogen atom or an ethyl group.
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Figure 5.5: “Tethered” CMPO-calix[4]arene, with two lower-rim hydroxyl groups replaced
with alkyl chains for attachment to the surface of the silica. R can either be a hydrogen
atom or an ethyl group.

5.3 Characterization of the CMPO-Calix[4]arene Struc-

tures

5.3.1 Thermogravimetric Analysis Results

Thermogravimetric analysis (TGA)198 was used to quantify the number of CMPO-
calix[4]arenes that were covalently attached to the silica surface after functionalization. This
method utilizes a specialized instrument to provide controlled heating under a uniform at-
mosphere to decompose and volatilize the organic ligands on the surface of the silica while
measuring the change in mass of the material. By attaching a ligand of known mass to the
surface of the silica and then measuring the mass loss during controlled heating, the number
of ligands originally attached to the surface can be determined.

This analysis was performed by the Katz Group, specifically Dr. Yijun Guo, to verify that
the silica-anchored CMPO-calix[4]arene materials were of sufficient quality for further study.
A 449C Jupiter TGA (Netzsch) was used to perform the analysis. Samples were placed
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Figure 5.6: Thermogravimetic analysis traces for the grafted (batch 2) and tethered CMPO-
calix[4]arenes.

in standard platinum crucibles and exposed to an atmospheric environment consisting of
20% oxygen and 80% argon. The temperature program consisted of an initial ramp of 5
degrees Celsius per minute up to 120 degrees Celsius, holding at 120 degrees Celsius for
one hour, and then heating at 5 degrees Celsius per minute to a final temperature of 800
degrees Celsius. The results are shown in Figure 5.6. From the plot it is observed that the
grafted CMPO-calix[4]arene material lost more mass than the tethered CMPO-calix[4]arene
material. The calculations from this data, also performed by Dr. Guo, show that the grafted
material had 125 µmoles per gram of CMPO-calix[4]arene covalently grafted to the surface
while the tethered material had 73 µmoles per gram of CMPO-calix[4]arene on the surface.
The greater surface coverage of the grafted material as compared to the tethered material
was corroborated by carbon combustion data obtained from the Microanalytical Facility at
UC Berkeley. ICP-MS analyses for phosphorus failed due to incomplete dissolution and
combusion analysis for nitrogen was convoluted due to the presence of residual amounts of
triethylamine (used in the attachment of the grafted CMPO-calix[4]arene) present on the
silica materials.
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5.3.2 Brunauer-Emmett-Teller Surface Areas and Barrett-Joyner-
Halenda Pore Sizes

In this work, nitrogen adsorption was used in a very limited fashion to show that the
silica surface had indeed been functionalized with the CMPO-calix[4]arenes and that the
pores became effectively smaller because space within them was occupied by the CMPO-
calix[4]arenes. The principle of this method is that nitrogen (as an approximation of an ideal
gas) can interact with a porous surface by physisorption. First the sample is degassed with
mild heating and its mass is recorded. Then, nitrogen gas is added to the degassed sample
and the pressure change (due to physisorption of the nitrogen gas to the solid surface) is
recorded. The pressure change can then be related to the volume the nitrogen is occupying on
and within the pores of the solid, giving a measure of the overall surface area. This is referred
to as the Brunauer-Emmett-Teller (BET) method.199 Further details on the assumptions of
this method and the calculations required to relate the volume of nitrogen adsorbed to the
total surface area are summarized nicely in the conference proceedings from the International
Symposium on Surface Area Determination.200

The size of the pores in the material of interest can also be measured via nitrogen ph-
ysisorption using the Barrett-Joyner-Halenda (BJH) method.201 In this work, the size of the
pores is not particularly crucial, as a commercial silica with varying pore sizes was used as
the starting material and all the ligands necessary for complexation are pre-organized on the
calix[4]arene. Rather, it was simply used to characterize the pore size and observe if there
were any differences between the grafted and tethered materials. However, for other appli-
cations, particularly those possessing singly-grafted ligands within the pores of templated
mesoporous silica, pore size has been shown to be crucial for proper complexation and thus
the BJH method of analysis is extensively used.114,202

The nitrogen adsorption isotherms are shown in Figure 5.7 and the pore size distribu-
tions are shown in Figure 5.8. These measurements were taken by Dr. Yijun Guo on a
Micrometrics ASAP2020 instrument. Prior to measurement, the samples were degassed at
120 degrees Celsius for 2 hours. Measurements were then taken at 77 K. The unmodified
SelectoTM silica used for this work possesses a typical surface area of 500 m2/g. The grafted
material was found to have a surface area of 274 m2/g and the tethered material was found
to have a surface area of 424 m2/g. The slightly lower surface area measured for the grafted
material is a consequence of the SiCl4-treatment of SelectoTM silica, for its activation prior
to calix[4]arene grafting.196 Visible in Figure 5.7 are Type IV hysteresis loops, indicating
that the SelectoTM silica is a mesoporous material. Pore size distributions were calculated
using the non-local density functional method.
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calix[4]arene.
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5.3.3 Solid-State Nuclear Magnetic Resonance Results

Nuclear magnetic resonance (NMR) is a technique that probes small differences in nu-
clear spins to piece together the environments by which particular elemental nuclei are af-
fected, thus conveying information about the molecular structure of a particular compound.
In this work, NMR was used to a very limited extent to produce spectra of the CMPO-
calix[4]arenes grafted and tethered to the silica surface. This was done to verify that the
CMPO-calix[4]arenes were attached to the surface in the expected manner for both materi-
als. Given the structure of the CMPO-calix[4]arenes (Figures 5.3 and 5.5) and the fact that
they were attached to silica, spectra for three different nuclei were taken: 13C, 31P, and 29Si.

Performing NMR on solid samples is more challenging than performing it for liquid sam-
ples due to the fact that interactions between nuclei are orientation-dependent (anisotropic).
For NMR performed on liquid samples, Brownian motion causes such effects to average and
become insignificant during the acquisition time of the spectrometer. However, because solid-
state materials are physically constrained by virtue of their phase, it is necessary to utilize
longer acquisition times and employ more advanced techniques to obtain meaningful spec-
tra. The primary specialized techniques used to acquire these spectra were cross-polarization
(CP) and magic angle spinning (MAS). MAS assists in narrowing the signals from the peak
by eliminating dipole-dipole coupling. CP is used when measuring nuclei that have a low
natural abundance in comparison to other naturally occurring isotopes, such as 29Si (4.7%)
and 13C (1.108%). CP is used in conjunction with MAS to transfer magnetization from an
abundant nuclei such as 1H to the low abundance nuclei, resulting in greater signal. A de-
tailed study of these topics as applied to ligands attached to silica materials is a component
of Jennifer Shusterman’s thesis.202

All of the solid-state NMR spectra were collected by Dr. Jennifer Shusterman and Ms.
Eva Uribe on a 300 MHz (7.5 T) Tecmag Apollo instrument using a Bruker HX CP/MAS
probe located at Lawrence Livermore National Laboratory. Samples were placed in 4 mm
rotors. All spectra were collected at a spinning rate of 10 kHz and a CP contact time of 1.0
ms was used for 29Si and 13C acquisitions.
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Figure 5.9: 13C{1H} CP/MAS NMR spectra of grafted(bottom, blue) and tethered(top, red)
CMPO calix[4]arenes on silica collected at a spinning rate of 10 kHz and a CP contact time
of 1.0 ms. Asterisks denote spinning sidebands.

The 13C spectra of both materials are shown in Figure 5.9. The large resonance at 127
ppm in both spectra results from the aryl groups that make up the calix[4]arene structure as
well as the aromatic rings at the termination of the carbamoylmethylphosphine oxide ligands.
The broad resonance at approximately 30 ppm results from the bridging methylene groups.
The carbonyl carbon resonance in visible at 162 ppm. In the tethered material spectrum
(top, in red), resonances indicative of the carbons comprising the tether are visible at 52-
56 ppm. These results are in fairly good agreement with data from calix[6] and [8]arenes
in the literature.189,190 Spinning side bands are shown with an asterisk and are visible in
the spectrum for the grafted material (bottom, blue). These are an artifact of the MAS
spinning technique and occur at set frequency intervals from the main peak, thus allowing
their identification. They do not convey any structural information and should be ignored.

The 31P spectra of both materials are shown in Figure 5.10. There is just one type of
phosphorus atom in both variants of the CMPO-calix[4]arenes, therefore, one resonance,
occurring at the same position in both spectra should be visible. This is the case, with the
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resonance occurring at 33.1 ppm, which is within the range of 31P NMR analyses of free and
pre-organized CMPO ligands in the literature.203–205

-150-100-50050100150200

31P Chemical Shift (ppm from H3PO4)

***

* * *

Tethered CMPO-Calix[4]arene

Grafted CMPO-Calix[4]arene

Figure 5.10: 31P SP/MAS NMR spectra of grafted(bottom, blue) and tethered(top, red)
CMPO-calix[4]arenes on silica collected at a spinning rate of 10 kHz. Asterisks denote
spinning sidebands.

Finally, the 29Si spectra are shown in Figure 5.11. The predominant feature of the spectra
are the large “Q” peaks at approximately -110 ppm. “Q” peaks are indicative of Si-O-Si
attachment. However, in the tethered spectra (top, red) another set of peaks are visible, from
-50 to -70 ppm. These are referred to as “T” peaks and are evidence of Si-C connectivity.
These silica atoms are those that are bonded to the carbon tether to the calix[4]arene. Thus
the 29Si NMR shows a clear difference between the grafted CMPO-calix[4]arene and the
tethered CMPO-calix[4]arene.
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Figure 5.11: 29Si{1H} CP/MAS NMR spectra of pristine grafted(bottom) and tethered(top)
CMPO-calix[4]arenes on silica collected at a spinning rate of 10 kHz and a CP contact time
of 1.0 ms. The inset shows a detailed view of the T-peaks visible in the tethered spectrum,
indicating the unique presence of silicon-carbon bonds retained in this extractant.

An additional difference between the grafted and the tethered CMPO-calix[4]arenes on
silica was found by measuring the full width at half maximum (FWHM) peak height of the
phosphorus and aryl carbon (127 ppm) spectral peaks. This was done using the gaussian
fitting program Peak-O-Mat, an open-source software program. It was found that both the
main 31P peak and the aryl 13C peak for the grafted CMPO-calix[4]arene were wider than
the tethered CMPO-calix[4]arene. Broadness is indicative of greater rigidity, which is logical
for the grafted CMPO-calix[4]arene in comparison to the tethered CMPO-calix[4]arene. The
FWHMs as well as the other material properties that were summarized and quantified in
this chapter are given in Table 5.1
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Material
TGA Loading
(µmol/g)

BET Surface Area
(m2/g)

FWHM 31P
resonance (ppm)

FWHM 13C
resonance (ppm)

Grafted 125 274 13.5 9.4
Tethered 73 424 9.1 8.4

Table 5.1: Summary of the properties of the silica-grafted and silica-tethered CMPO-
calix[4]arene materials.
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Chapter 6

Condition Optimization for Eu
Uptake by CMPO-Calix[4]arenes

As mentioned in Chapter 4, CMPO-Calix[n]arenes have been previously used for a wide
variety of minor actinide and lanthanide separations for liquid-liquid extraction. However,
this study represents one of the first applications of a solid-supported calix[n]arene being used
in combination with an exclusively aqueous solvent system. There are three other studies that
have explored the use of covalently bonded CMPO-calix[n]arenes on magnetic silica particles
(for magnetically assisted separation),185–187 however in those cases the CMPO-calix[n]arene
is attached via a much longer link to the silica particle surface than the calix[4]arenes in
this work. It was first of interest to test whether these CMPO-calix[4]arenes would be stable
in comparable conditions to those works and, concurrently, test whether this material was
compatible with those conditions found in the TRUEX process.

6.1 Complexation Chemistry of Europium

Europium, being a mid-row lanthanide, was a perfect choice for the first adsorption tests
with the silica-anchored CMPO-calix[4]arenes. It possesses a +3 oxidation state and an ionic
radius of 0.947. Table 6.1 displays the ionic radii for all the lanthanides as well as americium
and curium. When the ionic radii for the lanthanides are compared to one another, a clear
trend emerges. The largest radius shown in the table is that of cerium, while the smallest
is lutetium, with the radii after cerium steadily decreasing along the series. This is referred
to as the lanthanide contraction59 and predominantly results from the poor ability of the 4f
electrons to shield the 6s electrons from the charge of the nucleus, although a small portion of
this phenomenon is a result of relativistic effects.206 Despite these small differences, however,
all of the lanthanides have relatively similar ionic radii as well aqueous solution coordination
numbers (9 for the early lanthanides, 8 for the later lanthanides, with some mixing mid-
row).207 When these radii are compared to the radii of americium and curium, it is seen that
they are all very similar. This is what makes the separation of these two groups of elements
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Element Atomic Number M3+ Radius (Å)

Ce 58 1.01
Pr 59 0.99
Nd 60 0.983
Pm 61 0.97
Sm 62 0.958
Eu 63 0.947
Gd 64 0.938
Tb 65 0.923
Dy 66 0.912
Ho 67 0.901
Er 68 0.890
Tm 69 0.880
Yb 70 0.868
Lu 71 0.861
Am 95 0.975
Cm 96 0.97

Table 6.1: Ionic radii for all of the lanthanides in the +3 oxidation state as well as for
americium and curium in the +3 oxidation state. Data are from Shannon.6

so very challenging.

Unlike Part I of this thesis where EuIII was used to represent the behavior of the early
lanthanides because an isotope was inexpensively available with a long half-life and strong
gamma emissions, here the testing of EuIII adsorption (rather than any other lanthanides)
by the CMPO-calix[4]arenes is the ideal first experiment. If adsorption is observed, the pos-
sibility of adsorption of other lanthanides close to europium does exist, since it is close to the
middle of the lanthanide series. However, there is also the possibility that different adsorption
behavior will be observed for the earliest and latest lanthanides. In a way, then, prelimi-
nary experiments with EuIII can potentially indicate whether the CMPO-calix[4]arenes are
capable of adsorbing many different lanthanides and also direct whether future experiments
should be focused on the extremes of the lanthanide regime to show whether intra-lanthanide
separation is possible. Additionally, Eu and Am are within the same family of the periodic
table. For this reason, Eu and Am should behave very similarly when interacting with the
CMPO-calix[4]arene. In all past studies with CMPO-calix[4]arenes, the extraction of AmIII

has either been favored over EuIII or the two have been co-extracted with equal affinity.
Establishing the EuIII adsorption properties of the two CMPO-calix[4]arenes created for this
work is therefore a good first step in establishing whether the experiments should be extended
to investigate AmIII adsorption.
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6.2 Batch Sorption Experimental Method

Batch sorption was used to conduct all of the experimental trials included in Part II of
this dissertation. For each trial, between 2.5 and 10 mg of either grafted or tethered CMPO-
calix[4]arene solid was weighed on a high-precision analytical balance(Mettler Toledo XP205)
and placed in an acid-washed 15 mL Falcon® polypropylene screw top conical centrifuge
tube. It was important that the weight of the CMPO-calix[4]arene solid be precise because
it was desirable to have as exact a ratio between the number of CMPO-calix[4]arene sites
and the number of europium or americium atoms added to solution as possible. Therefore,
time and care were taken when weighing the CMPO-calix[4]arenes, especially the tethered
CMPO-calix[4]arene as it tended to be light and flocculent and could easily be diverted
from the weighing spatula by static electricity. The grafted CMPO-calix[4]arene had a
more granular, sand-like texture and was easier to manipulate. For experiments with low
H+ content (pH 1 or greater), aqueous nitrate solutions of the desired concentration were
prepared by dissolving NaNO3 (Sigma, reagent grade for initial experiments, BioUltra >
99.0% trace metals basis for later experiments) with doubly-distilled 13.2 MΩ MilliQ H2O
with a small amount of 1 M or 10 M HNO3 added (prepared from Aldrich, > 99.999%, 70%)
to obtain a pH of approximate magnitude. The pH was calculated, not measured with a
probe, at this step of the experiment. For experiments of high acidity (0.5 to 1 M), the
NaNO3 was dissolved in nitric acid of that concentration. Solutions were prepared by mass
rather than volume. For the 10.2 M nitrate aqueous solutions, the NaNO3 was weighed into
a 100 mL beaker followed by the appropriate amount of H2O. A 1 inch magnetic stir bar
was added and the beaker was covered in parafilm (to prevent loss due to splashing) and
placed on a magnetic stirrer. It took approximately 1 hour with vigorous stirring to dissolve
the NaNO3 as the dissolution of NaNO3 in water is endothermic and, for all of the salt to
dissolve, the beaker and its contents must return to room temperature. A precise volume
of the prepared aqueous phase was added by a manual Eppendorf pipettor to each Falcon
tube in the experiment, stopping short of the desired overall volume for the trial to allow
room for the addition of the europium or americium stock and for pH adjustment later in
the experiment.

For many of the earlier trials, the solid was pre-equilibrated for 24 hours prior to the
addition of europium. For these trials, the aqueous solution was added to the CMPO-
calix[4]arene solid and the tubes were placed on an end-to-end mechanical rocker (Thermo
Scientifc Vari-Mix Test Tube Rocker) to rock continuously until the addition of the europium
stock. For the later, non-pre-equilibrated experiments, the aqueous nitrate solutions were
added immediately before the experiments began, with 5-15 minutes usually passing between
the addition of the aqueous nitrate solution and the addition of the radioactive stock. Greater
amounts of time passed for the americium experiments because they were conducted in
a glove-box and more time was needed to pass samples into the glove-box through the
antechamber. The solid to liquid ratio for nearly all experiments was 2:1 with 10 mg of solid
and 5 mL of liquid being utilized for many of the early pH and ionic strength tests, 5 mg of
solid and 2.5 mL of liquid being utilized for the europium isotherm and 2.5 mg of solid and
1.25 mL of liquid utilized for the americium isotherm.
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The europium stock was prepared in advance of the experiments, with the concentra-
tion of the overall stock tailored to the desired CMPO-calix[4]arene site:Eu ratio. To keep
the radiation dose as low as reasonably achievable, a mixture of naturally occurring, non-
radioactive europium isotopes and radioactive 152Eu were used. Solid EuCl3 (hydrated,
Aldrich, 99.99% purity) was weighed into a 3 mL glass vial with a plastic screw-top lid and
dissolved using 1 M HNO3. In a fume-hood designated as a radiological area, between 19 ± 2
and 30 ± 3 microCuries (µCi, exact amounts of radioactivity were adjusted over the course of
many experiments to optimize the use of the radioactive stock and effective detection of the
concentration present) of 152Eu in 0.1 M HCl (Eckert & Ziegler, 95%). While it would have
been ideal to utilize europium in the nitrate form rather than the chloride form (to align with
the same anion found in the aqueous salt solution for each trial), both the non-radioactive
and radioactive chlorides had been purchased for a previous, unrelated series of experiments
and it was cost-effective to continue using them. The uncapped solution was placed under
a heat lamp in the radiological hood and evaporated to dryness. This process was repeated
twice more with decreasing molarities of nitric acid until it was finally dissolved in 0.01 M
HNO3. This was then capped and stored as the europium stock solution.

Many europium stock solutions were created, each designed to produce a specific molarity
of europium solution for the specific volumes of each experimental trial. The amount of the
stock to be added to each tube was kept between 10 and 20 µL to minimize pipetting error.
Each stock contained enough solution for between 20 and 50 individual experimental trials
(where each Falcon® tube of each experiment is considered a trial).

The americium stock utilized was created by Dr. Jennifer Shusterman for her dissertation
work and further details can be found in her thesis.202 It was composed of 243Am in 0.001
M HNO3.

Upon addition of the radioactive stock (containing either europium or americium but not
both), immediate measurement and adjustment of the pH occurred for experiments where
the desired pH was at or greater than 1. This was accomplished using a Ross Ultra Semi-
micro pH probe and 1-10 µL additions of previously made dilutions of NaOH (0.001 M to
1 M, Sigma, reagent grade) and HNO3 (0.001 M to 1 M). For each trial, considerable effort
was made to keep the pH between ± 0.05 pH units of the desired pH for the entire duration
of the experiment. After pH adjustment, the samples were placed on the rocker and mixed
until it was time to remove an aliquot.

After the specified amount of time for adsorption had passed, the europium-containing
samples were placed in a centrifuge (IEC) and centrifuged for 1.5 minutes at 7000 rpm
(8500g). The americium samples were placed in a different centrifuge (Heraeus Labofuge 200)
due to the fact that was the centrifuge available in the glovebox but were only centrifuged
at 5300 rpm (5000g)for the same amount of time, as that was the maximum speed of that
centrifuge. In all cases and with all materials, a neat, compacted pellet was formed at the
bottom of the centrifuge tube. For the europium samples, a 100 µL sample was removed
from the top quarter of the liquid using a 10-100 µL (yellow) Eppendorf pipettor and placed
in a 2 mL conical snap-top centrifuge tube, which was then placed in a LSC vial to provide
outer containment. For the americium samples, a 15 µL sample was removed from the top
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quarter of the liquid using a 10-100 µL pipettor. 5 µL sub-aliquots were taken from this
and added to 5 mL of Ecolume scintillation cocktail. Duplicate aliquots were removed for
all samples at all time points.

The amount of radioactive 152Eu present in the aliquots from the europium trials was
determined using high purity germanium (HPGe) gamma spectroscopy (details in Appendix
A.3) (Ortec) and analyzed using the GammaVision software (Ortec). Because 152Eu and the
non-radioactive Eu isotopes are chemically identical, the 152Eu signal is used to determine
what overall fraction of Eu is in the liquid phase versus adsorbed to the solid phase. The
amount of radioactive 243Am was determined via LSC (Wallac, details in Appendix A.2) in
α/β discrimination mode. For both elements, the amount of radioactivity present in the
aliquots taken after adsorption was allowed to occur was compared to aliquots taken of a
“no-solid” blank. This blank consisted of a Falcon tube containing the aqueous solution and
an identical amount of radioactive spike solution but no solid material. This comparison
controlled for possible sorption to the walls of the tube and allowed the determination of the
amount of europium present without needing to account for the efficiency of each gamma
spectrometer. Initial calculations determined the percent of europium or americium that
was adsorbed to the solid phase according to Equation 6.1:

% Sorption =
A0 − Aliquid

A0

× 100 (6.1)

In Equation 6.1, A0 is the amount of radioactivity initially introduced to the CMPO-
calix[4]arene material and Aliquid is the amount of radioactivity measured in the aliquot
adjusted for the complete volume of the sample. Such a calculation determines how much
nuclide was adsorbed for that particular sample, however its obvious limitation is that it
does not account for the overall volume of solution or mass of solid present. Better, more
universal comparisons were later calculated and will be discussed in Section 7.3.

The error in each measurement was meticulously calculated and is included for each
point on each graph. The largest contribution to the error is incurred from pipetting, so care
was taken to minimize that contribution when possible. Additionally, errors resulting from
weighing and from the statistical nature of radiation counting were also included. Finally,
the duplicates taken from each sample at each time point were combined for a weighted
average (with the weight determined from the statistical counting error). The deviation of
both individual measurements from the average was also included in the overall error.

6.3 Stability Testing in Acid

Initial experiments began with just the grafted CMPO-calix[4]arene material and were
designed to establish the appropriate conditions that would be conducive to europium ad-
sorption by this material. In earlier studies with CMPO-calix[4]arenes associated with a
silica surface, the aqueous phase was designed to simulate those resulting from a PUREX
stream and was composed of 4 M NaNO3 and 1 M HNO3

185,186 or of a nitric acid solution at
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even higher acidity with no additional NaNO3 added.187 After an initial scoping experiment
with the grafted CMPO-calix[4]arene at what was considered to be a minimum ionic strength
(0.1 M NO−

3 ) and much lower acidities than those previously documented in the literature
(pH 1, 2, and 4) failed to show any europium adsorption to the grafted material, the deci-
sion was made to perform a semi-quantitative experiment in which the NO−

3 molarity was
increased over time by making the sample more and more acidic. In this way, it would be
possible to quickly browse what aqueous acidity produced the highest adsorption and then
further experiments could be designed to iteratively test combinations of HNO3 and NaNO3.
It was also of interest to test the grafted CMPO-calix[4]arene’s interaction with HCl as well,
as there are no known examples in the literature of such interaction.

To perform these experiments, the procedures listed in Section 6.2 were followed. The
aqueous solution was pre-equilibrated with either 1 M HNO3 or 1 M HCl for 16 hours prior
to the addition of the europium stock. When the time arrived to transition each sample to
the higher acidities, an exact volume of concentrated nitric or hydrochloric acid was added to
each sample to attain the desired acid concentration. Blank samples containing unmodified
silica were also created and exposed to the same conditions as the samples containing CMPO-
calix[4]arene modified silica. The results from these two experiments are given in Figures
6.1 and 6.2.
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Figure 6.1: Adsorption to the silica-grafted CMPO-calix[4]arene material as the HNO3 con-
centration was increased over time.
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Figure 6.2: Adsorption to the silica-grafted CMPO-calix[4]arene material as the HCl con-
centration was increased over time.

It is clear from Figures 6.1 and 6.2 that decisions about the ideal conditions for europium
adsorption could not be made from these results. For these experiments, the percent sorption
must be at or higher than 10% in order to draw meaningful conclusions. This is due to
unavoidable pipetting error and is reflected in the size of the error bars (greater than 10% in
either direction for these experiments due to multiple additions of acid and the subsequent
change in volume of the sample). Looking beyond the inherent error, it is observed that
about 10% of the europium was adsorbed after 3 hours when the aqueous solution for the
sample was composed of 1 M HNO3. This decreased to approximately 5% after 24 hours.
With the molarity of the nitric acid was increased to 2 M, the percent sorption dropped below
5% at the 3 hour measurement and then decreased to zero. No adsorption was observed when
the nitric acid concentration was increased to 3 M.

The results were slightly worse for the sample of grafted CMPO-calix[4]arene that was
exposed to hydrochloric acid. The measurement taken after 3 hours of exposure to 1 M
hydrochloric acid revealed that 5% of the europium had been adsorbed by the sample, but
the percent sorption also decreased to zero after 24 hours and no adsorption was detected.

While these results are not highly conclusive (nor were they intended to be meaningfully
quantitative) they did guide future experiments. First, it was decided to only investigate
interactions of the silica-grafted CMPO-calix[4]arene with aqueous nitrate solutions. This
was a rather arbitrary decision, given the fact that the initial measurements of percent sorp-
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tion in either HCl or HNO3 were the same within error, therefore plans to revisit HCl as the
aqueous phase will be discussed in Section 8.2. Second, it was clear that acid concentrations
as low as 1 M caused damage to the grafted CMPO-calix[4]arene material over time, as
evidenced by the decrease in the percent sorption of the material exposed to 1 M HNO3

over the course of 24 hours. This leads to the conclusion that not only is an acidity of 1
M HNO3 probably causing damage to the material, this damage increases with exposure
time. Therefore, it was necessary to conduct evaluations of both the total timeframe of the
experiment (including pre-equilibration time) and the optimum acidity. These studies will
be addressed in Sections 6.4 and 6.5, respectively.

6.4 Determination of the Optimum Site:Eu Ratio

As addressed in Section 6.3, initial scoping experiments to identify optimal conditions
for europium adsorption to the grafted CMPO-calix[4]arene material did not produce the
expected results. The most positive result that was derived from these experiments was that
there was some initial Eu adsorption to the grafted CMPO-calix[4]arene material when the
solution acidity was at 1 M HNO3. Wanting to keep these experiments in-line with those in
the literature, an aqueous phase of 4 M total nitrate concentration at 1 M acidity was selected
for the next trial. Additionally, for the experiments discussed in Section 6.3 it was assumed
that measurable adsorption would occur if there was one CMPO-calix[4]arene atom on the
surface for every Eu atom in solution. In reality this is a rather ambitious standard and
higher CMPO-calix[4]arene to Eu ratios would lead to higher, better detectable adsorption
if adsorption was indeed occurring. With this in mind, the next experiment was designed to
test site:Eu ratios of 1:1, 2:1, 3:1, 4:1, 6:1, 8:1, and 10:1.

Unfortunately, these experiments were also met with difficulties, albeit of a different sort.
Pictured in Figure 6.3 are the samples after 24 hours of pre-equilibration. What is intriguing
about this picture and corraborated by the experimental data shown in Figure 6.4 is that the
age of the nitrate solution used as the aqueous phase affected both the color of the solution
and also determined whether or not adsorption occurred. For all trials conducted with aged
sodium nitrate/nitric acid solution (1:1 through 8:1, from left to right on rocker), no sorption
occurred and, after centrifuging, the supernatant remained yellow. Additionally, a yellow
waxy solid is visible near the top of each sample’s tube. It had been the intention to consume
all of the older sodium nitrate/nitric acid solutions during this experiment, however there was
not enough existing solution to complete the experiment and a fresh solution was prepared
for the 10:1 trial. It is this trial that shows significant Eu adsorption and no degradation
solids are observed at the top of the tube (second from right in Figure 6.3).
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Figure 6.3: Yellowing observed during the first attempt to compare adsorption for greater
site:Eu ratios. A waxy, yellow solid is present just above the white label on each tube for
all samples except for the two closest to the right side of the picture, which are the control
sample and the 10:1 sample, from right to left.
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Figure 6.4: Experimental results from testing increasing ratios of CMPO-calix[4]arene sites
to europium by using increasing amounts of CMPO-calix[4]arene silica.

Additionally, it can be observed from Figure 6.4 that pre-equilibration also has a detri-
mental role in the adsorption process, as evidenced by the dual 20 mg points shown on the
graph. This 2:1 sample was prepared with the same aqueous 1 M HNO3, 4 M overall NO−

3

solution that was prepared the previous day for the 10:1 sample. It is clear from Figure
6.4 that both pre-equilibration and the use of aged acidic nitrate solutions as the aqueous
phase in batch experimental conditions should be avoided. The mechanism by which these
experimental variables are detrimental was unknown at the time and will indeed be dis-
cussed in Chapter 8 as a future line of inquiry. Fortunately, this study also provided the
preliminary solution for creating the appropriate conditions for Eu adsorption by the grafted
CMPO-calix[4]arenes: prepare the acidic nitrate solution fresh shortly before the start of
the experiment and do not pre-equilibrate the samples. While pre-equilibration is helpful
in many batch sorption studies for wetting the material and readying the surface for ion
adsorption, the grafted CMPO-calix[4]arene wets quickly when exposed to aqueous solu-
tion. Therefore, any benefits conferred by pre-equilibration seem to be irrelevant and even
somehow detrimental toward the structural integrity of silica-grafted CMPO-calix[4]arenes.

It was also hypothesized that for the first batch of silica-grafted CMPO-calix[4]arene that
was synthesized that the use of toluene and dimethylformamide for refluxing during the silica-
attachment step may lead to the CMPO-calix[4]arenes forming capsules and detaching from
the silica surface once a Eu atom was contained within the capsule (due to the hydrophilicity
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of the Eu atom). This provides an explanation for the yellow supernatant present in some
samples after centrifuging, thought to result from the CMPO-calix[4]arene now residing in
the aqueous phase, unattached to the silica. However, the presence of free Eu atoms versus
the presence of Eu atoms bound by the CMPO-calix[4]arenes that are no longer attached
to the silica surface and therefore floating around in solution would be indistinguishable
when using HPGe spectroscopy to detect the Eu, therefore this phenomena is simply a
theory. If this was in fact occurring, the Katz group devised two synthetic routes for the
production of silica-anchored CMPO-calix[4]arene to improve the odds of the calix[4]arene
remaining attached to the silica surface. The first was to synthesize a new batch of silica-
grafted CMPO-calix[4]arene using only dimethylformamide (DMF) for refluxing, as pictured
in the synthetic diagram (Figure 5.2), rather than a mixture of DMF and toluene, which
should hopefully prevent CMPO-calix[4]arene capsules from forming. The second method
was to attach a CMPO-calix[4]arene to the silica surface in a completely different manner,
with propyl chains connecting two of the four lower-rim hydroxyl groups to the silica surface
(Figure 5.4). The Eu adsorption capabilities of the first batch of grafted CMPO-calix[4]arene,
the second batch of grafted CMPO-calix[4]arene, and the new tethered CMPO-calix[4]arene
material were surveyed using increasing amounts of solid and compared. These data are
shown in Figure 6.5.

The main point illustrated by Figure 6.5 is the presence of batch-to-batch variation.
Clearly, the alteration of refluxing solvent affects the adsorption properties of the silica-
anchored CMPO-calix[4]arene materials and should be something that is revisited when
preparing future batches. While the adsorption of europium by the new materials, denoted
on Figure 6.5 as ‘Grafted-Batch 2’ and ‘Tethered’, is worse than the ‘Grafted-Batch 1’ ma-
terials, the new materials did not exhibit the same symptoms of severe physical degradation
as the first batch of grafted material. At these conditions (1 M HNO3, 4 M total NO−

3 )
1:1 site:Eu ratio samples of the grafted CMPO-calix[4]arene would cause the aqueous super-
natant to become yellow after pre-equilibration and the addition of europium but there was
no formation of the waxy, yellow precipitate on the sides of the falcon tubes that had been
observed for the first batch. Additionally, at higher site:Eu ratios, the supernatant was ob-
served to be less yellow, culminating in no observed supernatant yellowing for samples with
a 10:1 site:Eu ratio. Noting that the site:Eu ratio was controlled by altering the amount of
solid present in each sample (while keeping the volume of the aqueous phase constant for
each sample) this result is perplexing, as it would be expected that the aqueous phase would
become more yellow with the addition of more solid. At this time, there is no available
explanation as to why this occurs. However, less observable physical degeneration seems to
be a positive attribute of the new batch of silica-grafted CMPO-calix[4]arene. No super-
natant yellowing was observed at any condition for the silica-tethered CMPO-calix[4]arene,
although in some experiments the color of the solid would change from white to a light
yellow.

The effect of pre-equilibration was also tested with the new grafted and tethered materials
and was shown to result in significantly less adsorption than if the pre-equilibration step was
omitted. This is shown by the purple and green data points in Figure 6.5. These results
were the final proof needed to abandon the pre-equilibration step entirely, all experiments
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discussed in this dissertation from this point forward were not pre-equilibrated. This does,
of course, raise some important questions about the structural integrity of these materials
and their suitability for industrial applications, which will be discussed further in Section
8.2.
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Figure 6.5: Results showing an increase in europium adsorption as greater amounts of the
solid phase were used in each experiment for two batches of the grafted material, as well
as the new tethered material, and a comparison of the effect of pre-equilibration for the
second batch of grafted material and the tethered material. The aqueous phase used in
these experiments consisted of 1 M HNO3 and a 4 M total nitrate concentration.

With these results, and the continued evidence that solutions of high acidity or high ionic
strength could be detrimental to the integrity of the silica-CMPO-calix[4]arene materials, it
was necessary to depart from the conditions commonly found at the conclusion of the PUREX
process and begin investigating conditions that would be more conducive to europium uptake.
These investigations are the topic of the next two sections.
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6.5 Optimization of Solution pH for Maximum Ad-

sorption

After many trials that showed absolutely no europium adsorption to the CMPO-calix[4]arene
materials, it was clear that a change of solution acidity was necessary. Therefore, several
experiments took place to study the effect of pH on adsorption. The pH range was selected
to provide a very broad survey of europium adsorption. 0.5 was chosen as the lowest pH
arbitrarily, simply to provide a [H+] concentration that was lower than 1 M HNO3. 5 was
chosen as the highest acceptable pH, as above this pH europium will undergo hydrolysis and
form a solid precipitate. This can lead to an erroneous conclusion that the europium has
been adsorbed by the material when, in reality, it has simply crashed out on the surface of
the material. As mentioned in Section 6.4, the experimental procedures were changed so
that the nitrate solution was freshly prepared every day and the pre-equilibration step was
eliminated. Additionally, because the origin of the problems associated with aged nitrate
solution could not be pinpointed, reagents of increased purity were purchased and used.
These reagents are those mentioned in Section 6.2. All of the trials in this section utilized
un-functionalized SelectoTM silica as a control in addition to a control that did not contain
any solid material. For all trials, no europium adsorption was found for any of the silica
controls, therefore for simplicity and clarity they do not appear on the graphs. Aqueous
solutions of three different nitrate concentrations were tested at each pH. Additionally, in
order to obtain some kinetic adsorption data, aliquots of each sample were taken after 3
hours and 23 hours of europium contact. Figure 6.6 shows the uptake of europium by the
grafted CMPO-calix[4]arene after 3 hours at 3 ionic strengths. The ionic strength denoted
as “Minimum Nitrate Concentration” varies for each sample and is equal to the H+ concen-
tration in solution. Therefore, the samples that are higher in pH are lower in ionic strength
for this dataset because a smaller amount of acid was required to adjust that sample to the
appropriate pH.
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Figure 6.6: Comparison of the europium adsorption to the grafted CMPO-calix[4]arene after
3 hours of contact time in the 0.5 to 5 pH range at three different nitrate aqueous solution
ionic strengths.

In this graph, as well as the following graphs in this section, it is important to note that
the average error in a typical measurement is approximately 10%. Therefore, adsorption is
not considered truly significant unless it is greater than 10%. The error bars have been placed
to show this. With this in mind, it can be seen that adsorption at all pH values using an
aqueous phase composed of the minimum possible nitrate concentration is not conducive to
europium uptake by the grafted CMPO-calix[4]arene. Negative adsorption simply indicates
that more europium was found in solution than europium found in the standard measured
for the trial. This discrepancy results from pipetting errors. No europium adsorption was
found when using aqueous phases of minimum nitrate concentration for all samples at all pH
values, therefore all other figures in this section omit these data for simplicity. Results for the
2 M nitrate and 4 M nitrate aqueous phases show slightly more promise, however, especially
at pH values of 2 and 3. The data on this graph show that the best set of conditions
would be a 4 M nitrate aqueous phase at a pH value of 3. Figure 6.7 expands upon the
data shown in Figure 6.6 by comparing the amount of europium adsorbed by the grafted
CMPO-calix[4]arene after 3 hours with the amount of europium adsorbed after 23 hours.
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Figure 6.7: Comparison of the europium adsorption to the grafted CMPO-calix[4]arene after
3 and 23 hours of contact time in the 0.5 to 5 pH range at 2 M and 4 M concentrations of
aqueous nitrate solution.

Figure 6.7 does not show a discernable trend (outside of error) between allowing the
grafted CMPO-calix[4]arene to adsorb europium for 3 hours versus allowing it to adsorb
europium for 23 hours. However, this comparison does show an increased range of potentially
good adsorption conditions, particularly for the 4 M samples at pH values of 4 and 5.

Data for the tethered CMPO-calix[4]arene with 2 M and 4 M nitrate aqueous phases at
the 3 and 23 hour time points is shown in Figure 6.8. Unfortunately, no significant adsorption
was observed at any condition.
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Figure 6.8: Comparison of the europium adsorption to the tethered CMPO-calix[4]arene
after 3 and 23 hours of contact time in the 0.5 to 5 pH range at 2 M and 4 M concentrations
of aqueous nitrate solution.

Finally, a comparison of the tethered and grafted CMPO-calix[4]arene europium adsorp-
tion using a 4 M nitrate aqueous phase after 23 hours of adsorption is shown in Figure 6.9.
When attempting to choose a single “ideal” pH value as a starting point, the choice of any
pH between 2 and 5 became rather arbitrary. The grafted CMPO-calix[4]arene adsorbed
identical amounts of europium (within error) at all pH values in this range, while the teth-
ered CMPO-calix[4]arene did not adsorb any europium at any of these pH values. None of
these conditions are commonly found in the literature studies, so there was no logical choice
based on the ability to make a comparison between these results and those obtained with
other solid-supported CMPO-calixarenes. In the end it was decided to use a pH value of 3
for future studies for the simple reason that it had the highest europium adsorption after
3 hours. However, pH values of 2 and 4 (potentially 5, but there was some concern about
precipitation at this pH due to very negative europium adsorption values obtained with the
silica blank) obviously show promise and should be the subject of future inquiry.
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Figure 6.9: Comparison of the europium adsorption to the grafted CMPO-calix[4]arene and
to the tethered CMPO-calix[4]arene after 23 hours of contact time in the 0.5 to 5 pH range
from a 4 M nitrate aqueous phase.

6.6 Optimization of Ionic Strength for Maximum Ad-

sorption

Testing the europium adsorption at a range of pH values and three nitrate ionic strengths
lead to an additional optimization question after the “optimum” pH value of 3 was deter-
mined. As can be somewhat observed from Figure 6.6 there appeared to be at least a
mild correlation between the ionic strength of the aqueous phase and the overall europium
adsorption. If ionic strength truly had a real effect on overall europium uptake, greater con-
centrations should lead to greater europium uptake. To test this, europium adsorption by
the CMPO-calix[4]arenes was measured at two additional nitrate ionic strengths, 6 M and
at saturation, which is approximately 10.2 M. Results from this inquiry are shown in Figure
6.10.
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3 ] equal to initial [H+]) to the maximum (saturation at
room temperature, approximately 10.2 M [NO−

3 ]).

From Figure 6.10 it is clear that the nitrate concentration of the aqueous phase has
a profound effect on the europium uptake by the grafted CMPO-calix[4]arene. Europium
adsorption goes from effectively zero at the minimum nitrate concentration to 24% using the
maximum possible nitrate concentration. It is interesting that europium adsorption using a
6 M nitrate aqueous phase was actually a bit less than when a 4 M nitrate aqueous phase was
used and that a large increase is then observed from 6 M to 10.2 M. This is some indication
that there are phenomena occurring at the molecular level to enable europium uptake by the
grafted CMPO-calix[4]arene when highly ionic solutions are utilized as the aqueous phase.
Although europium adsorption by the tethered CMPO-calix[4]arene is zero within error for
all nitrate concentrations tested, there does seem to be a glimmer of hope with the maximum
nitrate concentration as well, as this adsorption was one of the highest observed with the
tethered CMPO-calix[4]arene for all conditions tested.

With the ability to create conditions in which the grafted CMPO-calix[4]arene adsorbs a
statistically meaningful amount of europium, the trials could now focus on determining the
overall capacity of the material. This is the subject of the next section.
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6.7 Generation of an Isotherm for Europium Adsorp-

tion

After locating semi-ideal conditions for europium adsorption to the silica-grafted CMPO-
calix[4]arene material, the next step was to saturate the material such that a total europium
capacity at these conditions could be determined. An isotherm was used for this purpose.
To prepare an isotherm, samples of increasing ratio of the number of sites present to the
amount of cation initially present in the aqueous phase are tested until a plateau region is
observed, indicating that saturation has been achieved. These data can then be fit an existing
isotherm model to determine the overall capacity of the material.208 For these experiments,
the amount of both silica-anchored CMPO-calix[4]arenes available was limited, so rather
than increase the amount of solid present, the solid/liquid ratio was kept the same for
each trial and the amount of EuIII added was varied by using many different europium
stocks of varying concentration. The CMPO-calix[4]arene site:EuIII ratio was varied from
100:1 for the lowest europium concentration to 2:3 for the highest europium concentration.
All measurements were made in duplicate and the lower concentration experiments were
repeated to gauge precision. 24 hours were allotted for the samples to come to equilibrium.
This amount of time was determined by some of the previously discussed experiments in
which samples were measured at 3, 24, and 96 hours. Increased adsorption was detected
between 3 and 24 hours, but additional adsorption was not detected after 96 hours had
elapsed, indicating that 24 hours is sufficient for the silica-anchored CMPO-calix[4]arenes
and the EuIII to come to equilibrium. For the lower concentration experiments, both points
are shown. Due to the extreme difference observed between EuIII uptake from solutions
composed of 10.2 M NaNO3 and from solutions composed of 4 M NaNO3, isotherms for both
conditions were measured for both materials at a pH of 3. Even though the results from
the condition optimization trials were not promising for the tethered CMPO-calix[4]arene,
an isotherm was measured for the same pH and ionic strengths for this material as well, in
hopes that information about its capacity could reveal something about the functionality
(or non-functionality) of the material. It should be noted that the cation concentrations in
solution are lower for the tethered material than the grafted material because the tethered
material was not functionalized as densely with CMPO-calix[4]arenes as the grafted material.
The amount of EuIII added was adjusted accordingly in order to produce the same ratio of
calix[4]arene sites to EuIII atoms and to utilize the same amount of solid as the grafted
trials. The full isotherm is shown in Figure 6.11 with lines added for visual clarity. On
this plot, the fraction of CMPO-calix[4]arenes occupied has been plotted on the y-axis,
with the final EuIII concentration on the x-axis. The fraction occupied is determined by
assuming that one CMPO-calix[4]arene site can hold one europium atom. Any adsorption
to the tube or to the surface of the silica has been corrected using the blanks that did not
contain any solid and blanks that contained simply silica. It does not factor in whether a
site could potentially contain multiple europium atoms or whether a europium atom could
be complexed by two sites close together on the surface, however both scenarios are unlikely
with these particular solid-supported CMPO-calix[4]arenes. The final cation concentration
in solution was determined directly from the HPGe gamma measurement.
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Figure 6.11: Europium isotherms for the grafted and tethered CMPO-calix[4]arene materials
at two nitrate ionic strengths, 4 M and 10.2 M, at a pH of 3.

Several trends are immediately apparent from Figure 6.11. The highest europium uptake
was achieved by the grafted CMPO-calix[4]arene in 10.2 M nitrate conditions, followed by
the grafted CMPO-calix[4]arene in 4 M nitrate conditions. Both of these isotherms seem to
have a similar shape, but a true expected plateau region has not been reached. The isotherm
curves for the tethered CMPO-calix[4]arenes are not the same as those of the grafted CMPO-
calix[4]arenes, as they seem to show semi-facile uptake at very low europium concentrations,
but then less adsorption with intermediate amounts of europium, followed by a significant
increase in adsorption at the highest amounts of europium. The cause of this has not been
explained however, considering the percent adsorption for the 2:3 ratio (farthest to the right
on the x-axis) was just 10% for the 10.2 M tethered sample and 6% for the 4 M tethered
sample, these trends may not be meaningful. One element of the graph to note is the uptake
behavior at all materials and conditions at very low final europium concentration. Due to
their location at the extreme minimum of the x-axis, these data are shown in detail in Figure
6.12.

In Figure 6.12 only the 100:1 and 20:1 site:Eu ratios have been shown. The differences
between each data set are highly pronounced. In this graph, the lines shown are intended to
convey information, they show a linear fit passing through the origin and fitting the data at
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Figure 6.12: Isotherm trends at the lowest Eu concentrations for the grafted and tethered
CMPO-calix[4]arene materials at two nitrate ionic strengths, 4 M and 10.2 M.

both points in each series. Of these linear relationships, one is clearly distinct from the oth-
ers, that of the grafted CMPO-calix[4]arene with aqueous conditions at 10.2 M nitrate. For
both of these ratios, more than 99% of the europium was adsorbed by the grafted CMPO-
calix[4]arene. For the grafted CMPO-calix[4]arene with 4 M nitrate aqueous conditions,
adsorption for the 20:1 point was approximately 70% and at the 100:1 point was approxi-
mately 45%. The reason for this discrepancy is unknown, but the 100:1 point was tested
in triplicate to resolve it. However, all these experiments closely agreed with each other,
indicating that a phenomenon is occurring either as a result of a controlled experimental
condition or one that can not be adequately probed with batch sorption testing. For the
tethered sample with 10.2 M nitrate aqueous conditions about 44% of the europium was
adsorbed with a 20-fold excess of sites, increasing to 50% with a 100-fold site excess. Finally,
the tethered material with 4 M nitrate aqueous conditions achieved europium adsorption
increasing from between 12-16 % for the 20:1 experiments to 34% for the 100:1 experiments.

Two main conclusions can be drawn from this data. The first conclusion addresses the
reason that these experiments were performed in the first place, to determine the theoretical
capacity of these materials. Unfortunately, neither the Freundlich or Langmuir isotherm
models satisfactorily fit these data. This is not entirely unforseen, as these isotherm mod-
els were first developed to gauge adsorption to mineral surfaces and CMPO-calix[4]arenes
anchored to silica are not highly analogous to mineral surfaces. However, this does indicate
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that, at this time, a theoretical capacity of these materials cannot be determined by these
means. Secondly, while it was not possible to determine a theoretical capacity, the isotherm
testing revealed that there exist at least two separate regimes of europium adsorption by
these materials. The most prominent regime observed in the overall isotherm is that shown
in Figure 6.11 one that gradually increases with increasing europium content. However, the
behavior shown in Figure 6.12 tells quite a different story about europium uptake. At low
europium concentrations with a large excess of sites present, the grafted CMPO-calix[4]arene
can adsorb all of the europium that is present in a 10.2 M aqueous solution of NaNO3. Look-
ing in detail at these data indicates that between 8 and 10% of the CMPO-calix[4]arene sites
on the surface have extremely high affinity for europium. This trend is not observed for
the other materials and conditions tested, although all three of these remaining data sets
do represent the highest europium uptakes observed for each combination, which could be
due exclusively to the large excess of sites available. What this indicates is that the grafted
CMPO-calix[4]arene seems to possess a small number of high affinity sites, but these sites
are only effective when in combination with a solution of high ionic strength. Additional
europium adsorption is possible, as indicated by the steadily increasing trend across the
isotherm shown in Figure 6.11, however these sites do not retain europium as readily as the
high-affinity sites depicted in Figure 6.12, otherwise there would be nearly 100% uptake (and
all points would resemble those of the grafted, 10.2 M nitrate points in Figure 6.12 in terms
of proximity to the x-axis).

This finding is especially convenient for testing the americium adsorption of these ma-
terials. Due to the fact that there exist no non-radioactive isotopes of americium, it is not
possible to test a CMPO-calix[4]arene site to americium ratio as high as 1:1. Such an aque-
ous solution of americium exceeds what can be safely manipulated per lab regulations and
it is only possible to decrease the amount of solid in use to a certain point before it can
no longer be accurately weighed. Therefore, the presence of only a small number of high
affinity sites means that the uptake of europium and americium can be compared at low
cation concentration. Such inquiry is the subject of the next chapter.
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Chapter 7

Investigation of the Eu/Am Affinities
of the Silica-Anchored
CMPO-Calix[4]arene Materials

Chapter 6 discussed the iterative process by which conditions for meaningful europium ad-
sorption to the grafted CMPO-calix[4]arene were found. As the overall goal of this work was
to compare the affinities of the CMPO-calix[4]arenes for different trivalent lanthanides and
actinides, especially those that are present in spent fuel reprocessing effluent and have differ-
ent degrees of radiological hazard associated with them, testing the adsorption of americium
under the ideal conditions for the adsorption of europium was the next logical step. This
chapter describes such efforts.

7.1 Complexation of Americium

Much of the basic chemistry of AmIII as it pertains to radiochemical separations was
discussed in Part I of this thesis, and the interactions of AmIII with CMPO-calix[n]arenes as
documented in the literature were briefly addressed in Section 4.4. Based on previous studies
with CMPO-calix[4]arenes, in both solvent extraction and anchored to silica, whenever the
adsorption of EuIII and the adsorption of AmIII were compared, the CMPO-calix[4]arenes
displayed a higher affinity for AmIII. As was shown in Table 6.1, the ionic radius of EuIII is
0.947 Å, while for AmIII it is 0.975 Å. Such a small difference in ionic radius makes it unlikely
that that CMPO-calix[4]arenes are displaying a higher affinity for AmIII due to its slightly
larger size. Rather, the difference in adsorption affinities has been traditionally attributed
to the greater covalency of the 5f orbitals,209–211 just as the more favorable complexation of
americium by thiocyanate was attributed to greater 5f covalency in Part I.

The results given in Chapter 6 show that very high uptake of europium (greater than
95%) is observed when a 10 to 100 fold excess of CMPO-calix[4]arene sites are present.
Given such results, it is reasonable to hypothesize that, due to the documented trend of the



92

greater affinity of CMPO-calix[4]arenes for AmIII, the affinities of the CMPO-calix[4]arenes
documented here for AmIII and EuIII would be approximately equal, since nearly all of the
EuIII was adsorbed. The experiments discussed in the next section tested this hypothesis.

7.2 Adsorption of Americium

As highlighted in Section 6.2, there were slight differences between the batch sorption
procedure used for the americium studies and the europium batch sorption procedure because
it was necessary to conduct the americium studies in a glove box rather than a fume hood
due to radioactive contamination control requirements. Typically, americium adsorption
studies in the literature have utilized 241Am for such experiments because it is more widely
available. However, for these experiments 243Am was used. Because 243Am has a lower
specific activity than 241Am, it was possible to create more highly concentrated solutions than
those previously documented in the literature. Even so, the minimum weighable amounts
of CMPO-calix[4]arene on silica were used in order to minimize the consumption of 243Am.
A sample consisted of 2.5 mg of CMPO-calix[4]arene on silica solid and 1.25 mL of liquid.
LSC was therefore an advantageous method for measuring americium content, as just 30
µL was removed for each measurement, rather than the 200 µL necessary for HPGe gamma
measurement.

The results for AmIII adsorption for both of the materials and the conditions tested are
shown in Figure 7.1.



93

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 0.0005 0.001 0.0015 0.002

F
ra

c
ti

o
n

 o
f 

C
a

li
x

[4
]a

re
n

e
 S

it
e

s
 O

c
c

u
p

ie
d

Final Cation Concentration in Solution / mol mL-1

Grafted, 10.2 M Nitrate Grafted, 4 M Nitrate

Tethered, 10.2 M Nitrate Tethered, 4 M Nitrate

Figure 7.1: AmIII uptake by the grafted and tethered CMPO-calix[4]arenes at pH 3, 10.2 M
and 4 M.

Once again, the best combination of material and conditions is the grafted CMPO-
calix[4]arene with a pH 3 aqueous phase consisting of 10.2 M total nitrate concentration.
Due to the relationship between these results and those from the europium sorption testing,
two points were measured on this curve, both a 100:1 ratio of sites to americium atoms
and a 20:1 ratio of sites to americium atoms. Because the amount of americium was varied
rather than the amount of solid, the 20:1 ratio data point consumed a large amount of the
available stock solution and it was not possible to repeat this point for the other data sets.
All other data sets are composed of the 100:1 data point. Interestingly, based on this limited
data, it appears that the tethered CMPO-calix[4]arene with a 10.2 M nitrate aqueous phase
adsorbs a comparable amount of americium at a 100:1 site to cation ratio as the grafted
CMPO-calix[4]arene. This should be taken with a grain of salt, however, because looking at
Figure 6.12 at the lowest concentration measured it appears that the europium data exhibits
a similar trend. Both the grafted and tethered CMPO-calix[4]arene materials seem to have
similar, lower adsorption capabilities when the aqueous phase is composed of 4 M total
nitrate.

The comparison of AmIII and III adsorption for the grafted CMPO-calix[4]arene and the
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tethered CMPO-calix[4]arene is shown in the next two figures (Figure 7.2 and Figure 7.3.
What is most intriguing is that displayed on the left graph of Figure 7.2. While it was
expected that the AmIII uptake would be the same as the EuIII uptake because the EuIII

uptake was already the maximum that it could be, this is not the case. Instead, the EuIII

uptake is higher for both of the site:cation ratios compared. This trend is not displayed by
any of the other material and condition combinations. In Figure 7.2 the AmIII and EuIII

uptakes appear about equal at the 100:1 ratio point, perhaps favoring EuIII slightly due to
the greater amount of data available. For the tethered CMPO-calix[4]arene, it is shown in
Figure 7.3 that AmIII adsorption is slightly more favorable, although one must again note
the overlap of the americium and europium data points at the lowest concentration tested.
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Figure 7.2: EuIII and AmIII uptake by the grafted CMPO-calix[4]arenes at pH 3, 10.2 M
nitrate (left) and 4 M nitrate (right).
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Figure 7.3: EuIII and AmIII uptake by the tethered CMPO-calix[4]arenes at pH 3, 10.2 M
nitrate (left) and 4 M nitrate (right).

7.3 Silica-Anchored CMPO-Calix[4]arene Site Affini-

ties

The relative trends highlighted in Section 7.2, especially the relationship between the
adsorption of EuIII and AmIII for the grafted CMPO-calix[4]arene from a pH 3, 10.2 M
nitrate aqueous solution are worthy of further quantification. The lines on the plots in
Figures 7.2 and 7.3 are a straight line plotted through the origin. While it would potentially
have been more informative to have determined a sorption capacity via an existing isotherm
model, having realized that there are separate sorption regimes these types of materials
necessitated this different approach. The slopes of these lines are given in the second column
from the left in Table 7.1, along with the error and the R2 value.

However, for the data about these silica-supported CMPO-calix[4]arene materials to be of
value to the radiochemistry community, it is necessary to determine a distribution coefficient.
For a solvent extraction system, the distribution coefficient (D) is determined according to
Equation 7.1, where the numerator is the concentration of ‘A’ extracted into the organic
phase and the denominator is the concentration of ‘A’ remaining in the aqueous phase. This
equation assumes that the organic and the aqueous phases are of equal volumes, but if they
are not it can be accounted for. Since it is desirable that the activity be extracted from the
aqueous phase to the organic phase, the larger the value of D, the better the molecules in
the organic phase are at effecting that extraction. Typical values for proficient extractants
range from thousands to tens of thousands. Values smaller than 1 indicate that the species
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to be extracted has a greater affinity for the aqueous phase rather than the organic phase.

D =
Aorg

Aaq

(7.1)

The calculation of a distribution coefficient becomes more complicated for a solid-liquid
extraction system, as one must factor in the mass of solid used and the volume of aqueous
phase used, rather than simply comparing the concentration of the analyte of interest in
each phase directly. Equation 7.2 gives this relationship, where C is the concentration, n is
the number of atoms present on either the solid phase or remaining in the liquid phase, m
is the mass of solid used, and V is the volume of the aqueous liquid.

kD =
CA,solid

CA,liquid

=

nA,solid

msolid
nA,liquid

Vliquid

(7.2)

This value is of limited utility in some situations because instead of a unitless distribution
coefficient, this distribution ratio has units in mL per gram. It makes it difficult to compare
to other literature values and impossible to compare to values from liquid-liquid separations.
For this work, an alternative, unitless method was devised to calculate a distribution coef-
ficient based on the calculated slopes and two assumptions. The slopes of the lines in the
graphs pictured in Figures 7.2 and 7.3 have the following units:

slope =
Fraction of Occupied Sites

Concentration of Analyte Remaining in Liquid
(7.3)

The number of CMPO sites on the surface is discrete, as each CMPO is attached to a
calix[4]arene scaffold. This differs from extraction resin-type materials where the number of
CMPO groups on the surface can be roughly calculated by the difference in mass before and
after impregnation, but cannot be precisely known. Additionally, the number of CMPO-
calix[4]arene sites on the surface of the silica has been well-quantified by TGA. By assuming
that each calix[4]arene site can hold one Eu atom (and not two or more) and that a Eu atom
is not coordinated to multiple calix[4]arenes, the slope can be used to calculate a distribution
coefficient for each dataset in the following manner:

kD = slope× Functionalization Density(
µmoles

g
)× msolid

Vliquid

(7.4)

This yields a unitless kD that can be calculated for the trend that has been observed in
the graphs, rather than just one data point. This is also given in Table 7.1.

Finally, the distribution coefficients determined for different analytes to be separated can
be compared to determine a separation factor, essentially a theoretical measure of the extent
to which the components could be isolated from each other. This is a simple ratio of the
distribution coefficients of the two species, given in Equation 7.5 and shown in Table 7.1 as
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the ratio between the kD for EuIII extraction and the kD for AmIII extraction for both sets
of materials and conditions.

SF =
kD,x

kD,y

(7.5)

Material, Conditions,
and Element

Fraction of Sites Occupied
per µmol/mL (R2)

kD
Separation Factor
kD,Eu/ kD,Am

Grafted, 10.2 M NO−
3 , Eu 677±53 (0.98) 169.4

22.4
Grafted, 10.2 M NO−

3 , Am 30.1±1 (0.99) 7.5
Grafted, 4 M NO−

3 , Eu 8.12±1 (0.92) 2.0
1.4

Grafted, 4 M NO−
3 , Am 5.69±0.3 (0.99) 1.4

Tethered, 10.2 M NO−
3 , Eu 4.41±0.6 (0.93) 0.6

0.3
Tethered, 10.2 M NO−

3 , Am 14.4±2 (0.96) 2.1
Tethered, 4 M NO−

3 , Eu 1.24±0.2 (0.91) 0.2
0.3

Tethered, 4 M NO−
3 , Am 4.68±0.3 (0.99) 0.7

Table 7.1: Theoretical kD values and separation factors determined from the linear fit to
the isotherm data at low europium concentration. The slope, error in the slope, and the R2

value for the linear fit are given in the second column.

As has been stated previously, for all documented investigations of CMPO calix[4]arenes
in the literature, either higher affinities have been observed for AmIII over EuIII or no differ-
ence in affinity has been observed between the two. It is therefore intriguing that a separation
factor of 22.4 favoring EuIII was found when using the grafted CMPO-calix[4]arene with an
aqueous phase composed of 10.2 M total nitrate. The separation factor for the grafted
CMPO-calix[4]arene with a 4 M nitrate aqueous phase shows a slight preference (1.4) for
EuIII but would be insufficient for separation between the two elements. Conversely, for both
conditions with the tethered material, the expected affinity relationship between EuIII and
AmIII is observed, with AmIII as the slightly favored species. Again, this separation factor
is not high enough to prove that any sort of separation could be effected between the two
elements using the tethered CMPO-calix[4]arene, but the relationship does align with that
expected based on the literature. A separation factor of 22.4 does indicate that, theoreti-
cally, separation of EuIII and AmIII could occur when using the grafted CMPO-calix[4]arene
at 10.2 M nitrate conditions.

The implications of such a finding are broader when considering the current state of
CMPO-calix[4]arene research. In looking at the data closely, especially from the 10.2 M,
grafted CMPO-calix[4]arene data set, one realizes that the complete uptake of EuIII at both
100:1 and 20:1 site:cation ratios, is being effected by just 5-10% of the available sites on the
surface. The hypothesis is that these sites are ideally situated within the silicate pore network
of the support material and that the combination of these ideal sites and the aqueous phase
conditions that disfavor the solvent as a competitive adsorbent allow efficient extraction to
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occur.212 It appears that the rigidity of the CMPO-calix[4]arene anchor to the surface of the
silica is very important. Changes in affinity after rigidifying a CMPO-calix[4]arene have not
been observed for investigations that took place in liquid-liquid extraction experiments,180,181

therefore the degree of rigification that could cause changes in affinity is perhaps only possible
when working with solid-supported CMPO-calix[4]arenes. However, this work shows that
even among solid-supported CMPO-calix[4]arenes, not only are the conditions crucial, but
the degree of rigification must be high, as no change in affinity was observed for the more
flexible, tethered CMPO-calix[4]arene tested. This research shows that even among pre-
organized ligands on a molecular host, rigidity of attachment plays a key role in determining
the extraction abilities of the material.
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Chapter 8

Conclusions from
CMPO-Calix[4]arene Experiments

8.1 Summary and Conclusions

In Part II of this dissertation, the preliminary investigation of brand-new silica-anchored
CMPO-calix[4]arenes has been detailed. Both the grafted and the tethered CMPO
calix[4]arenes on silica have been analyzed via TGA, solid-state NMR, and BET analysis
to provide a baseline view of their properties. The path to locating suitable adsorption
conditions for EuIII on these materials was a long and tedious one, departing significantly
from the conditions reminiscent of PUREX fuel reprocessing solutions. Nevertheless, locating
such conditions was necessary to begin to understand the complexation properties of CMPO
when it is pre-organized on rigidly grafted calix[4]arene scaffolds. The conditions best suited
for EuIII adsorption were found to be at pH 3 and 10.2 M total nitrate concentration. Even
still, these conditions were found to lead to satisfactory adsorption only for the grafted
CMPO-calix[4]arene. Ideal conditions for the tethered CMPO-calix[4]arene have yet to be
found. When these conditions were applied to a study of the adsorption properties of AmIII,
some surprising results were determined. While it is expected that the AmIII should have
a higher or equal affinity for the CMPO-calix[4]arenes as the EuIII, the results showed that
at an ionic strength of 10.2 M nitrate, and at very high site:cation ratios (equal than or
greater to 10:1) the grafted CMPO-calix[4]arene displays a higher affinity for EuIII rather
than AmIII, a behavior that has not been previously documented in the literature. The
grafted calix[4]arene with an aqueous solution of 4 M nitrate ionic strength did not display
this behavior, nor did the tethered CMPO-calix[4]arene at either aqueous ionic strength
tested.

The change in expected affinity seems to be due to at least two separate factors. The
first contributing factor is the ionic strength. At the 10.2 M nitrate conditions, the europium
and americium atoms will form fully neutral M(NO3)3 complexes. Indeed, this is true for
most of the other ionic strengths tested, including the other thoroughly tested 4 M nitrate
conditions. However, it has been established that the interior of the calix[4]arene cavity is



100

hydrophobic and these data support the driving of M(NO3)3 complexes from the aqueous
phase towards the more hydrophobic calix[4]arene by a variant of a “salting-out” effect,
essentially by making the solvent a less favorable environment.

As shown by the isotherm experiments, this is not the only factor determining whether
the metal cations will be successfully complexed by the CMPO-calix[4]arenes. What appears
to play a much greater role in successful complexation is the rigidity of the guest site.
The original plan for showing such dependency was unintentional, the tethered CMPO-
calix[4]arene variant was created for better resiliency toward highly acidic aqueous phases,
which was shown not to be the case. However, when comparing the two anchoring methods
side-by-side, it is clear that direct, immediately proximate attachment of the lower rim of
the calix[4]arene to a silica atom affords the molecule different extraction properties than
those that are typical for CMPO-calix[4]arenes, while a more flexible attachment simply
does not possess such properties. It was noted that just 5-10% of these silica-grafted CMPO-
calix[4]arene sites function with such high affinity toward EuIII. The rough, uneven surface of
the silica is likely to blame, resulting in just a small number of sites grafting in host locations
with the ideal geometry for complexation. In any case, the most valuable conclusion from
this work is that the rigidity of attachment of a host to a silica surface can essentially tune
the complexation properties of its pre-organized ligands. This is extremely useful for the
CMPO-calix[4]arene system, as CMPO has been shown to have a broad affinity for lanthanide
and transuranic elements and the ability to adjust which elements it extracts based on its
anchoring to a solid support could yield a plethora of specialized materials. However, such
insight is also relevant for other pre-organized host-guest systems, of which more and more
are being created each year. With an increasing number of techniques to create specialized
silica surfaces and specialized attachments to those surfaces, the opportunities for solid-liquid
extraction systems for nuclear reprocessing are numerous. It is the author’s hope that the
efforts outlined in this dissertation provide some insight as to ideal attachment methods for
pre-organized ligands.

8.2 Future Work

The results shown in this dissertation lead to many paths of future work and it seems
fitting to discuss them in order of least to most ambitious. The first path is a further
exploration of ideal adsorption conditions for EuIII. While one particular set was used for
the isotherms given here, there are at least a few others that may work as well or better
than the ones that have already been tested. For example, it was shown in Chapter 6 that it
was an arbitrary decision between maintaining the aqueous solution pH at 3 or 2. Obviously
then, the effects of a slightly higher H+ concentration should be investigated. The same
is true for total ionic strength, there could be conditions less extreme than total nitrate
saturation that could work just as well. Now that it has been established that, of the total
number of sites on the surface, just a small fraction of those sites are ideally situated for
complexation (at least for the grafted CMPO-calix[4]arene) many of the experiments should
be revisited with higher site:cation ratios.
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On a related note, because the ideal adsorption conditions have departed from those
present at the end of the nuclear fuel reprocessing cycle and therefore at the moment in-
vestigations should not be constrained by such conditions, it is worth considering whether
other acid systems facilitate complexation with the CMPO-calix[4]arenes. While one ini-
tial stability testing experiment (Section 6.3) utilized a hydrochloric acid aqueous phase,
the interaction of metal chloride complexes with the CMPO-calix[4]arene is worthy of fu-
ture inquiry. Additionally, investigating the interaction of a non-complexing system such as
perchloric acid may yield information about how the metal cation is bound by the CMPO-
calix[4]arene. Whether it is bound by the CMPO groups alone or actually enclosed within
the calix[4]arene cavity is important to know when designing an optimized system.

One of the next areas for investigation is the affinity of the grafted CMPO-calix[4]arene
towards other elements, the lanthanides in particular as well as other elements of interest.
Europium is a mid-row lanthanide, which in some cases makes its adsorption generalizable
to all the lanthanides. However, for many applications, particularly within the development
of the field of lanthanide recycling, it is desirable to have the ability to separate the lan-
thanides from each other. Therefore it would be interesting, at least preliminarily, to test
the adsorption of an early lanthanide, such as lanthanum or cerium, and a late lanthanide
such as lutetium to see if any differences in adsorption behavior are present. If they are, this
merits a detailed look at the rest of the lanthanides as well. Such an experiment does involve
a shift in experimental technique, however. Radioactive isotopes of many of the lanthanides
are too short-lived to be commercially available and one would either have to have them
specially made or use a different detection method with non-radioactive lanthanide isotopes.
Additionally, in a book chapter authored by Horwitz, he states that evaluating the behavior
of CMPO toward Fe, Zr, and Mo is crucial, as these elements are major components of
spent fuel effluent, resulting from the dissolution of the fuel cladding materials.148 There-
fore, it would be prudent to evaluate the adsorption of these cations by the silica-anchored
CMPO-calix[4]arenes as well.

Advancing to more ambitious goals would be the study of the thermodynamics and
kinetics of adsorption of cations to the CMPO-calix[4]arenes. Thus far, the kinetics have only
been studied in a limited capacity, enough to determine when equilibrium was established.
Because this process seems to occur fairly slowly (on the order of hours rather than minutes
or seconds), it would be beneficial to determine why. Thermodynamic information helps with
the goal of understanding how the cation is bound by the CMPO-calix[4]arene. While some
computational modeling has been done of the CMPO and CMPO-calix[4]arene systems,213,214

the study of CMPO-calix[4]arenes on silica has not advanced to experimental thermodynamic
investigations.

Finally, among the most reaching future work would be that in support of integrating
the CMPO-calix[4]arene system with the nuclear fuel cycle. Currently, the ideal conditions
that this work has established for the silica-anchored CMPO-calix[4]arene system are not
compatible with the waste solutions exiting the nuclear fuel cycle. Much work must be
done to investigate why the CMPO-calix[4]arenes on silica are not stable in acidic solutions
and how that could possibly be remedied. Additionally, the current methods for trivalent
actinide/lanthanide separation tend to remove the actinide species from the aqueous phase
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while using various carboxylic acids to hold-back the lanthanide species. This system as it
is would function in the opposite way, removing the lanthanides from solution while leaving
the actinides. In terms of a solid/liquid separation, this would mean that more solid would
be required, since one is removing the major component rather than the minor component.
Whether this strategy is a wise idea is a subject for future discussion, however the future
work should include determining where in the nuclear fuel cycle this molecule, as it is, would
be beneficial. On the lab scale, silica-supported CMPO-calix[4]arenes show great promise.
A system such as this would have been very helpful for Part I of this thesis, where a simple
gravity-fed chromatography column could have been used to separate the lanthanides from
the 240Am without requiring the added complexity of changing to a thiocyanate matrix. The
silica-supported CMPO-calix[4]arenes have much to offer the field of bench-top radiochemical
separations and can hopefully be optimized to facilitate their easy use.

Many, many more lines of future work could be included here, such as investigating how a
thiacalix[4]arene (with sulfur as the bridging atom between calix[4]arene aryl rings) behaves
in such a system or placing the CMPO-calix[4]arene on well-defined mesoporous silica such
as SBA-15 so that it has well-defined spaces within the silica to be attached. In considering
such work, it is no wonder that calix[4]arenes have long been of interest within the field of
radiochemistry. It has become clear through this work that opportunities abound, with this
research just barely scratching the surface of the possibilities with silica-supported rigidly-
anchored CMPO-calix[4]arenes. Hopefully these calix[4]arenes can be applied to one of the
many challenges in radiochemistry today.
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Appendix A

Nuclear Counting Methods

A.1 Alpha Spectroscopy

In this previous work leading to this dissertation, alpha spectroscopy was utilized to mea-
sure the alpha emission spectra of samples of 241Am and 239Pu to detect whether separation
between the Pu and Am had successfully occurred. A picture of the alpha spectrometer used
for this work is shown in Figure A.2.
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Figure A.1: Alpha detector used for this work. This detector contains two chambers so that
two samples can be measured simultaneously.

A surface barrier detector is located inside the alpha spectrometer. This type of detec-
tor is based on the semiconducting properties of a silicon diode.215,216 Silicon possesses an
electron band gap of 1.1 eV at room temperature, meaning that an electron requires 1.1 eV
of energy to move from the valence band to the conduction band in this material. If an
electron is given at least 1.1 eV of energy, it will migrate to the conduction band, leaving a
”hole” behind in the valence band. Electrons and holes can be moved within the detecting
material and detected as a pulse using an applied electric field.

For a surface barrier detector, n-type silicon, that is, silicon that possesses an excess of
electrons due to electron donor impurities, is coated with a thin layer of gold, a material
that possesses an excess of holes. A reverse bias is then applied to this crystal, with the
negative lead attached to the gold and the positive lead attached to the silicon. This creates
a depletion region very close to the surface of the detector, which is important for detecting
charged particles, such as alpha particles, because they are unable to travel far without
interacting with solid matter.

The detector is mounted at the top of a small vacuum chamber, with several shelves to
hold an alpha emitting sample below it. Samples to be measured using alpha spectroscopy
can be prepared in two ways. The simplest way is to make a drop-cast sample, in which
a small amount of an aqueous liquid is placed on a platinum, aluminum, or stainless steel
planchette and evaporated using heat. Platinum is the ideal material for alpha plates since
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it will not corrode in the presence of acid. However, due to the cost, aluminum and stainless
steel are more frequently used for routine alpha spectroscopy. The advantage of drop-casting
is that it is fast and easy. The disadvantage of drop-casting is that the salts present in the
liquid do not evaporate and are also present on the alpha plate. Alpha particles can be
blocked by this salt, leading to erroneous, less-efficient measurement of the plate’s alpha
particle content. Therefore, it is necessary to dilute solutions that have a high salt content.

The second method of alpha plate preparation is by using electrodeposition. This method
is much more time-consuming but results in a uniform layer of the radionuclide coated on a
planchette. This method is ideal when precise results are required or if the sample is to be
used as a standard.

To measure a sample, the alpha planchette is placed in the spectrometer chamber and the
door to the chamber is sealed. This chamber is sealed for two reasons. The first is that light
can cause excitation of the electrons in the detector, resulting in very significant background
signal. This is mitigated by keeping the chamber in darkness. The second reason is that the
chamber is placed under vacuum using a small vacuum pump. Due to their charged nature,
alpha particles have a tendency to interact with the air, blocking them from reaching the
detector. Removing the air allows them to reach the detector more efficiently. After sealing
the chamber and applying vacuum, voltage is applied to the detector and a signal is collected.
The pre-amplifier and amplifier (both contained within the spectrometer itself rather than
an external unit) magnify this signal and pass it to an external multichannel analyzer (MCA)
which recognizes the size of the pulse and assigns it to a particular channel based on that
size. A computer then provides the spectrum readout. An uncalibrated spectrum of a sample
containing 239Pu and 241Am is given in Figure A.2.
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Figure A.2: Uncalibrated alpha spectrum of a sample containing 239Pu and 241Am.
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As can be seen from the spectrum, the peaks registered from the sample possess a long
tail, increasing in size as energy (here shown as Channels) increases and culminate in a steep
peak. This tailing is due to the scattering and subsequent energy loss as the alpha particles
are moving toward the detector as well as incomplete adsorption of the alpha particle’s energy
by the detector. The highest point of the peak is the alpha particle’s actual energy. In Figure
A.2, the larger peak is coming from 239Pu with the primary alpha emission at 5157 MeV with
lower intensity alpha emissions at 5144 MeV and 5105 MeV. The smaller peak results from
both 241Am and 238Pu. 241Am has alpha particles at energies of 5443 MeV and 5485 MeV
while 238Pu has alpha particles at energies of 5456 MeV and 5499 MeV. The contribution
from the 238Pu is significant, owing to its higher specific activity due to its shorter half life
(87.7 years in comparison to 432.6 years). This sample spectrum highlights an important
shortcoming of alpha spectroscopy. Due to its limited resolution and the fact that many
of the actinides commonly found together in analytical samples have similar alpha energies,
quantitative determination of radionuclide content is frequently impossible when using alpha
spectroscopy alone. Rather, alpha spectroscopy is well-utilized with other radioanalytical
detection methods.

A.2 Liquid Scintillation Counting

Liquid scintillation counting (LSC) was used in this dissertation for the detection of
243Am content in the aqueous phase of batch sorption experiments as well as for selected
fission product separation experiments that took place at Idaho National Laboratory. A
picture of an LSC instrument is shown in Figure A.3.

Figure A.3: LSC instrument used for this work. This instrument can accommodate many
samples in the counting queue. Vials to be counted are placed in the trays.

Liquid scintillation counting is one of the simplest forms of spectroscopy to use to measure
radionuclidic content but also one of the most powerful if the radionuclides in the solution
to be measured are already known.215,216 To make the measurement, a very small (typically
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5-50 µL of solution is added to 5-10 mL (depending on the vial size) of liquid scintillation
cocktail. This cocktail is a commercially-available, proprietary mixture that consists of a
solvent and one or several phosphor molecules. The solvent molecules are typically planar,
aromatic molecules such as toluene or anthracene. These molecules can absorb the energy
from the alpha or beta particle being emitted by a decaying nuclei. They can then transfer
that energy to a phosphor molecule which, after possibly another transfer to a “waveshifter”
phosphor molecule to emit light in a detectable range, emits the excess energy as light. In
the LSC instrument itself, the sample to be counted is placed in a well and surrounded
by photo-multiplier tubes (PMTs). These PMTs detect the light being emitted. Because
a single alpha or beta particle may transfer its energy to many solvent molecules along its
path, many photons of the same energy are emitted by the phosphor molecules. The number
of photons emitted is recorded by the PMTs as a pulse, and then passed to the pre-amplifier,
amplifier, and MCA to be placed in the correct bin and recorded on the spectrum as a count.
The amount of light emitted by a particular radionuclide can be correlated with an emission
energy by using external calibration standards.

The power of LSC lies in its efficiency. Because the aliquot of radioactive solution is
surrounded by scintillators, the efficiency of the technique is almost 100%. Inefficiencies can
arise due to quenching of the light emission by other molecules present in the sample or due
to acidic or radiolytic degradation of the scintillator. Because precise volumes of solutions
to be measured are added to the scintillation cocktail in the first place, it is very easy to
calculate the activity of a sample based on the LSC output. While the LSC can discriminate
between alpha and beta particles due to their different ranges in solution, the resolution of
LSC between alpha or beta particles of different energies is fairly poor and it would not be
the technique to use if the radionuclide content of the sample was unknown. It is, however,
a very powerful and efficient technique for batch-sorption style experiments such as those
discussed in this work because it is possible to take many samples and have them counted
automatically by the instrument.

A.3 High Purity Germanium Gamma Spectroscopy

High Purity Germanium (HPGe) gamma spectroscopy was the most frequently used
radiation measurement technique in this work. A picture of an HPGE spectrometer is
shown in Figure A.4.
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Figure A.4: One of the HPGe gamma spectrometers used for this work. The tube containing
the Ge crystal is visible, as well as the rack to hold samples during counting, the lead castle
(lined with brass to prevent the generation of bremsstrahlung radiation) and the liquid
nitrogen dewar to cool the crystal.

Like alpha spectroscopy, HPGe spectroscopy utilizes a semiconductor (germanium) for
the detection of radiation. However, unlike alpha spectroscopy which utilizes a silicon crystal
less than 1 cm thick, HPGe spectroscopy requires ultra-pure germanium single crystals that
are grown as large as possible (on the order of inches) in order to detect uncharged gamma
rays. High purity is used to denote that these crystals are not deliberately doped with n or
p-type donors, rather they are refined to have impurities as low as 109 atoms/cm3.215 After
the crystal is grown, the overall impurity content determines the type of crystal that it is.
Germanium crystals that possess very low-level electron acceptor type impurities are p-type
crystals and crystals that possess donor impurities are n-type crystals. This classification
determines how electrical voltage will be applied to the crystal. The detectors used for these
experiments are co-axial, meaning that the crystal is formed in the shape of a cylinder and a
hole is drilled through the center. In the case of a p-type co-axial detector, the depletion zone
(where the gamma rays will be detected within the crystal) is created by placing the positive
electrical contact on the larger, outer surface of the cylinder and the negative electrical
contact on the inner diameter. Electrons are drawn to the outer contact, with holes drawn
to the inner contact. The configuration is reversed for an n-type co-axial detector.

In order for a gamma ray to be detected, it must interact with the crystal. However, the
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detection of this signal would be impossible at room temperature. This is because the band
gap for germanium is smaller than that for silicon, 0.7 eV compared to 1.1 eV. Thermal
excitations produce so much current that it is impossible to get a clean spectrum from the
sample. To remedy this issue, the detector is cooled to 77 K using liquid nitrogen. The
crystal is then housed in a cryostat, which protects it from moisture from the air.

The sample is placed in a rack in front of the crystal for measurement. For the specific
instruments used in this work, the rack and the crystal were enclosed in a lead castle to shield
the detector from cosmic radiation as well as radiation being emitted by other radioactive
samples in the room. Care was taken to ensure a uniform counting geometry each time
a new sample was loaded, as the distance from the detector has a profound effect on the
detection efficiency. This was especially important for the batch experiment results in Part
II of this thesis, as the relative quantities of radioactivity in each sample were being directly
compared.

Gamma rays emitted by this sample can interact with the detector in several ways. In
order for the detector to register the correct gamma ray energy, all of the energy from that
gamma ray must be absorbed by the germanium atoms within the active depletion zone
of the detector. When this occurs, the detector’s electronics (pre-amplifier, amplifier, and
multichannel buffer (MCB)) register what is called a full-energy peak or photopeak. This
peak, when the detector has been properly calibrated, corresponds with the tabulated energy
of gamma ray emission for that particular radionuclide. However, sometimes only some of
the energy from a gamma ray is absorbed and this manifests itself on the spectrum in several
ways. To illustrate some of these phenomena, a sample gamma ray spectrum from 152Eu is
given in Figure A.5.
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Figure A.5: Spectrum of the gamma rays emitted by 152Eu taken by a HPGe spectrometer.
PP indicates a photopeak.
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In Figure A.5, the photopeaks are indicated by “PP”. It should be noted that many of the
smaller, unlabeled peaks are also photopeaks with an emission intensity of less than 10%.
These were left unlabeled to prevent cluttering the spectrum. The next most prominent
feature on the spectrum is Compton scattering, which is also labeled. This happens when
a gamma ray scatters off of an electron, imparting some fraction of its energy to it. Either
the electron or the gamma ray is detected, but not both, resulting a considerable number
of low energy counts in the spectrum. The final component labeled is an annihilation peak.
152Eu possesses high-intensity gamma rays with an energy in excess of 1.022 MeV. With
such energy, a gamma ray is able to undergo pair production in which it imparts all its
energy to the creation of an electron/positron pair. The positron does not travel far before
annihilating, creating two 511 keV photons. If all these particles were absorbed by the
detector (the electron, with its incident kinetic energy and the two annihilation photons)
an ordinary photopeak would be observed. However, because of their limited size, most
detectors are unable to capture the annihilation photons when they are created. Therefore,
two peaks appear in the spectrum, one at the original photopeak energy minus 1.022 MeV
and another at the original photopeak energy minus 511 keV. These are called the double
escape and single escape peaks, respectively. Pair production does not become a dominant
mode of absorption in germanium until incident gamma ray energies reach approximately 2
MeV. Pair production does not commonly occur with 152Eu, as its greatest high-intensity
gamma ray energy equals 1408 keV. Indeed, no single escape or double escape peaks are
visible in Figure A.5. However, this mode of interaction must be taken into account with
radionuclides that produce higher energy gamma rays, as the single escape and double escape
peaks can be mistaken for photopeaks. Visible in Figure A.5, however, is an annihilation
peak. This is present when pair production occurs in materials surrounding the detector
such that the annihilation photons produced are then absorbed by the detector. These
annihilation pairs could have been produced by the 152Eu, as the threshold for significant
pair production is lower for lead than it is for germanium, or by cosmic radiation.

An additional important point is illustrated by the complexity of Figure A.5. This spec-
trum contains just one radionuclide. Contributions and complications from the background
frequently arise in almost all samples and spectra become considerably more complex when
many radionuclides are present in a sample. However, because of the resolution of HPGe
spectrometers, often the peaks can be distinguished from one another. This resolution is
showcased in figure A.5 by the photopeaks at 1085 and 1089 keV. Although these would not
be ideal peaks for quantitative determination, it is still possible to differentiate the two.

HPGe gamma spectroscopy is one of the most powerful analytical tools for the identi-
fication and quantitative determination of gamma-emitting radionuclides. Although proper
identification of nuclide peaks is crucial, the measurement is simple to execute and non-
destructive.
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Appendix B

Gas Pressurized Extraction
Chromatography

Gas pressurized extraction chromatography (GPEC) is a unique method of performing
column chromatography that uses pressurized nitrogen to drive the mobile phase of a sepa-
ration procedure through the solid stationary phase. An image of a GPEC set-up is shown
in figure B.1.

Figure B.1: Gas pressurized extraction chromatography (GPEC) system.
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This system is a product of Idaho National Laboratory and was explicitly designed to
aid in the determination of radionuclide concentrations in solution. The principle goal of
GPEC is to make microscale column chromatography easier and more precise to perform.
More common column chromatography techniques simply use gravity to draw the mobile
phase through the column or, in the case of high pressure liquid chromatography (HPLC),
pumping the mobile phase through the solid resin. There are several disadvantages to these
methods, especially when they are applied to bench-scale radiochemical separations. Gravity-
fed columns can be slow to elute and some liquid can be retained on the column, causing the
potential loss of desired analytes, accompanied by a loss of separation precision. HPLC is
difficult to use with small volumes of liquid, the use of high acidity reagents is discouraged,
and it requires specialized equipment with a large footprint, something that is avoided when
trying to conserve space in radiological work areas. Because the movement of the mobile
phase through the system is driven by nitrogen rather than liquid or gravity, GPEC allows
for the quantitative recovery of even very small (typically 250 µL) samples. Separations
can be performed more rapidly and in a more controlled way than gravity fed columns.
The footprint of a GPEC system is much smaller than that of a typical HPLC instrument
and all of the components are modular, enabling rapid repair and replacement of parts
when necessary. The GPEC is perfectly suited to the small volume, specialized separations
addressed in this dissertation.

Both manual and automated GPEC systems have been developed. For this work, the
manual model was utilized. An image illustrating the components of this instrument is
shown in Figure B.2.
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Figure B.2: Labeled diagram of the GPEC system.

Operation of the GPEC system is fairly straightforward. The gas supply valve is used to
control whether gas is flowing through the system and driving mobile phase from one location
to the next. The next valve, the injection valve, is used for the introduction and diversion of
aqueous liquids. Connected to the injection valve are several polytetrafluoroethylene (PTFE)
tubing routes. One route is a simple, empty loop. The volume of this loop is calculated using
its specified internal diameter, but then also filled with water and characterized by the change
in weight of the tube. Consequently, the volume of the loop is very well known, enabling
precise measurement of liquids. The purpose of this loop is to provide a holding area for
liquids to be injected on to the column. Other tubing routes controlled by this valve include
a line leading to the diverter valve, a line leading to an external sample, a line from the gas
valve, and a line leading to a drain bottle. Movement within the injector valve is controlled
via two mechanisms. Liquids can be pushed using the line from the gas valve. Liquids can be
pulled using the line to the drain bottle, which is driven by the peristaltic pump. Therefore,
to introduce liquids to the sample loop, a connection is made between the external sample
line and the drain tube, flowing through the sample loop. Once the liquid is in the sample
loop, connection to the pump is removed. A connection between the sample loop and the
drain bottle can be restored to rinse the sample loop and dispose of the rinse.

The final valve is the diverter valve. It controls access to the prepared chromatography
column. These columns can be prepared from a wide variety of resins but have been typically
prepared using extraction chromatography materials such as TEVA and UTEVA (Uranium
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and Tetra Valent Actinide) resins to meet specified mission goals. The columns are prepared
prior to the experiment by injecting a slurry of resin into PTFE tubing and fitting the ends
of the tubing with adapters to connect into the diverter valve. The GPEC system can rinse
the columns after use so that they can be reused several times. Once a sample has been
loaded into the sample loop, the nitrogen gas is used to drive the sample from the sample
loop on to the column, where the components of the sample are separated. Elutions from
the column are directed through an outlet tube, where they can be collected in a vial for
further analysis. After the sample has been fully loaded on to the column, rinse solutions
that have been loaded into the sample loop can then be injected on to the column to cause
the elution of analytes that have been adsorbed to the resin.

In this work, the GPEC system was utilized primarily to observe if greater resolution
between peaks could be achieved, which is a characteristic of long, thin columns. Although
it was not strictly necessary to utilize the GPEC for this purpose, it made the separation
much easier to achieve and produced results more quickly than running the column with a
gravity feed would have. However, the GPEC system has been used for a much wider variety
of projects than this. The predominant use of the system has been for the elimination of
isobaric mass interferences when preparing samples for analysis using inductively coupled
mass spectroscopy (ICP-MS) or thermal ionization mass spectroscopy (TIMS). This is es-
pecially important when attempting to use mass ratios of mother/daughter radionuclides to
determine the age of a sample of radioactive material. Such separations have been performed
for Cs/Ba217,218, Sr/Zr219, and the U, Pu, and Am present in two Am/Be sources220. The
system has also been used to dispense precise volumes of liquids, using the aforementioned
well-characterized sample loops.221 It is also very convenient for separating radionuclides to
eliminate spectral interferences when using alpha spectroscopy or beta spectroscopy meth-
ods, although it has not been routinely applied for this purpose. While both systems (au-
tomated and manual) are not commercially available, they have been built and distributed
to scientists at Los Alamos National Laboratory and Argonne National Laboratory, as well
as scientists in Israel. This use has supported research sponsored by the Department of
Homeland Security (DHS), the Department of Energy (DOE), the Electric Power Research
Institute (EPRI), AREVA and other companies in the private nuclear sector, and national
defense naval programs.

In total, the GPEC system is a specialized yet highly versatile tool for elemental sepa-
rations. It possesses many advantages over gravity-fed column chromatography and HPLC
when working within the context of radionuclide separations and was especially useful when
performing experiments for this dissertation.
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