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Nothing in life is to be feared, it is only to be understood. Now is the time to

Understand more, so that we may fear less

Marie Sktodowska-Curie
As Quoted in Our Precarious Habitat (1973) by Melvin A. Bernarde

Since then it’s been a book you read in reverse

So you understand less as the pages turn

“Pink Bullets” by The Shins
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ABSTRACT

Protactinium (Pa) is an actinide with chemical properties that are unique among the
actinide elements. While the properties of other actinides are to a large extent understood, much of
the chemistry of Pa remains a mystery. This thesis aims to illuminate new understanding of Pa
chemistry through behavioral analysis using analytical techniques including liquid-liquid extraction
(LL); extraction chromatography (ExC); and spectroscopic studies.

Applications of radioanalytical chemistry and Pa: Through the research presented in
this dissertation, we have developed a new way to separate uranium (U), thorium (Th), and Pa from
complex environmental samples. The approach has been demonstrated for U-series dating of
materials by alpha spectrometry. The method can be applied to geochronology, as well as to
nuclear-forensic analysis of uranium-containing materials. In studies presented here, samples from
a Paleolithic lake (Lake Bonneville, Utah USA) were analyzed for the radioactivity concentration of
230Th, 231Pg, 234U, 235U, and 238U by isotope dilution alpha spectrometry. Radioactivities were used to
estimate of the time period of formation of the deposit from which the samples were collected.
Ages were determined by isotopic ratios; i.e., 231Pa/235U (40 ka); and 230Th /238U (39.5 ka) we found
to be concordant with radiocarbon-14 dates (37 ka) obtained by collaborators at Brigham Young
University. These studies inspired the development of a novel ExC resin to facilitate preparation of
highly pure tracer isotope (233Pa) from a neptunium-237 (23’Np) source. The material used for this
development comprised 1-octanol adsorbed to a semi-porous resin material. The new approach
greatly improved the yield and purity of 233Pa used for these chronometric analyses

Developing an understanding of the chemistry of Pa at trace concentrations: The new-
improved analytical described above led to the hypothesis that analytical separations approaches
could be used to develop a more detailed understanding of Pa chemistry. Toward this goal,
experiments were conducted to understand how the extraction of Pa is impacted by solution acidity
[H+], anion concentration [A5; Cl, NOs-], and extractant concentration ([2,6-dimethyl-4-heptanol,
DIBC]). A full-factorial experimental design was employed to create a model that would allow for

predictions in Pa behavior, as well as describe the nature of the observations. This model
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generated a multivariate equation that relates the distribution coefficient ([Pa] organic phase/ [Pa] aqueous
phase) to each of the parameters ([H*], [A-], and [DIBC]). Further studies expanded to other alcohols
(ROH) used as extractants (1-octanol, (2,6)-dimthyl-4-heptanol, and 2-ethyl-hexanol); and the
results were analyzed using the slope analysis and comparative extraction studies using the model
and compared to other actinide elements (Th, U, Np, americium (Am)) by both LL and ExC systems.
These experiments revealed unique chemical behavior of Pa with respect to the other actinides. For
example, it was found that Pa was the only actinide element to be extracted into the organic phase
under acidic conditions (HCl and HNO3). Slope analysis experiments elucidated the stoichiometric
identity of Pa species, with respect to the anion and extractant. Future studies will aim to identify
the oxygen stoichiometry and species by X-ray absorption techniques.

Investigations of the organic phase: In the final sections of this thesis, experiments are
presented that are intended to determine if aggregation plays a key role in the extraction of Pa in
systems containing 1-octanol and 2-ethyl-hexanol. This work is done in the absence of metal ions to
control the dynamics of the organic phase; and are analyzed by tensiometry and Karl Fisher
titrations with small angle X-ray scattering and molecular dynamic simulations. A key novel finding
of these studies in that ROH molecules arrange in nanoscale aggregates that decrease the interfacial
tension between the phases and extract a significant amount of water into the aggregates stabilized
by a network of H-bonding. These studies lead to the hypothesis for future studies that Pa
extraction is likely facilitated by solvation into the organic phase via ROH aggregates.

The sum of the findings and observations of this dissertation provide insight into the
chemical nature of Pa: (1) Novel extraction methods to obtain radiochemically pure fractions show
that Pa can be efficiently extracted and separated from complex matrices to aid in chronometric
analysis for geochronology or nuclear forensics; (2) Statistical modeling to develop a better
understanding of the main effects of solvent extraction parameters; (3) Equilibrium analysis to
improve our understanding of chemistry of Pa and how it is unique to the actinides; (4) Aggregation

analysis to demonstrate a solvent centric understanding of extraction studies, these results lead to
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future experiments to investigate how organic phase aggregation can influence solvent extraction

selectivity.
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PUBLIC ABSTRACT

Protactinium (Pa) is an actinide with chemical properties that appear to diverge from the
other actinides. While the other actinides have been extensively studied in the past few decades, Pa
remains a mystery. This dissertation aims to highlight the unique chemistry of Pa through strategic
extractions and advanced spectroscopic studies.

This thesis identifies new ways to separate U, Th, and Pa from complex environmental
samples using extraction chromatographic resins. These methods have demonstrated superior
ability for U-series dating of materials by alpha spectrometry, and can be applied to geochronology
and nuclear forensic analysis of uranium-containing materials. Additionally, we have produced
novel extraction chromatographic resins, consisting of aliphatic alcohols that demonstrate
selectivity for Pa, which can be used to aid researchers engaging in Pa and related actinide research.

Chemical equilibrium analyses were performed to elucidate the chemical species allowing
for the selective extraction of Pa through an understanding of the chemical equilibrium in solvent
extraction systems and how it relates to distribution ratios principles. Lastly, a greater
understanding of how the organic phase complex ordering can influence the extraction of Pa,
ternary solutions of 1-octanol and 2-ethyl-hexanol were investigated via small angle X-ray
scattering at the Advanced Photon Source at Argonne National Laboratory. These experiments
demonstrate the formation of aggregates in the organic phase and a significant uptake of water.

These methods provide insight into the chemical nature of Pa. Collectively; these studies

aim to understand the chemical differences that make Pa unique among the actinides.
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CHAPTER I: INTRODUCTION TO RADIOCHEMISTRY AND
PROTACTINIUM




1.1. Introduction

The actinides describe known elements of the period table from Z=89 (actinium; g9Ac) to
Z=103 (lawrencium; 13Lr). As a group, analysis of the physico-chemical properties of these
elements can be complicated by relatively low abundances; and because there are no stable
isotopes. These attributes present analytical and safety considerations that complicate
experimentation.! One actinide element whose properties and chemistry has been particularly
illusive is protactinium (91Pa).2 Researchers investigating the chemistry of Pa have referred to its
chemistry as “puzzling”3, “peculiar”4, “mysterious”s, and even “witchcraft”’s. The thesis seeks to
advance our understanding of Pa chemistry by application of novel analytical chemistry and
modeling approaches. These techniques also contribute improvements to Pa radioanalytical
chemistry for applications in nuclear forensics; the nuclear fuel cycle; and environmental
geochronology, where isotopic Pa quantification is key to understanding.

From goAc to 103Lr, actinide half lives range from billions of years to sub-seconds, and the
only naturally-occurring isotopes belong to the first four actinides (goAc, thorium; 9oTh, 91Pa, and
uranium; ¢2U) in the family.! Interestingly, the discovery of radioactivity by Henri Becquerel (1896)
arose out of analysis of a uranium-mineral and most natural materials contain actinide elements. In
addition, actinide elements arising from anthropogenic activities (e.g., nuclear weapons testing;
nuclear power industry activities) can be found in significant quantities in natural materials.
Examples of common anthropogenic actinide elements found in nature include neptunium (93Np),
plutonium (94Pu), americium (9sAm), and curium (96Cm).6 Furthermore, the development of nuclear
transmutation processes has led to the ability to produce of many of the isotopes of each of the
actinide elements that are predicted by nuclear physics. Isotopes of a given actinide share the same
chemical properties, but each possesses distinct nuclear and radioactive-decay properties.¢ In this
thesis, the known chemical properties of individual actinide elements represent a basis by which to
infer new information about Pa chemistry; and the nuclear and decay properties of isotopes of
actinides investigated provide the quantification basis that underlies these comparisons and

inferences. It is hoped that the findings and observations presented in this thesis can contribute to
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improvement in our understanding of Pa for a range applications from environment science,’-11 to

nuclear energy; and nuclear forensics.6 12-14

1.2. Radioactive Decay

Radioactive decay is the process by which an unstable atom emits energy, in the form of
radiation, to stabilize the nucleus. The forms of radiation include particles; alpha (a, 3He), beta (B,
_%e), positron (B+, ,%), and waves; gamma (y) or X-rays emitted from the nucleus.6 The emission
particle is predictable, because a nuclide will always decay in a way that brings the proton to
neutron ratio closer to the valley of stability (Figure 1). While each radioactive event occurs
randomly, the frequency of decay events occurring is empirically known (with some precision) for
most known nuclides. The rate of radioactive decay follows first order kinetics. This frequency term
is known as the decay constant (A, units: reciprocal time) and it is related to the half-life (ti,2, units:
time) of an isotope, where:

In(2)
ti2 = 3 eq.1

Likewise, the decay constant is relates the radioactivity of a sample to the number atoms present.
Where:

A=N2A eq. 2.

Where A is the radioactivity in Becquerel (Bq; 1 Bq = 1 decay/second), N is the number of
atoms, and A is the decay constant (sec™). Furthermore, the radioactivity of a sample can be determined
with respect to time in the first order integrated rate equation, where:

N = Ny * et eq.3

In which N is the current number of atoms, Ny is the initial number of atoms, and t is the amount
of time elapsed (in the same unit of time as A). Using these relationships, radiochemists are able to relate
the concentration of a sample to the radioactivity within that sample. This ability allows radiochemist to

use radiometric detection technique to characterize a sample.
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Figure 1. The chart of the nuclides highlighting the valley of stability. Any isotope existing outside of the
valley of stability is radioactive.!

1.2.1. Sources of Radioactivity
While radioactivity is ubiquitous in the environment and can originate from primordial,
anthropogenic, or cosmogenic sources, the actinide elements only originate from two of these
sources; primordial decay series and anthropogenic sources.t The primordial elements are

elements that have existed since the origins of the planet (and perhaps beyond). These elements



have half-lives with a similar order of magnitude or greater than the age of the earth (approx. 4.56
billion years).1s Naturally, there are three main primordial decay series which provide the natural
source for all elements beyond lead (s2Pb); these series are 238U (t1,2 = 4.468x109 years), 235U (ti2 =
7.04x108 years), and 232Th (t12 = 1.40x101° years), which decay through a series of elements to
stable isotopes 206Pb, 207Pb, and 208Pb, respectively (Figure 2).16 17 Furthermore, additional decay
series are hypothesized to have existed because of isotopic anomalies; however the half-life of the
parent radionuclide is too short to persist today, specifically 23’Np (ti2 = 2.144x106 years) decay
series, which results in stable thallium-205 (51205T1). Each of these decay chains consists of a series
of decays that result in atomic mass change leading to different, elements, and scenarios where the
geochemical behavior of the parent does not match the daughter. This can lead to radioactive
disequilibria (described further below). The occurrence of disequilibria in naturally-occurring
radionuclides can provide isotopic signatures that can be used to determine analytical age,
sedimentation rates, and geological origins of materials.? 9

Anthropogenic sources of the actinide elements include nuclear energy and nuclear
weapons technologies. The anthropogenic actinides formed as a result of nuclear activities are the
transuranic elements, specifically isotopes of Np, Pu, Am, and Cm. While other transuranic elements
can form, either their yields are low and/or their half-lives are too short to accumulate from these
activities.6 Furthermore, since resulting anthropogenic parent isotopes are radioactive, they decay
through a series of isotopes (natural or anthropogenic) to a stable isotope product. Like natural
radioactivity, the occurrences of these decay chains yields disequilibrium among isotopes. These
disequilibria provide isotopic signatures that can be used to glean analytical age, process, and
geographical information for nuclear forensic analysis. This type of information is currently critical
for the development of nuclear forensics, in which legally defensible sample analysis can lead to the

determination of source origin, age, and process.
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Figure 2. Natural decay chains; actinium series, uranium series, and thorium series."’

1.2.2. Radioactive Disequilibria

Radioactive disequilibrium is a phenomenon in which the progenitor and its decay products
have not established equilibrium (i.e. secular equilibrium or transient equilibrium). 18 From this
process, isotopic signatures can be identified which can provide valuable information regarding
origin, age, and processing of natural and special nuclear material. 19 In order for this information to
be obtained, there are three primary assumptions that must be made - (i) The decay constants of
the progenitor and decay products must be known and accurate, (ii) The system is closed, in which
the only change in levels of radioactivity are due to radioactive decay, and (iii) The radioactivity of

the decay product is known at t=0. With these assumptions met, the decay product will either decay



or grow into equilibrium with the progenitor radionuclide at a rate related to its own half-life, and
will generally be considered to be in equilibrium with the progenitor following 7-10 half-lives.
There are three types of processes used to describe the ingrowth of a decay product;
secular equilibrium, transient equilibrium, and no equilibrium can describe radioactive
equilibrium and ingrowth (Figure 3). The type of equilibrium that occurs is dependent on the
relationship between the progenitor and decay product half-lives. In general, if the half-life of the
progenitor is much larger than the decay product, the ingrowth of the decay product can be

described by secular equilibrium. And the integrated ingrowth equation is defined as:

A
Ny = (525 ) P (e 7t — eat) + N9(e ) eq.4
2 1

Where N1 and A refer to the number of atoms and decay constant for the parent isotope and
N2 and Az are the number of atoms and decay constant for the isotope that is formed through decay.

This equation can be simplified by the fact that A1 << A3, then the equation becomes:

A
N, = (i) N2(1 — e %2t) + NJ (e *2t) eq.5

Over time, N; continues to grow in at a rate proportional to its ti/2, and will achieve
equilibrium following 7-10 half-lives. In this case, the radioactivities of the progenitor and decay
product are equal.

When the half-lives of the decay product and progenitor are of similar magnitudes, then
they are described by transient equilibrium, and also defined equation 4. But in this case, since
A1 << Az is no longer true, over time the atomic ratio does not converge at unity, but at a

relationship proportional to their half-lives:

N—N( et ) 6
2= M\, "7, eq.



The final case is when the half-life of the progenitor is shorter than that of the decay
product. In this case, no equilibrium is established because the radioactivity of the progenitor

isotope decreases more rapidly than the decay product can grow in.
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Figure 3. (A). Demonstrates secular equilibrium in the example of the decay of **U to *'Pa over the
course of 250,000 years for the radioactivities to establish unity. (B.) Demonstrates transient
equilibrium shown by the example of ***U decaying to **Th.

1.3. Quantification of Radionuclides
Depending on sample type and application, there are numerous ways to quantify
radionuclides in a sample. These methods include but are not limited to isotope dilution, neutron
activation, emanation, and direct counting. However, for the actinide elements, isotope dilution
methods are the most effective. This is because the concentrations of the actinides are generally low
and all isotopes of actinides are radioactive -- and potentially fissile-- thus ruling out neutron

activation from many cases. In general, the quantification of radionuclides can be broken down into



6 steps (Figure 4): (i) collect and weigh the sample, (ii) homogenize the sample and add the tracer
isotope, (iii) remove non-homogenized impurities, (iv) separate and purify elements, (v) prepare

sources for analysis, and (vi) analyze the samples.
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Figure 4. Simple schematic describing the steps involved in quantifying radionuclides from
environmental, nuclear, or biological samples.

1.3.1. Sample Collection and Homogenization
The first step in an elemental and isotopic analysis is the sample collection. Sample
collection is extremely important, as the sample must be appropriate to address the analytical
question as well as be representative of the whole. The samples analyzed in this dissertation were
collected by trained scientists and were sent to our lab for analysis, therefore this dissertation will
not focus on the sample collection process.
The sample must be carefully weighed and homogenized prior to chemical separation for

consistent results. There are many methods to digest simple solid (i.e. soils, carbonates) and liquid
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(i.e. waste water, bioassay) samples; which include fusions (i.e. molten NaOH), microwave and
thermal digestions, as well as an acid leach methods. For this dissertation, an acid leach method
was used to homogenize the samples analyzed, and was typically performed by adding dilute HCl
heating to dryness and followed by adding HNO3/30% H,0-. At this point exogenous tracer isotopes
are spiked to the acidic sample (See section 1.3.2 for a description of isotope dilution). This
process is repeated until all soluble components are recovered. Once in a homogenized liquid form
(generally acidic to ensure soluble, non-hydrolyzed forms of the actinides), pre-concentration steps
may be performed to remove any bulk interferences (i.e. calcium). This can be done through
precipitation procedures or by group extraction methods. Once the sample is in a relatively clean
acidic form, elemental separations can be performed via extraction methods. In this dissertation,
both conventional solvent extraction (Section 1.3.3.1) and extraction chromatography (Section

1.3.3.2) are utilized.

1.3.2. Addition of Tracer Isotopes and Isotope Dilution

The most common and precise method to determine isotopic composition in a sample is by
isotope dilution. Isotope dilution is an analytical method in which a precisely known amount of an
exogenous radioisotope is added to a sample to act as a tracer for an analyte isotope. This method
is regarded as highly precise and has become a mainstay process for the analysis of environmental
and nuclear materials for specific radionuclides. The isotopic tracer allows for the researcher to
have a yield assessment quantifying the analyte following chemical processes. Because a tracer is
chemically identical (some mass deviations can occur for lighter elements but is essentially

irrelevant for the actinides), a tracer can be used directly to quantify an analyte using equation 7:

[analyte] detected
[tracer]detected

[analyte]sample = [tracer|initiar * eq.7.

Where [analyte]sample is the true concentration of analyte in a sample, [tracer]inita is the

known concentration of the tracer added to the sample, [analyte]detected and [tracer]getected are
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experimentally determined concentrations determined by either radiometric detection or mass
spectrometry techniques.

For analysis, isotope dilution procedures can be adapted for radiometric detection
techniques as well as mass spectrometry techniques. However, it is essential to choose a tracer and
analysis method that will allow for the greatest precision on the measurement. For example, in

radiometric detection techniques, the uncertainty in a measurement is determined by:

1
Vtotal counts

counting uncertainty = eq.8

From Equation 8, it is clear that as the number of counts (radioactive events) increases, the
uncertainty on the measurement decreases. That means there are two ways to decrease the
counting uncertainty, increase count times or increase radioactivity. Because of this principle,
radiometric detection techniques are best suited for elements with shorter half-lives (i.e. t12 < 100
years). In this case, a small number of exogenous atoms will be added to the sample while still
achieving a sufficient total radioactivity to minimize the counting uncertainty.

For elements with longer half-lives, mass spectroscopic detection techniques will achieve
more precise analyte concentrations. With a multi-collector inductively coupled plasma mass
spectrometer (MC-ICP-MS), atoms are detected based upon isotopic mass are counted simultaneous
with a series of detectors. For this detection method it is important to have enough mass (atoms) to
achieve highly precise measurements.

Although mass spectrometry is generally considered to be a more precise method for the
quantification of the longer-lived actinides, in the investigations in this dissertation, the
quantification was performed via radiometric techniques. This decision was made based upon

accessibility to instrumentation and costs associated with a mass spectroscopy analysis.
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1.3.3 Extraction and Separation Methods
Following the sample homogenization, isotopic and elemental extractions and separations
can be performed. The sample aliquot, prior to extraction and separation, must exist in an acidic
liquid form suitable for the condition required to the extraction and separation protocol. In this
dissertation two extraction and separation methods were utilized, liquid-liquid solvent

extraction and extraction chromatography.

1.3.3.1 Liquid-Liquid Solvent Extraction

Solvent extraction is a mainstay for chemical separation processes, and its uses span all
disciplines of chemistry. In general, liquid-liquid solvent extraction involves the transfer of an
analyte between two immiscible phases. For radiometal purposes, the two phases generally consist
of an aqueous, acidic phase in contact with an immiscible oil phase with an extractant molecule.
These systems can be adjusted to allow for the appropriate extractions to occur. In the aqueous
phase, the acidity as well as the anion identity and concentration can be adjusted. These
adjustments will influence the equilibrium speciation of the radiometals in solution. In the organic
phase, the identity of the diluent and the concentration and identity of the extractant can be
adjusted. These adjustments will influence the separation factor, organic phase capacity, as well as
the potential for third phase formation.20. 21 A simple diagram (Figure 5) demonstrates the solvent

extraction process.
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Figure 5. Simple diagram showing the solvent extraction process. A denser agueous phase contains
electrolyte ligands (Cl", NOy, ect) and form a complex with the metal. This complex when
mixed with an organic phase may result in the extraction of a specific metal speciesinto the
less dense organic phase containing the extractant.

For solvent extraction, the aqueous phase is adjusted to allow for extractions, back
extractions, and separations to occur. Extraction is the transfer of a metal from the an aqueous
phase into an organic phase utilizing an organic phase extractant. Back extraction is the transfer an
extracted metal species back into the aqueous phase via an aqueous complexant (i.e. EDTA) or
different acid concentration. And separation is the process of extracting one metal across the phase
boundary while an inferring metal remains in the original phase. In general, adjustments are made
by increasing or decreasing the acidity of the aqueous phase solution. For nuclear reprocessing
purposes, nitric acid (HNO3) is most commonly used.22 23 Having sufficient acidity (in most cases pH
< 2) will prevent metals from forming insoluble hydrolyzed species. Hydrolysis can impact
extractions by producing less extractable species, leading to precipitation of metal ions, or

formation of species that adsorb to surfaces. For investigations into the fundamental chemistry of
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radiometal and for radioanalytical methods, additional acid are available to the researcher (since
industrial scale operations is not necessary). Additional common acids for extractions and
separations are hydrochloric (HCl), perchloric (HClO4), sulfuric (H2SO4), hydrofluoric (HF), and
phosphoric (H3zPO4) acids. Generally the latter three are used to extract analytes from organic
phases back into the aqueous phase, due to the increased binding constants for actinides and these
ligands and also the formation of less extractable species due to changes in: (i) charge or
stoichiometry, (ii) size, shape or steric effects, (iii) thermodynamic properties of extracting the
complex. In addition to changing the acid concentration, the anion concentration can be
independently adjusted using an ionic salt. For example, to increase the [NO3-] without changing the
solution acidity, researchers may add NaNOs; to the aqueous phase. Further, mixed acid/salt
solutions are used as well to create specific environments that will result in extraction or
separation (i.e. 0.01 M HCI + 2 M NH4SCN for Am extraction from lanthanides). 24

The organic phase diluent is commonly an inert hydrocarbon (i.e. dodecane),?5 but can also
be aromatic (i.e. xylenes),26or other material chosen for specific properties (i.e. phenyl
trifluoromethyl sulfone for radiation resistance and stability toward nitric acid) 27. The extractant
molecules vary widely depending on the specific goal of the experiment. The most common
extractant used for nuclear processing is tributyl phosphate (TBP).22. 25 28 29 [n general,
phosphorous containing functional groups (i.e. phosphates, phosphonates, phosphine oxides, ect)
readily extract higher valent actinide elements from acidic solutions. This is very effective to
remove group [ and Il metals as well as the lanthanide elements from bulk processing streams.
However, phosphorus containing functional groups are not as effective at separating the actinide
elements from each other compared to some other functional groups. The use of nitrogen
containing functional groups (ie. ammonium salts) can provide efficient separations of the
actinides. 30.31

To assess the extent at which a metal will be extracted into the organic phase of a solvent
extraction system, the distribution ratio (D) is evaluated. The D values can be defined by

Equation 9:
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_ [analyte] organic
[analyte]aqueous

Where the analyte concentrations are determined at equilibrium. From the D values
researchers can identify separation factors (SF) between two analytes, which is define by
Equation 10:

D
SF = —*

_ 10
D, cq

Where D1 and D; are the equilibrium distribution ratios of two metals in identical solvent

extraction system.

1.3.3.2. Extraction Chromatography

While liquid-liquid solvent extraction is a method that spans many chemical disciplines and
has existed for decades, extraction chromatography is relatively new and (mostly) applied for
radiochemical separations. Extraction chromatography became widely applied in the early 1990s at
Argonne National Laboratory by Dr. Phil Horwitz with Dr. Renato Chiarizia and others for rapid
bioassay analysis The innovation was embedding extraction reagents into the macro-structure of
an inert solid substrate. These systems now are considered a solid-liquid extraction and therefore
generally extraction chromatographic resins are prepared into columns and the extraction process
occurs via elution. Unlike ion exchange resins where the active component is directly bound to the
substrate, the extractants in extraction chromatography remain immobilized on the solid substrate
through hydrophobic and Van der Walls interactions. This allows for greater specificity than ion
exchange, while simplifying the extraction and separation processes compared to that of solvent
extraction methods.

All of the extraction chromatographic resins in this thesis were prepared by Eichrom
Technologies, LLC (Lisle, IL); a company that stemmed from the early work at Argonne National
Laboratory. Because these materials are purchased (or specifically prepared) by Eichrom

Technologies, the extractant weight percentage (w:w%) is fixed at 40% unless otherwise stated. A
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cartoon demonstrating the structure of these materials can be seen in Figure 6, where the
stationary phase is the extractant, the mobile phase is the aqueous solvent, and the inert support is

a polymethylacrylate resin bead (25-100 pm).

Surface of Porous Bead

Stationary
Phase

Inert
Support

)
g -
<

Figure 6. Cartoon demonstrating the structure of extraction chromatographic resins. *

Similar to liquid-liquid extraction the aqueous solution, utilized as the mobile phase in

extraction chromatography, is prepared strategically to allow for analytes to be retained on the
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column and undesired species to be eluted. The aqueous solutions used are similar to those used in
solvent extraction, but generally smaller volumes are required.

To assess a metal elution behavior, the capacity factor (k') must be determined. The
capacity factor is related to the number of free column volumes (FCV), or the mobile phase
required to achieve the elution peak maximum of a particular analyte metal. To determine the k’ for
a metal, first the weight distribution ratio (D,) must be determined. The Dy is calculated from

Equation 11.

D, =D x— eq.11

Where D is the distribution ratio determined from Equation 9, V is the volume of aqueous
phase in L, and m is the mass of the resin in g. From the D, the k’ value can be calculated with
additional parameters regarding the resin physical properties that describe the stationary phase
volume (vs) and mobile phase volume (vn,). To determine vs and vy, the resin density (g/cm3),
bed density (g/cm3), and mass of extractant per gram of resin (g) must be determined. The mass
of extractant per gram of resin is fixed in all cases at 0.4 grams extractant per 1 gram resin. The bed
density was determined by transferring the dry resin to a tarred graduated cylinder; weighing the
resin and dividing by the volume in the cylinder. Then, resin density was determined by achieving
neutral buoyancy in solutions of known densities (dilute HNO3). Lastly, the v, was calculated by
subtracting the resin density by the bed density, and v; is calculated by multiplying the bed

density by 0.4 (or the 40% w:w). Finally, the k’ value can be calculated by Equation 12.

DW * Presin * Vs

0.4 % v,

k' = eq.12

Where presin is the density of the resin. From this equation, batch experiments can be
performed and the k’ values, demonstrating the adsorption of a metal on to the resin mobile phase,

can be calculated. Like liquid-liquid solvent extraction, the SF can be determined from the quotient
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of the k’ values of two metals using Equation 10. Additional factor that impact separations by
extraction chromatography include: column dimensions, particle size, temperature, and particle

porosity.

1.3.3.3. Other Separation methods

While solvent extraction and extraction chromatography are great techniques for elemental
separations, sometimes the sample matrix can greatly complicate (if not completely inhibit) the
ability of these methods. In these cases, other non-extraction based separations methods can be
employed. These methods include, but are not limited to, precipitation methods and
electrochemical methods. In this thesis only precipitation methods are used as an alternative to
extractions. These precipitation methods rely on the differences in the solubility product (ksp) of
different metals that will result in a chemical separation. A common group separation method for
the actinide elements is a manganese dioxide or iron hydroxide co-precipitation. In these methods,
the actinide elements are precipitated while monovalent and divalent cations remain soluble in
solution. This method is very effective for samples containing high concentrations of low valent

metals.

1.3.4. Source Preparation

Following the elemental separation procedures, the samples matrix must be transformed
into an appropriate form for counting procedures. For some techniques (i.e. gamma spectrometry,
liquid scintillation counting; see below), the analysis form can be virtually any matrix (so long as the
same geometry is used for energy calibrations and efficiency), but for alpha spectrometry, the
source preparation is fundamental to the measurement. This is because alpha particles interact
with matter over short distance due to the fact that they have charge and mass, and therefore can
be easily attenuated. In an alpha spectroscopic analysis, the detector counts the number of decay
events attributed to specific particle energy. Therefore, it is essential to create a source that is thin,
evenly distributed, and representative of the sample. The two methods used for source preparation

in this thesis are co-precipitation and electrodeposition.
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The co-precipitation source preparation method generally uses a carrier metal to facilitate
the participation of the trace actinide.33 While there are numerous co-precipitation methods, the
two used in this thesis are cerium fluoride (CeF3z) and cerium hydroxide (Ce(OH)3). In general
CeF3 will co-precipitate trivalent and tetravalent actinides, and therefore high valent actinides (i.e.
U022+) must be chemically reduced, by titanium (III) chloride, in order for the co-participation to
occur. While this can complicate U source preparation it can be a beneficial final clean up step for
the preparation of Th, Am, and Pu (IV or III) sources. This method is extremely effective; however
the source of F- ion is HF, and can be potentially troublesome and hazardous in the lab. An
alternative, and relatively redox independent, is the Ce(OH)3 precipitation, in which the Ce carrier is
added and the pH is adjusted to about 8. Both these methods are then filtered via vacuum filtration
using Resolve Filters. The filters collect the micro-precipitate and that filter is mounted to a metal
planchette to be counted by alpha spectrometry.

An alternative to co-precipitation methods is electrodeposition. For electrodeposition
procedures, the elution matrix of samples is taken to dryness and re-dissolved in a sodium sulfate
(NazS04)/sodium bisulfate (NaHSO4) buffer and transferred to the electrodeposition apparatus
equipped with a stainless steel planchette and platinum electrode.34 The current is adjusted and the
analytes are electrodeposited onto the planchette (~90 mins). The planchettes are subsequently
washed prior to counting by alpha spectrometry.

These two methods differ slightly for analysis purposes. Electrodeposition is a more time
consuming process and potentially low recoveries; however, the alpha resolution is generally
superior to that over co-precipitation methods. In contrast, the co-precipitation methods are rapid
and generally result in nearly 100% recovery of the analyte, at the expense of resolution. In this

thesis both methods are used.

1.3.5. Radiometric Detection Techniques
Unlike most chemical characterization processes, where samples must be activated

(ionization, excitation), radiometric detection techniques rely on the inherent energy emitting from
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the atoms themselves. The instrumentation of detection depends on the type of radioactivity
emission desired to be detected (a, 3, or y). In this dissertation, four different radiometric detection
techniques were used, alpha spectrometry, gamma spectrometry, liquid scintillation counting,
and alpha/beta counting.

Each alpha particle emitted from a nucleus has a specific energy, which has been organized
in a database by the Department of Energy’s New Brunswick National Laboratory in the Evaluated
Nuclear Structure Data File and obtained through the National Nuclear Data Center.l® Alpha
spectrometry utilizes this phenomenon, in which a sample is contained in a vacuum chamber with a
detector at a fixed distance with a fixed voltage.3> When an alpha particle is emitted, because it is
charged (charged helium nucleus), it hits the detector and changes the voltage on the surface of the
detector.3¢ This change in voltage is calibrated (internal standards) to represent a specific energy of
a particular alpha particle. Therefore one would expect a specific alpha spectrum of for each
particular radioisotope. In a given spectrum, the total number of counts in a region can be directly
correlated to the total activity in the sample. Each detector has a known efficiency (number of decay
events detected/number of decay events that occurred), and each decay pathway has a specific and
known branching ratio. By taking into account these corrections, an alpha spectrum can provide a
total radioactivity for a sample and therefore a concentration of a particular radionuclide in a
sample.

Gamma spectrometry, like alpha spectrometry, generates a spectrum based upon the
number of events detected at a specific energy, which are tabulated in the NNCD. In this
dissertation, two types of gamma spectrometer detectors were used, sodium iodide (Nal) and high
purity germanium (HPGe) crystals. Unlike alpha spectrometry, where alpha particles have mass
and charge, gamma spectrometry measure massless and neutral gamma rays. Therefore in order
for an event to be detected, the gamma rays interact with the crystal and the crystals scintillate
provide the detector with a signal proportional to the energy deposited by the gamma particle.
Because gamma particles are well shielded by high Z materials (i.e. lead, uranium, tungsten), the

gamma scintillation detectors are encased in lead to minimize (as much as possible) the
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background radiation. It is necessary to correct count rate received by the detector to the true
decay rate through the correction of the sample geometry (i.e. material, shape, and distance from
detector). This correction is required to account for the interaction of gamma rays with the sample
that results in scattering or absorption. A correction also accounts for the sample geometry owing
to the fact that gamma rays are emitted in 360°.

The final two methods of radiometric detection, liquid scintillation (LS) and gas flow
proportional counting, are non-spectral counting techniques (although LS counting can generate a
spectrum, the resolution is not sufficient for most quantitative techniques). These methods simply
measure a count rate based upon the number of counts detected over a known amount of time. For
LS counting, a sample is dissolved in a scintillating fluid, called liquid scintillation cocktail, when
alpha or beta particles are emitted, they excite the scintillating fluid and the subsequent
scintillation is recorded by the detector. For LS counting, it can be assumed that alpha particle
efficiency is 100%, since every alpha particle has enough energy to excite the scintillation fluid.
However, for beta (and even some gamma rays), an efficiency curve must be generated to know the
scintillation efficiency at particular beta energies. With gas flow proportional counting, a solid or
liquid source is directly placed into a counting chamber, and the detector records decay events over

a certain counting time frame.

1.4 Protactinium

1.4.1. Discovery
Dmitri Mendeleev predicted the existence of Pa when he arranged the periodic table, but
even though Pa is a naturally occurring element, it was not discovered until the 20th century. From
Mendeleev’s periodic table, a vacant space existed in group V between elements U and Th, and
below tantalum (Ta) and was referred to as “eka-tantalum” with a proposed atomic mass of 235.1
From this point forward, scientist sought to find eka-tantalum by searching for an element with
chemistry similar to that of tantalum—which greatly prolonged its discovery. In 1900, Sir William

Crookes was investigating the radioactivity of U and dissolved uranium nitrate in ether. In doing so,
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he managed to extract U into the ether and separate it from its natural short-lived decay products,
234Th and 234Pa. However Crookes was unable to characterize the element and had simply referred
to it as Uranium-X (UX).37

A decade later in 1913, Kasimir Fajans and Oswald Helmuth Goéhring identified that UX was
comprised of a mixture of two distinct radioelements.! These elements were identified to be UX;
(234Th; t1/2= 24.10 days) and UXz. While the chemistry of Th was known and allowed for UX; to be
identified as 23¢Th, UX, was considered to be a new unique element that was short-lived and
emitted (- radiation that fits in the vacant space for eka-tantalum. !. 2 Fajans and Gohring gave this
element the name brevium, deriving from the Latin word brevis for brevity. This isotope, 234Pa, has a
ground state and metastable state with half-lives of 6.70 hours and 1.17 mins, respectively. This
isotope of Pa exists as a decay product of the most abundant U isotope, 238U, through the 8- decays
of short-live intermediate 23¢Th, and decays to a long lived intermediate 234U (ti,2 = 2.455x105
years) (Figure 2). A few years later, the longest lived isotope, 231Pa (ti,2 = 32,760 years) was
discovered independently by Otto Hahn with Lise Meitner in Germany in 1917, and by Frederick
Soddy with John Cranston in 1918 in the UK through the processing of pitchblende.l. 2 As a result of
this discovery of 231Pa the origins of Ac were understood, and the name was changed from brevium
to protoactinium. This name as well suited because 23'Pa decays by a-emission to 227Ac (ti,2 =
21.772 years) in the 235U decay chain (Figure 2). The name was later changed to protactinium for
pronunciation reasons by the International Union of Pure and Applied Chemistry in 1949. Adding
Pa to the existing periodic table, the Mendeleev periodic table was nearly completed - missing
technetium and transuranic elements. !

Moving forward, scientist attempted to isolate or generate significant quantities of Pa to
study the fundamental properties of the element.! To isolate of Pa from U-ores researchers
continued to use the method developed by Crookes, but more intricate and effective methods were
also developed. In 1927, a German scientist named Aristid von Grosse isolated 2 mg of Pa;0s and
later in 1934 converted that Pa-oxide to Pa metal through irradiation with 35 keV electrons. In that

same year, 5.5 ton of pitchblende residues were processed and nearly 0.5 grams of protactinium
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were recovered. From this quantity, researchers identified the molar mass to be 230.6 + 0.5 grams
per mol.! The United Kingdom Atomic Authority at the Springfield Refinery performed the largest
production of Pa in 1961. The Springfield refinery had accumulated stockpiles of high-grade U-ores
and vast amounts of processing waste. This ethereal sludge, containing siliceous precipitates,
contained nearly 4 ppm Pa, and research sought to separate U and Pa from the waste material.l 2
During this campaign, nearly 60 tons of U waste material was processed in a 12-stage process to
generate 125 grams of pure protactinium. This source of Pa was the world’s only significant supply
of Pa (until it was mysteriously buried somewhere in England).

Another, anthropogenic, isotope of Pa was isolated and identified in 1964 by the National
Reactor Testing Station in Idaho.1 2 This isotope, 233Pa (t1/2 = 26.975 days), was formed via neutron
irradiation of natural 232Th to produce fissile 233U. Another route to the formation of 233Pa was from
the decay of 237Np that formed as a transuranic product in nuclear reactors, which can be formed
directly from neutron capture reactions or by the decay of 241Am (Figure 7). Because of these
pathways, and the favorable half-life and gamma emissions, 233Pa is the most common tracer used

in isotope dilution methods for the quantification of 231Pa in samples.!
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Figure 7. Partial decay scheme of ***Am, showing the production pathway for **Pa.

Following the large-scale production of Pa, the state of Pa research looked promising driven
by the role of Pa in homogeneous Th reactors to form 233U fuels (Figure 8) and the contemplated
use for the production of 232U.2 At its peak interest, three international conferences existed
dedicated entirely to Pa physical and nuclear properties.! However, research interests faded quickly
following nuclear disasters (i.e. Three Mile Island; 1979 and Chernobyl; 1986), and disinterest in

alternative nuclear reactor, resulting in investigations into Pa chemistry to nearly disappear. Today

24



Pa remains one of the most mysterious and understudied elements on the periodic table. A new
wave of interest has opened up legacy vaults of Pa to study its chemistry for fundamental
applications to understand the f-electrons (Argonne National Laboratory, Chicago IL), its
measurement and detection for nuclear forensics applications (Pacific Northwest National
Laboratory, Richmond WA; Lawrence Livermore National Laboratory, Livermore CA), and its

solvent extraction behavior (National Physical Laboratory, London UK).

1.4x1010

years

Figure 8. Production pathway for the breeding process of irradiating natural-fertile **Th with neutrons to
form fissile *°U fuels.

1.4.2. Occurrence
There are 29 isotopes of Pa (212Pa-239Pa) that are known to exist, however only three
isotopes are relevant to chemists. Those isotopes are, as mentioned previously, 231Pa, 233Pa and
234Pa. Although Pa is naturally occurring, it is an extremely rare element. Terrestrially, only 231Pa
has a half-life sufficient enough to accumulate in any mass amount. Since the origin of 231Pa is from
the decay of 235U, its terrestrial abundance is linked to U. The average abundance of U in the earth’s
crust is 2.7 ppm, and the isotopic abundance of 235U is only 0.711% wt:wt.38 Therefore the

abundance of 231Pa is a mere 0.87x10-6 ppm. !
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Beyond the natural terrestrial abundance, Pa isotopes also form in nuclear reactors from a
few different pathways. Again, the most significant accumulation is from the decay of 235U, which is
enriched in nuclear reactors up to 10%, resulting in the potential accumulation of 231Pa over time.
Likewise, 233Pa occurs readily from the decay of 237Np formed in reactors, though the half-life is far
too short to accumulate a significant mass,. Additionally, 233Pa can be formed via neutron capture of
232Th (and subsequent decay of 233Th). This is a breeding process that can lead to the development
of 233U fuels. In this context 233Pa exists as an essential intermediate whose chemistry must be

understood.

1.4.3. Current Applications

There are very few applications of Pa. This is largely due to being 1) being intensely
radioactive, 2) being extremely rare and 3) having poorly understood chemistry. The primary
application of Pa is to age date U-containing materials. There are numerous dating methods
available to geologists to date a variety of sample types. Even within U-containing materials, there
are three different chronometric ratios, 230Th /238U, 231Pa /235U, and Pb-Pb. While Pb-Pb dating is a
method most suited for very old samples (ie. method used to date the earth), the other two
chronometric ratios can be used for similar times scales, 230Th /238U up to 400,000 and 231Pa/235U up
to 200,000 years. The 231Pa/235U chronometer is more sensitive with samples of younger ages.
Most notably, 231Pa/235U has been used to date a Qafzeh human skull that helped establish the
chronology of mankind,3° as well as Neanderthal bones in Israel, thus confirming that humans and
Neanderthal did not exist together in the Lavant. 40 Furthermore, these two isotopic ratios can be
used together to determine sedimentation rates or provide extremely precise ages. 41-43

The 231Pa/235U isotopic ratio can be used to date nuclear material for a nuclear forensic
analysis. In this case, sample ages are extremely young (<100 years old) and therefore the ingrowth
of 231Pa is extremely small. However, since the concentration of 235U is significantly greater than
that of natural samples, these samples can be aged dated with great precision. 12 14 This endeavor is

an interest of Department of Homeland Security and the Department of Defense to regulate nuclear
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safeguards. In the case of the confiscation of illicit nuclear material, the sample analysis will identify
the isotopic signatures required to determine the source origin. In this case, the 231Pa/235U isotopic
ratio provides invaluable age information that can allow for researchers and investigators to
determine when the 235U was enriched.

Another facet of Pa research, as a result of the development of nuclear processes, is
developing a greater understanding of the fate and transport of Pa in the environment. As the world
continues to burn more nuclear fuel and accumulate more nuclear waste the need for a waste
management plan becomes more pressing. Therefore the consideration of a solidified nuclear waste
form must evaluate the chemical behavior of the actinide elements (include Pa) in these waste

forms.

1.5. Chemistry of Protactinium and the Actinides

The actinide and lanthanide elements are the only (yet discovered) elements in which the
valence electron shell is an f-electron orbital. While the chemistry of the lanthanide elements
remains relatively consistent (ie. trivalent hard cations) across the series, the chemistry of the
actinide elements has greater diversity. Investigations into the chemical properties of the actinides
(An) have revealed unique chemical bonding characteristics that can be attributed to the
population of 5f-electron orbitals. ! These findings observed similarities in chemical bonding
characteristics in the actinide series and also highlight unique differences in bonding character
attributed to specific electronic configurations and their relationship within the An series.3 44 For
example, in the early An-series elements (i.e. thorium, Th), the energy of the 5f-electron orbitals is
higher than the 6d orbitals. This results in bonding interactions that contain more d character—
closely resembling the transition metals. Continuing across the actinide series, the 5f electron
orbitals decrease in energy -dropping below the energy of the 6d-electron orbital, forming the
familiar actinyl cations (i.e. An0;%+/*) observed for uranium (U), neptunium (Np), and plutonium

(Pu). L 45 Thus, differences in f and d orbital energies represent a critical link in the observed
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differences in the bonding character for individual An in the series. One actinide whose chemistry is
distinctly different from all the others in the An series is protactinium (Pa). 44

Interestingly, Pa exists in a critical location (within the An series); where the 6d and 5f
electron orbitals cross in energy and are nearly degenerate. Research suggests the 6d/5f orbital
near degeneracy underpins the formation of chemical species and bonding characteristics that are
distinctive to Pa.# Within this context, the proposed research seeks to develop a detailed
understanding of the chemical and electronic properties of Pa. With success in the proposed
investigation, we expect to establish an understanding of the interplay between the d and f orbitals
in Pa that will play an important role in explaining the chemical behavior and bonding
characteristics of Pa.

The unique electronic structure of Pa influences its physical and chemical properties,
thereby challenging the development of efficient separations methodologies for use in nuclear
forensics, energy, and radiometric dating. Initial work towards my graduate thesis, has focused on
developing novel materials that selectively extract Pa from acidic solutions-- relative to the other
An at tracer concentrations of Pa (<10-1© M). These investigations have identified two materials in
particular (aliphatic alcohols extraction chromatographic resins and mesoporous carbon materials;
CMK), which result in remarkably effective and efficient separation of Pa from complex matrices
containing other actinides and interfering metals, while maintaining high recovery and purity of
Pa.5 However, because these developments were conducted at Pa concentrations below the
detection limits of molecular and atomic spectroscopic instrumentation, we are limited to
radiometric detection techniques (i.e. gamma and alpha spectrometry), which do not reveal
speciation and bonding information of Pa and the other actinides on the surface of the resin
materials. Thus, the speciation of Pa that supports the remarkable separation of Pa from other
actinides using these materials remains unknown. Our working hypothesis is that, under our
experimental conditions, Pa forms the Pa03+* moiety (unique amongst the actinides). And that this
distinct species allows a strong interaction with hydroxyl groups on the surface of these novel

resins.
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1.6. Developments in This Thesis
The goal of this thesis is to develop a greater understanding of the chemistry of Pa, at trace
concentrations, and its applications in the nuclear fuel cycle, nuclear forensics, and the
environment. Toward this goal, four specific aims were established and presented in the following

five chapters.

1.6.1. Radiochemical Separations and Quantification of Protactinium
Isotopes

Develop new radiochemical methods that facilitate the extraction and isolation of Pa
isotopes from complex matrices for isotope dilution methods that offer improvements in recoveries
and radiochemical purity. As stated in 1966, in order to eliminate the perceived “witchcraft and
mystery” of the chemistry of Pa, “this objective would be facilitated greatly if a convenient
radioactive tracer were more easily available to a large number of potential investigators”.4¢ This
aim is achieved through two objectives, 1) the development of a rapid method for the extraction
and separation of Th, Pa, and U from complex environmental matrices for age dating applications
by isotope dilution alpha spectrometry (Chapter II) and 2) the development of a convenient
method for the preparation of a 233Pa tracer from a 23’Np standard source (Chapter III). From these
developments we have laid the foundation for 231Pa/235U age dating of materials to become a
procedure that is more easily performed in the laboratory with satisfactory recoveries to improve
the uncertainties in the measurements. Furthermore using this method, nuclear forensics scientist
can determine the age of illicit nuclear material rapidly following confiscation. Likewise, by
promoting the use of 231Pa /235U as a chronometric ratio allows for a greater number of investigators
to make concordant measurement using 230Th /238U to greatly improve the ages of quaternary age

materials.
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1.6.2. Development of Calculation Modeling of Solvent Extraction
Systems

Advance predictive models for solvent extraction behavior through a full factorial
investigation of the main effects of extraction parameter (Chapter IV). These studies investigate
how the changes to the concentration of (2,6)-dimethyl-4-heptanol, anion, and proton affect the
distribution ratio of Pa. The anion effects on the distribution ratio were investigated with both CI-
and NOsz- anions from the addition of HCl/NaCl and HNO3/NaNOs. The resulting model provided an
equation in which input concentrations of each parameter would result in a predictive D value,
which was demonstrated to strongly agree with the experimental results. From these data, 3-D
surface plots were generated with the Design-Ease software that allowed for D values to be
predicted at any parameter concentration within the experimental window. This data provide
valuable insight into the global effects that small changes can have on extraction systems as well as
better predictability. While these studies involved three experimental parameters ([(2,6)-dimethyl-
4-heptanol], [A, Cl- or NO3], and [H*]), future experiments will be expanded to include more
parameters fully describe a complex extraction systems, such as the effects of radiolysis, hydrolysis,

contact time, metal concentration, and diluent composition.

1.6.3. Equilibrium Analysis of Solvent Extraction and Extraction
Chromatographic Systems
Establish dominant solution and solid-state complexes of Pa extracted by aliphatic alcohols
in HCl and HNO3; and determine the thermodynamic parameters that govern the extraction
(Chapter V).#7 The availability of significant mass quantities of Pa for advanced spectroscopy
analysis is limited to a few location globally (Argonne National Laboratory; USA, National Physical
Laboratory; UK), this chapter utilizes an understanding of chemical equilibria and solvent
extraction techniques to better our understanding of Pa chemistry and illuminate the differences in
the chemistry of Pa with respect to the other actinides. To do so, solvent extraction experiments

were performed to determine the dependency of the extractant and anion on the distribution ratio.
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This information was then used to approximate the average stoichiometry between the central
metal, Pa, and the extractant and anion. In these experiments the extractants used were (1-octanol,

2-ethyl-hexanol, and (2,6)-dimethyl-4-heptanol) in both hydrochloric and nitrate acid forms.

1.6.4. Organic Phase Aggregation and the Influence on Solvent
Extraction
Develop a greater understanding of the surfactant like behavior and complex ordering in
ternary systems consisting of dodecane-water and an aliphatic alcohol in the formation of
aggregates and reverse micelles in the organic phase (Chapter VI). This chapter investigates
simple biphasic systems of water and dodecane containing an aliphatic alcohol (1-octanol or 2-
ethyl-hexanol) to evaluate the equilibrium ordering of these solutions at a molecular level. In these
experiments physical measurements were corroborated with small angle X-ray scattering (SAXS)
and molecular dynamic simulations to gain an in-depth understanding of what these solutions look

like at equilibrium and what factors influence the occurrence and morphology of aggregates.
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CHAPTER Il: A SIMPLE-RAPID METHOD TO SEPARATE URANIUM,
THORIUM, AND PROTACTINIUM FOR U-SERIES AGE-DATING OF
MATERIALS

This chapter was accepted for publication 18 February, 2014, published online 28 March, 2014.
This chapter is reprinted with permission. Please refer to Knight, AW, Eitrheim, E.S., Nelson, AW,,
Nelson, S.T., Schultz, M.K. (2014). A Simple Rapid Method to Separate Uranium, Thorium, and

Protactinium for U-Series Age-Dating of Materials. Journal of Environmental Radioactivity, 134: 66-

74.
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2.1. Abstract

Uranium-series dating techniques require the isolation of radionuclides in high yields and in
fractions free of impurities. Within this context, we describe a novel-rapid method for the
separation and purification of U, Th, and Pa. The method takes advantage of differences in the
chemistry of U, Th, and Pa, utilizing a commercially-available extraction chromatographic resin
(TEVA) and standard reagents. The elution behavior of U, Th, and Pa were optimized using liquid
scintillation counting techniques and fractional purity was evaluated by alpha-spectrometry. The
overall method was further assessed by isotope dilution alpha-spectrometry for the preliminary
age determination of an ancient carbonate sample obtained from the Lake Bonneville site in
western Utah (United States). Preliminary evaluations of the method produced elemental purity of
greater than 99.99% and radiochemical recoveries exceeding 90% for U and Th and 85% for Pa.
Excellent purity and yields (76% for U, 96% for Th and 55% for Pa) were also obtained for the
analysis of the carbonate samples and the preliminary Pa and Th ages of about 39,000 years before

present are consistent with #C-derived age of the material.

2.2. Introduction

Radiometric age-dating techniques are powerful tools that are used often to understand
geological events; describe geochemical processes; and more recently, to develop an understanding
of materials for nuclear forensic analysis. Because the nuclear half lives (ti,2) of the radionuclides
involved are well known, radiometric techniques have the potential to reveal precise information
regarding the time (to) at which a parent and daughter were separated biogeochemically. For
geochronology applications, precise knowledge of t;/2 is combined with understanding of distinct
differences in the geochemical behavior of radionuclides to establish assumptions that guide the
selection of parent/daughter relationships that are relevant to answering the geochemical question
at hand. Thus, known radioactive daughter-ingrowth can be used to extrapolate radiometric
measurements (performed today) to a time in the past when parent/daughter radionuclide

disequilibrium is likely to have occurred. For environmental science applications, this information
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can be used to estimate geomorphic growth rates43 and sedimentation rates; 48 as well as to obtain
information about the rates of weathering of geological formations.# For nuclear forensic
applications, this information represents a powerful tool that can be combined with other forensic
evidence to develop a more detailed understanding of the process, time, and location from which
the material may have originated.12 14

A mainstay for the last four decades in age-dating materials for various geochronology
applications involves the disequilibria and daughter ingrowth of radionuclides in the natural U and
Th decay series (238U, 235U, 232Th).” With ty,2 s ranging from billions of years to microseconds, U-
series radionuclide disequilibria enable observers to obtain temporal information for a variety of
chronometric uses.5® Several excellent reviews provide detailed descriptions of the underlying
assumptions that form the foundation for various time-dependent phenomena that can be
described, and the time frame within which specific parent-daughter relationships can be most
effectively employed. For timescales between approximately 10,000 to 375,000 years before
present, two of the most commonly used disequilibria employed are 230Th /234U and 231Pa/235U. 7.9, 50,
51 Because Th and Pa ages can be confirmatory, radioanalytical methods developed for U-series
radiochronometry applications have sought to combine the analysis of Th, Pa, and U in a single
analytical run. Methods of analytical quantification for these analyses include isotope dilution alpha
spectrometry and (more recently) mass spectrometry.10. 52

Numerous approaches to radiochemical separations have been established for U-series
radiochronometry.1t. 14 53 Early methods using standard ion-exchange technologies and liquid-
liquid extraction were effective, but often suffered from relatively low radiochemical yields in the
analysis of more complex matrices. Low radiochemical yields potentially increase the detection
limits of the approach, which can be particularly detrimental to Pa dating, due the relatively low
natural abundance of Pa in terrestrial samples (<300 fg/g, > 0.03 dpm/g).11 41 54 55 [n addition,
relatively large quantities of acid and mixed organic/acid waste prompted the development of
improved approaches. While more recent methods have improved radiochemical yields, in general,

two or more columns are usually employed, which complicates the process and can result in
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relatively large volumes of chemical waste.#! Within this context, we explored the potential to
develop a new method, which might combine improved elemental purity of U, Th, and Pa fractions,
with fewer steps, and less waste. In this paper, we describe this new method and present the
application of the approach for the isotope dilution alpha-spectrometry analysis and preliminary
age determination of an ancient carbonate sample obtained from the Lake Bonneville site in
western Utah.56. 57 The method is relatively rapid; produces only small amounts of chemical waste;
utilizes a commercially-available extraction chromatographic resin (TEVA; Eichrom Technologies,

Inc.); and employs standard laboratory reagents.

2.3. Materials and methods

2.3.1. General

Radioactivity standards were prepared in Aristar Ultra (Sigma Aldrich) nitric acid (HNOs,
metals grade, certified to parts per trillion metal, PPT, purity), which had been diluted to working
concentrations using ultra-pure distilled-deionized water of similar certified metal content
(Baseline, Seastar Chemicals, British Columbia, Canada). Tracers were prepared from Standard
Reference Materials (SRM’s) obtained from the United States (USA) National Institute of Standards
and Technology (NIST, Gaithersburg, MD, USA) or from NIST-traceable certified reference materials
(CRM'’s, Eckert Ziegler Radioisotopes, Atlanta, GA USA). Analysis of U consisted of Natural-U (U-
NAT, CRM 92564) and 232U standards (CRM 92403), certified to be in secular equilibrium with
228Th, which was used as a tracer for Th analysis. A control standard 230Th (SRM 4342A) was
purchased from NIST. Radiochemical yields for Pa analysis were achieved by isotope dilution
techniques using 233Pa tracer, prepared by solvent extraction from 23’Np (CRM 92566). Tracers
were prepared within six months of studies presented here and tracer solutions were stored in
double-sealed plastic bottles (certified for low metal content, Seastar Chemicals) and stored at 5°C
continuously to minimize potential evaporation effects. Acids and salts used for radiochemical
separations included: HNOs; hydrochloric acid (HCl); hydrofluoric acid (HF); perchloric acid

(HCIO4); sulfuric acid (H2S04); and ammonium bioxalate [(NH4)2C204]) and were ACS reagent grade
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purity (Fischer Scientific) or higher. Chemicals used for electrodeposition included: sodium sulfate
(NazS04); sodium bisulfate (NaHSO4); potassium hydroxide (KOH); and ammonium hydroxide
(NH4OH) and were reagent grade (Fisher Scientific). Half-lives and alpha-particle emission energies
stated are values originating from the Evaluated Nuclear Structure Data File (ENSDF) and were
obtained through United States National Nuclear Data Center (NNDC, Brookhaven National
Laboratory, US Department of Energy).16 Unless otherwise stated explicitly, all uncertainties cited
are “standard uncertainties,” corresponding to a coverage factor k = 1.58 Acid dependencies of
extraction chromatographic resins were identified from the manufacturer’s website and can be

found at www.eichrom.com.

2.3.2. Safety Considerations
Solutions containing HF and HClO4 are potentially dangerous and appropriate personal
protective equipment should be used when using these acids. Similarly, use of radioactive materials
is potentially hazardous and appropriate ALARA principals should be considered prior to

conducting experiments using radioactive materials.

2.3.3. Radiotracer Preparation

The isotopic tracers used for this study were 232U/228Th, and 233Pa. The 232U (ti,» =68.81
years) tracer used is in radioactive equilibrium with daughter 228Th (t1,2 = 1.9 years). Control spikes
used for method validation were U-NAT and 23°Th (ti = 7.5 x10% years). The U-NAT standard
solution contains natural U isotopes; 238U (t1/2 = 4.5 x 109 years), 235U (ti12 = 7.0 x 108 years), and
2340 (t12 = 2.5 x 105 years) in natural abundances. Radioactive standard solutions were prepared by
serial dilutions, which were performed volumetrically (with gravimetric and radiometric
confirmations), with dilutions of 5- and 500-fold performed in 1.0 M Aristar Ultra HNO3 to obtain
final-working secondary-standard solutions. Volumetric dilution factors for standards were
confirmed gravimetrically and radiometrically (via liquid scintillation counting (LSC) and alpha-

spectrometry) to within 2% for all radiotracers employed, according to our quality control
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protocols. Radiotracers and control spikes were added using calibrated volumetric pipet according

to our routine procedures.
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Figure 9. Schematic illustrating the liquid-liquid extraction of **Pa from *'Np liquid-standard (CRM
92566) for use as aradiometric tracer.

Radiochemical yield determinations for Pa were carried out using an isotopically-pure 233Pa
(t1/2 = 26.967 days) solution obtained via solvent extraction isolation from 23’Np (ti,2 = 2.14 x 10¢
years) based on procedures described previously with slight modifications (Figure 9). 46 59 60
Briefly, the glass ampoule containing the 23’Np solution (in 0.5 M HNO3) was opened and the
contents were transferred and stored in a new Seastar Teflon bottle. At the time of preparation, this
solution was transferred and taken to dryness in a Teflon beaker and redissolved in a minimum

volume of 6 M HCI (Ultrapure, Fluka). This process was repeated three times to ensure that the
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solution was fully converted to the chloride form and the 23’Np was redissolved in 50 mL 6 M HCI
(Ultrapure, Fluka) and transferred to a 250 mL glass-separatory funnel. Extraction of 233Pa was
achieved by the addition of 50 mL octan-2-ol (pre-equilibrated in Xylenes). The funnel was shaken
vigorously for 1 min and the aqueous and organic layers were allowed to separate (~5 min). The
aqueous layer, containing 23’Np, was collected and returned to the storage bottle for future 233Pa
tracer preparations. The organic fraction, containing 233Pa, was washed with 50 mL of 6 M HCI and
shaken for 1 min (to extract residual 23’Np) and allowed to separate 5 min. Washings were repeated
a total of three times to remove any residual 23’Np. Each time, the aqueous-acid layer was
discarded. Back-extraction of purified 233Pa into an aqueous solution that would be suitable for
tracer additions, was accomplished by adding 50 mL of water containing 3 g Na;SO4 in 5 mL
concentrated H,SO4 to the separatory funnel. Again the contents were shaken for 1 min and allowed
to stand for 5 min. The aqueous layer, containing 233Pa, was transferred to a 250-mL Erlenmeyer
flask and heated on a hot plate at medium heat. A few drops of concentrated HClIO4 and HNO3 were
added to oxidize any residual organic matter. This solution was then taken to dryness, redissolved
in 20 mL 20% H»S04, and stored in a 30 mL Teflon bottle (Seastar Chemicals) to minimize
adsorption of Pa to the walls during storage.

To confirm the purity of the 233Pa fraction (i.e., absence of 23’Np), a sampling (n=3) of
electrodeposited sources was analyzed by alpha-spectrometry and beta counting. These sources
were also used as standards for yield monitoring (by beta counting) of the Pa radiochemical yields
for method evaluation as described previously.#6 60 To confirm quantitative electrodeposition of Pa
to the stainless steel planchettes (for use in yield determinations), the supernatant of the
electrodeposited sources were also analyzed for residual 233Pa by High Purity Germanium (HPGe)
gamma-spectrometry. No residual 233Pa could be detected in the supernatant solutions, based on
examination of the count rate of 233Pa gamma emissions peaks (311.9, 98.4, and 94.6 keV peaks, 24
h count time), with a calculated limit of detection of 0.4 mBq.58 Further, no 23’Np could be detected
by alpha-spectrometry (absence of 4.7 MeV peak, 168 h count time, data not shown), thus

confirming the purity of the 233Pa standards and quantitative deposition on the surface of the disk.
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2.3.4. Chemical Separations

Development of the analytical method presented here was carried out using an extraction
chromatographic resin, TEVA, which has been described in detail previously.¢! Briefly, the material
consists of Amberchrom CG-71 solid-phase support-resin beads that have been impregnated with a
quaternary-mixed-aliphatic-chain (primarily n=8 or n=10) functionalized ammonium salt (n=8, N-
methyl-N,N-dioctyloctan-1-ammonium chloride; or n=10, N-methyl-N,N-didecyldecan-1-
ammonium chloride; specifically (CgH17)(CH3)N* CI, 27%; (CioHz1)(CH3z) N+ CI, 47%;
(C10H21)2(CsH17)(CH3) N+ Cl, 27%; (Ci0Hz21)(CsH17)2(CH3) N+ Cl, 2%), commonly known as
Aliquate336. Columns were prepared by slurrying the TEVA resin in water to a concentration of
0.66 g per 5 mL and transferring a vortexed homogenized 5 mL aliquot of the stock slurry to empty
columns and allowing the water to drain by gravity flow. Pre-manufactured frits (provided with the
empty columns) were inserted on top and beneath the resin and a 25 mL reservoir (AC-120,

Eichrom) was attached and the column (Figure 10).
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Figure 10. The new column separation protocol using TEV A for separation and purification of Th, Pa,
and U.

To arrive at the optimum separation strategy, the elution profiles for Th, Pa, and U were
determined by step-wise elution of 1-mL aliquots of eluent solutions directly to 20-mL standard

plastic or glass LS vials for direct counting by LSC. To prepare, ~75 Bq 232U /228Th and ~180 Bq 233Pa
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were taken to dryness and redissolved in 5-15 mL 4 M HCL These experiments were undertaken to
determine the elution peak maximum at test acid concentrations and no attempt was made in these
experiments to assess or correct for scintillant quench or background contribution. Unlike alpha
emitting radiotracers, 232U and 228Th, that have a LSC counting efficiency near 100%, the LSC
counting efficiency for beta-particle emitter 233Pa is less than 100%. Nonetheless, because the signal
is proportional to the activity of the samples, the LSC experiments provide the necessary
information to determine the elution peak maximum values of Pa. Prior to separations, the TEVA
column was preconditioned with 10 mL of 4 M HCl and the sample was loaded on the column in 1
mL aliquots using an autopipet. Each aliquot was collected into a separate LS vial containing 15 mL
of LS cocktail (Ecolite™, MP Biomedicals, Solon, OH USA). Once each 1-mL aliquot was collected
(Figure 10), vials were shaken, dark adapted, and counted by LSC for 30 min each for two cycles

using routine counting parameters.
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Figure 11. Elution curves that describe the final separation procedure as a function of elution volume. The
procedure for the separation of U, Th, and Pawas performed in 1 mL aliquots.

For alpha-spectrometry analysis, TEVA columns were again assembled and preconditioned
with 10 mL of 4 M HCIl. The sample was loaded in 5 mL of 4 M HCI to the column via transfer pipette
directly onto the frit at the top of the column. The eluent of the load solution was collected for Th
and the remaining Th was collected in the same beaker with an additional 10 mL rinse with 4 M HCI
(Figure 11). Another rinse containing 25 mL of 4 M HCI eluted any residual Th prior to the elution
of Pa, but was discarded (i.e. this discarded fraction contains very little Th). Following the removal
of residual Th, Pa was selectively stripped from the column (i.e. U is retained) in 15 mL of 4 M HCI-
0.1 M HF and this fraction was collected for Pa analysis. Finally, U was eluted from the column with
5 mL of 0.1 M HCI Once fractions were collected, they were set aside for source preparation and

analysis.
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2.3.5. Source Preparation

Instrumental methods employed for the studies presented here were carried out by LSC,
alpha-spectrometry, and beta counting. Sources analyzed by alpha-spectrometry and beta counting
were prepared via electrodeposition according to an approach developed previously,34 using a
model EP-4 electrodeposition module (Phoenix Scientific Sales, Roswell, GA USA). Briefly, following
separation and purification the Th, Pa, U, each analyte fraction was slowly taken to dryness. For Th
fractions, once the eluent reached a minimal volume (~3 mL), it was necessary to add 1 mL of
concentrated HNO3z and a few drops of 30% H20> to destroy possible organic resin material that co-
eluted from the column bed of the TEVA column. The beaker was then covered with a watch glass
and allowed to reflux for 20 min. Our experience indicated that neglecting the oxidation of organic
matter step resulted in a visible cake on the Th planchettes that decreased yield and degraded
spectral resolution. Once completely dry, all three fractions were redissolved in a buffer containing
5 mL 15% NazS04, 2.5 mL 5% NaHSO4, and 2 mL of H,0. The contents were transferred to plastic
electrodeposition cells, which had been fitted with a stainless steel planchette (25 mm outer
diameter, AF Murphy, Quincy, MA USA), with 3 rinses of 1 mL of H;0. Once the module was
assembled, a platinum electrode was inserted and the current was adjusted to 0.5 A for 5 min, and
then kept at constant current (0.75 A) for 90 min. To terminate the deposition, 2 mL of 25% KOH
was added (dropwise) with constant current for 1 min, followed by removal of the current and
discarding of the solution. A final rinse of the inside wall of the cell was performed with 5% NH4OH.
The planchets were then removed from the cell and rinsed with minimal volumes of NH4OH,
ethanol, and acetone to clean and dry the counting source. Once dry, the sources could be analyzed

by alpha spectrometry and beta counting.

2.3.6. Source Counting
Alpha-spectra were collected using vacuum-controlled alpha spectrometers (Alpha Analyst,
Canberra, Meridan, CT USA) equipped with 450 mm? passivated ion-implanted silicon detectors

(PIPS, Canberra), with a source-to-detector distance of approximately 10 mm, which resulted in a
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counting efficiency of approximately 20%. Thus, radiochemical yield determinations were obtained
by standard calculations using efficiencies determined using standards prepared from NIST SRM
4342A (230Th) in an identical geometry. Prevention of alpha-daughter recoil contamination of
alpha-detectors was accomplished by use of thin films, prepared as described previously (using a
mixture of iso-amyl acetate and collodion). These thin films have been demonstrated to have no
effect on the alpha emission detection efficiency or spectra resolution.6?2 Alpha-counting sources
were counted for approximately 168 h, with a matched count-time background subtraction of each
region of interest (ROI) applied to obtain background corrected integrated count rates. Standard
isotope dilution techniques were used to calculate the apparent activity of added controls 230Th and
U-NAT radionuclides based on the ratio of control to added 232U and 228Th integrated counts.56

Beta counting for 233Pa yield determinations was conducted using a Ludlum model 3030
Alpha Beta Radiation Sample Counter (Ludlum Measurements, Inc.,, Sweetwater, TX). Each Pa
source was counted in triplicate for 10 min, with appropriate matched-count time background
subtraction. The count rate was compared to sources of 233Pa with known activity to determine the
radiochemical yield. Purity of the 233Pa tracer solution was confirmed by gamma-spectrometry
using a P-Type HPGe detector (ORTEC, Oak Ridge, TN USA), which was calibrated for energy and
efficiency using a NIST-traceable multi-line gamma-ray source obtained from Eckert Zeigler.

For the determination of elution peak maximum values for radiochemical separations, LS
counting was carried out using a Packard (1600 CA Tri-Carb) LS counter using EcoLite LS cocktail
in plastic LS vials with a water fraction of approximately 10%. The LS sources were counted so as to

achieve atleast 1000 total counts for a counting uncertainty of approximately 3% (k = 1).

2.3.7. Method Evaluation
Preliminary evaluation was carried by validation runs in which control standards U-NAT
and 230Th were used to simulate the analysis of natural samples. For method evaluation
experiments analyzed by alpha-spectrometry, Th, Pa, and U tracers and analytes were added to a

Teflon beaker volumetrically (50 mL 232U /228Th, ~0.07 Bq; 50 mL U-NAT, ~0.025 Bq; 100 mL 233Pa,
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~18 Bqg; and 1 mL 230Th, ~0.07 Bq), and taken to dryness. A nominal 5 mL volume of 4 M HCl was
added and the process was repeated three times to convert the matrix to the chloride form for
separations. After conversion of the carrier to the chloride form, the tracer and analyte
radionuclides were redissolved in the load solution (5-15 mL 4 M HCI) for TEVA separation and
purification (Figure 10).

To further evaluate the potential of the new method, the approach was applied for the age
determination of a natural matrix geological material - an ancient carbonate sample (GC2 1980-
2050, Brigham Young University) obtained from the Lake Bonneville site in western Utah.57 A
complete description of the material and its preparation will be described elsewhere. For these
further evaluation runs, 0.5 g aliquots (n = 3) of GC2 1980-2050 were added to Teflon beakers and
dissolved in minimal 1 M HCl. To this slurry, the radiometric tracers were added (0.07 Bq
2321J /228Th, ~18 Bq 233Pa). The slurry was diluted to approximately 10 mL of concentrated HCI,
covered with a Teflon watch glass, and refluxed under low heat over night. At the completion of the
dissolution step, the remaining sand and other insoluble materials were separated via
centrifugation at 3100 rpm for 30 min (IEC MediSpin, Thermo Scientific, Waltham, MA; USA). The
pH was kept low to minimize adsorption of Pa and Th to the beaker or particulate matter. Following
centrifugation, samples were transferred back to Teflon beakers and taken dry. Once completely
dry, samples were redissolved in 2 M HNOs. This process was repeated four times to ensure the
complete conversion from the chloride to the nitrate form. As a precautionary step, the redissolved
carbonate samples were centrifuged again for 30 min to remove any colloidal silica that could
potentially interfere with the column separation steps. For these natural matrix samples, a pre-
concentration step was included by the use of TRU resin (Eichrom Technologies, Lisle, IL) in a
procedure previously described by Hull et al. previously.63 Briefly, the sample was loaded to a
preconditioned TRU column (1 mL column volume geometry as in TEVA separations) in 10 mL 2 M
HNOs. The column was rinsed with 30 mL of 2 M HNO3 to remove common ions, followed by group-
elution of the actinides with a rinse of 10 mL of 0.1 M ammonium bioxalate. The fraction containing

ammonium bioxalate was sublimated to apparent completion in a glass beaker at moderate heat.
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Following complete removal of the ammonium bioxalate reagent, the sample matrix was converted
to 4 M HCI, and separation of Th, Pa, and U was conducted according to the procedure described
above using the TEVA resin (Figure 10). Following the TEVA separation, electrodeposited sources
were prepared and counted for 168 h in alpha-spectrometry chambers with known efficiencies. The
233Pa yield was determined as described above. Analysis of alpha-spectra allowed for the
determination of a preliminarily age of formation for the carbonates using U-series dating

techniques (230Th /234U, 231Pa/235U) to be described in detail in future publications.

2.4. Results and Discussion

2.4.1. Results

We have developed a new method for separation and purification of Th, Pa, and U using the
commercially-available extraction chromatography resin TEVA. Estimations of the elution peak
maximum value for each element under conditions that achieved highly pure fractions were
determined by LS techniques. To further evaluate the method, a proof-of-concept isotope dilution
alpha spectrometry study was performed using a mixture of tracers (228Th, 233Pa, and 232U) and
controls (238U, 235U, 234U, and 230Th) in a simple acid matrix. These experiments were designed to
determine the radiochemical recovery, purity, and alpha-spectral resolution that could be achieved
using the method. For this proof-of-concept study (n = 3), the mixture of radionuclides was loaded
to preconditioned columns in 4 M HCl and elemental fractions were eluted separately. While Th
passes directly through the column with the load solution and rinses, Pa and U are initially retained
and can then be eluted sequentially from the column in 4 M HCI-0.1 M HF and 0.1 M HCI
respectively. To further evaluate the new TEVA method, we performed an analysis of an ancient
carbonate sample obtained from a relevant geological formation at the Lake Bonneville site in
western Utah. These samples were weighed and acid digested by routine sample preparation
techniques and analyzed by isotope dilution alpha-spectrometry.56 57, 64

While analysis of 231Pa/235U and 230Th/234U ratios are considered powerful tools for age

dating of materials, improved methods for obtaining elementally-pure fractions of all three
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elements in a single analytical run is desirable. Early assessments of available chromatography-
based separations technologies led us to investigate extraction chromatographic resin TEVA
(Eichrom Technologies), composed of Amberchrom resin beads impregnated with undiluted
Aliquate336. Aliquat*336 has been used previously as the organic layer in liquid-liquid extractions
for the separation of actinides from complex environmental matrices and for nuclear fuel cycle
applications.65 ¢6 For efficient extraction using quaternary-amine-based extractants, radio-metals
must be present as anionic species.¢¢ The anionic complex forms a stable cation-anion pair with the
quaternary-amine, achieving extraction from the aqueous phase. For example, at low pH (e.g., 4 M
HCI), the predominate species are U(VI) and Pa(V), which are known to form strong anionic chloro-
complexes,> 67 and are readily extracted into a solution of Aliquat®336,65 66 presumably as cation-
anion pairs. On the other hand, Th(IV) (the predominant redox state of Th) is weakly associated
with Aliquat®336 due to the formation of a relatively weak-neutral ThCl,*8H,0 complex in HCI. 66 68,
69 This working hypothesis is supported by a subsequent study, which demonstrated low retention
of Th on TEVA resin in all concentrations of HCLé! Thus, we hypothesized that U(VI) and Pa(V)
could be isolated from Th(IV) by reaction with the Aliquat®336-ligand-based TEVA in a strong acid
solution of HCl. Experimentally, we observed little retention of Th on the TEVA column, with an
observed elution peak maximum at 5 mL, resulting in radiochemical yields of 90 + 4%, and no

observable radionuclidic impurity (Figure 12; Figure 13; Table 1).
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Figure 12. Alpha-spectra of the Th fraction obtained in the analysis of carbonate samples from Lake
Bonneville.
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Once isolated from Th(IV) (in the organic-extractant phase of the TEVA resin), we further
hypothesized that differences in the chemistries of U(VI) and Pa(V) could be exploited to achieve
separation and elemental purification. At this step, U(VI) and Pa(V) remain adsorbed to the TEVA
column. For the isolation of U(VI) from Pa(V) a stripping agent was necessary because elution
curves on TEVA for U(VI) and Pa(V) were very similar in dilute HCI solutions d thus difficult to
separate.tl. 70 Potential stripping agents to remove Pa(V) from an organic phase or extraction
chromatographic resin has been previously examined. These studies demonstrated that stripping
agents such as; HF, HClO04, and Na,S0O4 are effective in the quantitative elution of Pa(V).5 é5.71 For our
purpose, the addition of a stripping agent must not only elute the Pa(V), but also it must leave the
U(VI) adsorbed to the column. The most promising of these studies indicated that the introduction
of a low concentration of HF would result in the formation of strong innersphere-soluble Pa
fluoride species (presumably PaF;2+), which should effectively remove Pa quantitatively.11. 41,5460 Ag
a starting point, we chose a low concentration of HF (0.1 M) in combination with the same HCI
concentration (4 M) as was used to elute Th(IV), which we hypothesized would maintain the
adsorption of U(VI). While recent published efforts to develop similar methodologies were
unsuccessful in establishing an effective separation step for Pa, these attempts did demonstrate that
even very low concentrations of HF were sufficient to abrogate binding of Pa to Aliquot 336-
quarternary-amine-based TEVA resin.> 11 Thus, we applied a solution of 4 M HCI-0.1 M HF, which
we expected would remove Pa(V) while the adsorbed U(VI) species, presumably of the form
R3CH3NUO:Cl3, would remain immobilized.5> 66 Fortuitously, experimental results validated that
adding 15 mL of 4 M HCI-0.1 M HF successfully removed Pa(V) from the column with an observed
elution peak maximum of approximately 3 mL (Figure 10). LSC data shows all of the activity was
accounted for in the first 5 mL of the solvent added. Radiochemical recovery of 85 * 12% was
determined by beta counting, and elemental purity in excess of 99.99% was quantified by alpha-
spectrometry (Table 1).

Interestingly, early experiments showed the presence of observable-residual adsorption of

Th(IV) in the alpha-spectrum, which was removed with the Pa fraction. Modifications were made to
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fully rinse the TEVA column until LSC data showed the Th(IV) activity dropped to background
levels. Notably, a secondary broad elution peak (Figure 10. 2-2) characterized the elution of Th(IV)
and at least 25 mL of added 4 M HCI rinse was required for complete removal of Th(IV). These
results suggest: (1) the potential existence of a low-concentration of contaminant extractant of
unknown composition in the resin bed with an affinity for Th(IV); (2) the incomplete conversion of
the resin bed to the Cl- form at the preconditioning step; or potentially (3) that Th adsorbed to the
beads or other column materials may contribute to the ultimate shape of the elution profile and
create the need for significant rinsing to remove residual Th(IV). Following elution of Pa(V),
sequential elution of U(VI) from the column was achieved by elution with 10 mL of 0.1 M HCI as
described in Section 2.4 (Figure 10).61 Electrodeposited sources revealed overall process
radiochemical yields of 93 * 3%, with apparent radiochemical purity of 100% confirmed by beta

counting, alpha spectrometry, and high-resolution gamma spectrometry (Table 1, Figure 13).

e
232U
00 e e e e
Z
=
s
=
Qo
e M|
238U
0 [
MeV
Figure 13. Alpha-spectra of the resulting U fraction obtained by analysis of carbonate samples from Lake
Bonneville.
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Table 1. Resulting radiochemical yield, spike recovery, observable impurities, and spectral

resolution for U, Th and Pa via a pha-spectroscopy and beta-counting. The

radiochemical yield and spike recovery for U and Th were determined from apha

spectroscopy.
Element Radiochemical Yield!? Spike Recovery? (%) Impurity3 Resolution*
(%) (%) (keV)
Th 90 +4 97 +3 ND 31
Pa 85+12 NA ~0.1% NA
U 93+3 98+1 ND 31

1 Radiochemical yield was determined from alpha spectroscopy as the average integrated count rate for each isotope divided by
the total activity added.

2Spike recovery was calculated using isotope dilution a-spectroscopic techniques for the recovery of each control using the
isotopic ratio (control/tracer) multiplied by the tracer activity added.

3Impurity was calculated from the percentage of activity identified due to any element that would be considered a contaminant.

“Resolution was obtained from the full width half max (FWHM) of peaks in the a-spectra as generated by Genie 2000 Software
(Canberra)

2.4.2. Control Method Evaluation

We further evaluated the new radiochemical separation approach for purification of Th, Pa,
and U by preparing acid solutions with control spikes (238U, 235U, 234U and 230Th) - and analyzing
them by isotope dilution alpha-spectrometry using tracers (232U /228Th and 233Pa). We evaluated the
method based on critical metrics: achievable radiochemical yield of the tracers; the impurities in
each alpha-spectra; and control-spike recovery (Table 1).56 Radiochemical tracer yields were >90%
for U and Th for these experiments, while Pa yields were slightly lower (Table 1). Spike recoveries
for 230Th and U-NAT were calculated to be in excellent agreement with the expected values (Table
1). It should be noted that the recoveries determined by alpha-spectrometry were lower than those

observed by LS counting, suggesting that some loss of analyte occurs at the electrodeposition step.
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Further optimization of source preparation is ongoing in our laboratory and will be presented in a
future manuscript. It is also recognized that the activity concentration of our available solutions did
not include a test matrix with a sufficiently high concentration of 231Pa to collect sufficient counts
for statistical evaluation of a control spike recovery. Rather, our results here are focused on
radionuclide purity of the Pa fraction through alpha spectrometry and radiochemical recovery
based on beta counting. Future experiments will include testing of matrices with higher
concentrations of alpha-emitting 231Pa to enable a statistical evaluation of 231Pa control spike
recovery.>8

The resulting alpha-spectra for Th, Pa, and U from this present study were also analyzed for
radiochemical purity. Inspection of the alpha-spectra from the Pa fraction revealed no observable
contamination of U for the optimized column separation. Early evaluation of the method pointed to
the potential for Th contamination of Pa sources as a possible confounding metric. To mitigate the
presence of Th in the Pa fraction, we optimized the method by increasing the rinse volume (4 M
HCI; following elution of the Th fraction) to desorb all residual Th from the column prior to the Pa
elution. Our results indicate that a total volume of 40 mL of 4 M HCI is required to quantitatively
remove residual Th. Based on an examination of counts in the 230Th ROI in the Pa spectra, the
increase in rinse volume decreased cross-contamination of 230Th to levels that approach the limit of
detection. Thus, in Pa spectra, we observed an upper limit of < 0.1% 230Th added, based on an
average net count rate of 2.3x106 cpm in the 230Th region of interest and a 100 h count time and
alpha-detector counting efficiencies of approximately 20%.58 72 The Th and U spectra were analyzed
for contamination by quantification of counts in the 238U and the 230Th ROI’s, respectively. No
indication of early elution of U from the TEVA column was observed in Th spectra, nor was the
presence of any residual Th observed in U spectra. Expected presence of the decay products of 228Th
in the alpha-spectrum could be attributed to 232U-daughter ingrowth (sample count time was 168

h) (Figure 12).
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2.4.3. Lake Bonneville Carbonate Method Evaluation

As a final proof-of-concept evaluation of the new method for radiochemical separations for
U-series age determination of natural materials, we analyzed carbonate samples obtained from the
Lake Bonneville site in western Utah (USA). In our first attempt, samples (0.5 g) were digested to
dissolve the carbonate material according to established procedures 64 and analyzed by isotope
dilution alpha-spectrometry.5¢ Using standard Bateman equation-based dating techniques, our
preliminary estimate of the formation of the deposit is approximately 39,500 (230Th/234U) and
40,000 (231Pa/235U) years before present. These ages compare favorably with preliminary 14C ages
of roughly 37,000 years (obtained with appropriate corrections). These ages should only be
considered nominal, and no statistical conclusions can be made regarding concordance because the
estimated detection limit of this separation protocol (TRU/ TEVA) (3 mBq per g sample, counted for
168 h) is greater than the decay rate determined for Pa and the estimation of the detection limit
was based on a single count.>8 Future investigations will established a more rigorous understanding
of achievable detection limits and focus on techniques to improve the Pa measurement to minimize
the uncertainties associated with the age determinations. Although the uncertainties associated
with the measurements are large, calculated ages correspond well with the 14C derived ages,
radiochemical yields for tracers were less than expected d 62 + 12%, 24 + 9% and 37 * 9% for 232U,
228Th, and 233Pa respectively. Control experiments demonstrated that losses associated with the
TRU and TEVA column separations were negligible (see above) and it was determined that losses
could be attributed to sample preparation and source preparation steps. Modifications were made
to improve the overall yields associated with these steps; including substitution of the
electrodeposition source preparation with microprecipitated rare-earth-fluoride based filtered
source preparation. It was also found that a digestion procedure in 25 mL of 2 M HNO3 (1 h),
followed by filtration of the sample to remove residual silicate residue (instead of centrifugation),
prior to loading onto the TRU column improved the overall radiochemical yields for this carbonate
sample. These modifications improved the overall radiochemical yields being 76 + 11%, 96 £+ 10%

and 55 * 12% for tracers 232U, 228Th, and 233Pa respectively (n = 4). Future studies will include a
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more comprehensive optimization of the sample preparation and source preparation for these
carbonate samples and a complete examination of the age of the material based on both 230Th /234U
and 231Pa/235U disequilibria. Alpha-spectral results of the U content in the carbonate samples
reveled isotopic enrichment of 234U relative to parent 238U, which will be further examined also in

these future studies.

2.5. Conclusions

Here we described a new simple method for the separation of Th, Pa, and U, using
extraction chromatography resin TEVA, that can be applied for age-dating or radioanalytical
analysis applications by isotope dilution alpha spectrometry or mass spectral techniques. The
separation procedure can be performed in less than 3 h using a standard gravity-flow ion-
exchange-type column arrangement and results in less than 50 mL of acid waste. The method
provides acceptable to excellent radiochemical yields that are comparable to the other methods,
with virtually 100% radiochemical counting source purity. Ongoing studies are underway to
examine the potential to improve the overall speed of the approach by vacuum based rapid
chromatography approaches and the development of a column chromatography approach to

preparation of 233Pa tracer working standards.
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CHAPTER Ill: ACHROMATOGRAPHIC SEPARATION OF NEPTUNIUM
AND PROTACTINIUM USING 1-OCTANOL IMPREGNATED ONTO A
SOLID PHASE SUPPORT

This chapter was accepted for publication and published online 12 May, 2015. This chapter is
reprinted with permission. Please refer to Knight, A. W,, Eitrheim, E. S., Nelson, A. W., Forbes, T. Z.,
Schultz, M. K. (2016). A chromatographic separation of neptunium and protactinium using 1-
octanol impregnated onto a solid substrate. Journal of Radioanalytical and Nuclear Chemistry,

307(1): 59-67
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3.1. Abstract

We have developed a new chromatographic method to efficiently separate and isolate
neptunium (Np) and protactinium (Pa), based on the selective extraction of protactinium by
primary alcohols. The effectiveness of the new technology is demonstrated by efficient separation
of 233Pa from parent radionuclide 23’Np, using a hydrochloric acid mobile-phase medium. Our new
approach reproducibly isolated 233Pa tracer with a yield of 99 = 1 % (n = 3; radiochemical purity
100 %) and enabled chemical recovery of 237Np parent material of 92 + 3 % (radiochemical 99 %)
for future 233Pa tracer preparations. Compared to previous methods, the new approach reduces
radioactive inorganic and organic waste; simplifies the separation process by eliminating
cumbersome liquid- liquid extractions; and allows isolation of radiochemically pure fractions in

less than 1 h.

3.2. Introduction

Investigations to understand the chemical properties of the rare actinide (An) elements
protactinium (Pa; Z = 91; [Rn]5f26d17s2) and neptunium (Np; Z = 93; [Rn]5f4*6d17s2 ) over the past
few decades have led to a greater understanding of the physico-chemical properties of the 5f-group
An. The chemistry and applications of these elements are fascinating and diverse.l 37 For example,
Pa isotopic signatures and radioactive steady-state relationships can provide important
information for geologists;?. 9 11 54 nuclear forensic scientists;!2 14 73 and nuclear engineers. 66
However, deficiencies in our understanding of Pa chemistry often complicate radioanalytical
methods employed for these investigations.+ 11,74

While many of these complications arise from limited accessibility to appreciable quantities
of Pa for spectroscopic studies, expanding investigations into Pa separations and purifications have
led to exciting new applications. For example, efficient analysis of Pa-bearing nuclear materials for
applications in nuclear forensics and Th-based nuclear fuel development are leading to an
increasing need for technologies that enable isolation of radiochemically-pure Pa from complex and

(in some cases) high-radiation-field media.l3. 74 Specifically, beta-emitting Pa radionuclide, 233Pa
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(ti2 = 26.967 days), may be an undesirable contaminant in uranium-233 (233U) nuclear fuels
because of its large neutron cross section.’> Within this same context, nuclear forensic and
geochronological analysis of long-lived 231Pa (ti2 = 3.2769 x105 years) by isotope dilution
techniques generally requires the use of 233Pa as a yield monitor for accurate determinations of
231Pa by alpha spectrometry and mass spectrometry.10-12 Interestingly, research investigators
published the most comprehensive reports on Pa chemistry during the 1950s and 1960s, and
anticipated that “much of mystery and witchcraft [of protactinium chemistry]” would be eliminated
with the advent of appropriate tracer preparation techniques.5 46 [ronically, to this day, much of the
mystery of Pa remains unresolved, due in part to the need for more effective strategies for the
preparation of isotopic tracers.# Thus, there is a critical need to develop robust technologies for
separating and isolating Pa from materials.

Like Pa, isotopes of Np are of interest for applications in environmental science; nuclear
engineering; and as part of isotopic signatures in nuclear materials for forensic applications.”¢
While identification of isotopes of Pa occurred in the early part of the twentieth century, it was not
until the 1940s that investigators isolated sufficient quantities of Np radionuclides to confirm its
predicted-basic electronic and chemical properties.! Of the isotopes of Np, alpha emitting
radionuclide 237Np (t1/2 = 2.149 x106 years) is of significant interest because it has been identified as
an environmental concern and as a radionuclide that has the potential to assist in nuclear forensic
analysis of materials.”3 77 In environmental science, 237Np(V) is highly mobile in subsurface systems
and is considered a problematic radionuclide for the long-term storage of high-level wastes
produced from nuclear fuel cycle and weapons development. Worries regarding effectiveness of
engineered barriers and accidental release have led to research into the mechanism of Np
adsorption and transport in biogeochemical systems.’6.78 While the relatively long half-life of 237Np
is one rationale for concern in terms of its fate, transport, and potential for bioaccumulation, the
half-life and easily-detected alpha emissions of 237Np also enable its use for studies of fundamental

Np properties.!
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On the other hand, investigations of the chemical properties of Np using 23’Np are often
complicated by radioactive ingrowth of its immediate radionuclide decay product, 233Pa, and
current separations technologies are cumbersome for routine analyses.” Due to a relatively short
half-life, the observed radioactivity of 233Pa increases rapidly toward secular equilibrium (steady
state) with 237Np, which is undesirable for many applications. Conversely, the rapid ingrowth of
233Pa facilitates the use of calibrated 23’Np standard solutions for the preparation of 233Pa tracer for
isotope dilution analysis of 231Pa in materials, as described above. Consequently, researchers must
routinely remove 233Pa from 237Np sources.10. 46. 63 Unfortunately, current methods to isolate 233Pa
from 237Np involve anion-exchange (e.g., AG-MP1,1° Dowex-1,5 AG1-X8 11) and liquid-liquid
extraction (e.g., diisobutylketone,10 diisobutylcarbinol5) techniques that generate substantial liquid
(organic and inorganic) wastes—and often employ potentially hazardous hydrofluoric acid (HF).10.
11, 63 Although HF is an effective complexing agent for Pa, which allows back-extraction into the
aqueous phase,*6 excess F- can prevent Pa extraction in subsequent steps.!! Furthermore, HF poses
a serious health hazard and should be avoided when possible.80

Within this context, we have developed a new technology and approach for the efficient
separation and purification of Pa and Np that will be beneficial for the preparation of 233Pa tracer
from 237Np for isotope dilution radioanalytical analysis,10. 46. 60 and for the removal of 233Pa from
237Np for research investigating fundamental and environmental Np chemistry.”¢ In this article, we
describe this new and highly efficient separation of Np and Pa, which is based on selective
extraction of Pa by 1-octanol in hydrochloric acid (HClI) media. Our new method reproducibly
isolated 233Pa tracer with a yield of 99 + 1 % (n = 3; radiochemical purity 100 %) and enabled
chemical recovery of 237Np parent material of 92 + 3 % (purity [99 %) for future 233Pa tracer
preparations). Compared to previous methods, our new approach significantly reduces radioactive
inorganic and organic waste; simplifies the separation process by eliminating liquid-liquid
extraction required by previous methods; and reduces the time required—yields radiochemically-
pure fractions of Pa and Np in less than 1 h. We anticipate this method can be further adapted for

numerous applications and desired experimental conditions.
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3.3. Experimental

3.3.1. General

Chemical regents for radiochemical separation and source preparation (HCI), ammonium
hydroxide (NH4+OH), 35% hydrogen peroxide (H20:), and bromocresol purple were ACS regent
grade (Fisher Scientific) or higher. A calibrated source (1000 pg mL1) of cerium (Ce) (chloride
form) was used for micro-precipitation of radionuclide sources (High Purity Standards, Charleston,
SC). Radioactivity standards were prepared in Ultra-pure HCl (Fisher Scientific) and diluted with
ultra-pure distilled deionized water (Baseline, Seastar Chemicals, British Columbia, Canada), both
certified to parts-per-trillion (ppt) trace metals content. Half-lives and alpha-particle/gamma-ray
energies are values originating from the Evaluated Nuclear Structure Data File (ENSDF) that were
obtained through the United States National Nuclear Data Center (NNDC, Brookhaven National
Laboratory, US Department of Energy).l6 All uncertainties are ‘“standard uncertainties”

corresponding to a coverage factor k = 1,58 unless explicitly stated otherwise.

3.3.2. Safety Considerations
Use of radioactive materials is potentially hazardous and appropriate ALARA principles
should be considered prior to conducting experiments using radioactive materials. Both 233Pa (beta-
particle and gamma-ray emissions) and 23’Np (alpha-particle and gamma-ray emissions) are

radioactive isotopes and should be used only in facilities designed to handle radioactivity.

3.3.3. %’Np and ?*?Pa Sources
The radiation solution standards of 23’Np (Reference Numbers 92566, 96584, 93498) used
for this study were purchased from the Eckert and Ziegler Radioisotopes (Atlanta, GA, USA).
Standards were used after at least 7 months of the reference date to allow for ingrowth of
radioactive decay product 233Pa. The material has been certified to include a minor alpha-emitting
impurity (238Pu).”3 To prepare working solutions, the glass ampoule (5 mL in 0.5 M HNO3) was

scored at the neck and broken—and the contents were transferred to a pre-acid-leached beaker (25
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mL). The contents were taken dry slowly, and re-dissolved in ultra-pure 6 M HCI (Seastar
Chemicals, British Columbia, Canada). This process was repeated four times to an apparent
complete matrix conversion to the chloride form; and finally redissolved to provide a working stock
solution in 25 mL ultra-pure 6 M HCI (~145 Bq mL! 23’Np and 233Pa). Final solutions were
transferred and continuously stored in a metals-grade ultra-pure Seastar (Seastar Chemicals,

Canada) Teflon bottle at 5 °C to prevent evaporation.

3.3.4. Resin Preparation

The primary-alcohol extractant 1-octanol was chosen (based upon previous methods) to
prepare the 233Pa radiometric tracer.*¢ 60 The resin form of 1-octanol used for the experiments was
prepared using a procedure developed by Eichrom Technologies, Inc. (Lisle, IL USA).8! Briefly, 1-
octanol (10 g) was dissolved into methanol (100 mL) then mixed with the resin beads (15 g;
Amberchrom CG71, 25-50 Im, Rohm and Haas, Philadelphia, PA USA). The mixture was stirred (1 h)
in a rotary evaporator, and then the methanol was removed under vacuum at room temperature.
The resulting material was 40% (w:w) 1-octanol (verified by thermogravimetric mass analysis).
This material is not commercially available, but can be made available on request at no cost by the
authors. The material was prepared approximately 1 year prior to these investigations.
Qualitatively consistent results have been produced during this time, which reflect the stability of
the material stored at room temperature under typical laboratory conditions.

Columns were prepared by a previously described routine procedure.? Briefly, a slurry
(0.66 g per 5 mL) was homogenized and transferred to an empty 2 mL column (AC-141-AL,
Eichrom) allowing the water to drain by gravity flow. The column was secured with pre-
manufactured frits (provided with empty columns) and a 25 mL reservoir (AC-120, Eichrom). The
column was then preconditioned (10 mL of 9 M HCI) prior to loading of the 237Np/233Pa solution

(Figure 14).
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Figure 14. The protocol used to separate Pa and Np using aresin form of 1-octanol. Each fraction was
then analyzed separately by gamma and al pha spectroscopy.

3.3.5. Separation Protocol
To separate 233Pa and 237Np, aliquots of the calibrated standard solution (100 pL, n = 3) that
contained 14.5 Bq of both 23’Np and 233Pa (in secular equilibrium) were transferred to a liquid
scintillation (LS) vial (25 mL), diluted to 1 mL with 9 M HCI, and added to the column. The eluent of
the load solution was collected for 237Np analysis. Next, the LS vial was rinsed (4 mL, 9 M HCI) and

added to the column. The column was then rinsed directly with 30 mL 9 M HCl to wash any
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remaining 237Np that was retained on the column. All solvent fronts of 9 M HCl were collected

together in an LS vial (50 mL) to be analyzed for 23’Np yield and purity. Following the removal of

237Np, 233Pa was eluted by passing 30 mL of 1 M HCIl through the column. The eluent was collected

in another LS vial (50 mL) to be analyzed for 233Pa yield and purity. Each liquid LS vial was precisely

“time-stamped” to the time that the final drop was collected into the LS vial. This timestamp was

used as the reference to correct for the radioactive decay of 233Pa activity. An internal standard was

prepared containing the same amount of radioactivity from the stock solution (100 uL, 14.5 Bq;

237Np and 233Pa) of the solution standard in an identical geometry with HCI (30 mL) in a LS vial (50

mL).

Table 2. The dominant gamma ray and alpha particle energies of **Pa and *’Np used to assess
the purity and radiochemical recovery of each analyte.

Radionuclide Gamma Energies, keV (%) Alpha Particle Energy, MeV (%)
Protactinium-233 311.904 (38.54) N/A

300.129 (6.63)
340.476 (4.45)
86.595 (1.95)

Neptunium-237 29.374 (14.12) 4.78 (47.64)

86.47 (12.4) 4.77 (23.2)

8.22 (9.09) 4.64 (6.43)
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3.3.6. Gamma Spectrometry

Immediately following the separation process, the sources were counted by routine
procedures using high-purity germanium (HPGe) gamma-ray spectrometry and analyzed using the
gamma spectrometry software GammaVision (Ortec, Oak Ridge, TN).82 The internal standard was
counted for 4 h and used to calibrate the energy and effi- ciency of the 23’Np and 233Pa peaks (using
86.47 and 311.90 keV respectively) (Table 2). A matched count time blank background spectra was
collected using an LS vial with 30 mL HCI to account for background spectral corrections. The
detection limit was calculated to be 2.4 mBq (0.01 % of the total activity).58 Each sample was
counted for 4 h and “time-stamped” at the acquisition time, which was used to determine the total
elapsed time between the end of the separation and the starting of the HPGe analysis. All of the
sources were counted within 48 h of separation, to ensure that (233Pa)ime/(233Pa)initial < 95 %,
allowing for negligible effect of the decay constant to the overall uncertainty of the Pa

measurement.

3.3.7. Source Preparation and Alpha Spectrometry

To assess the yield and purity of Np and Pa fractions, 233Pa and 237’Np alpha-counting
sources were prepared by cerium hydroxide micro-precipitation and were analyzed by alpha
spectrometry by previously described routine procedures.? Briefly, the contents were transferred
to a beaker together with Ce carrier (50 pg), H202 (500 pL), and bromocresol purple pH indicator.
Note: H2,02and 9 M HCI will fade the color, so addition of more bromocresol is acceptable to ensure
the final pH range is determined correctly. The pH was then increased with the addition of
concentrated NH4OH to pH ~ 8, where the presence of the indicator resulted in a purple solution.
The mixtures were set aside for 10-20 min to allow for the microprecipitate to form. In the
meantime, a filtration apparatus was assembled on a vacuum box and lined with 0.1 pym Resolve
Filters™ (RF-100-25PP01, Eichrom) that were pre-wetted with 80% ethanol. The samples were
then filtered via vacuum filtration and allowed to dry for 30 min with the vacuum pump on. Once

dry, the filters were mounted on stainless steel planchettes (31.75 mm outer diameter, AF Murphy,
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Quincy, MA, USA). Finally, to prevent contamination of the alpha detectors resulting from daughter
recoil, thin films consisting of iso-amyl acetate and collodion were placed directly on the source as
we described previously.62

All alpha spectra were collected with 450 mm?2 passivated ion-implanted silicon detectors in
vacuum controlled-alpha spectrometers (Alpha Analyst, Canberra, Meridan, CT) with a fixed source
to detector distance of about 10 mm. Efficiencies are determined for each detector every 6 months
using a standard of identical geometry (Eckert and Ziegler; SRS: 91005; 238U, 234U, 239Pu, and 241Am)
and range from ~17 to 20 % depending on which detector is used. For each measurement the
efficiency of the detector used for an individual measurement is used to determine the
radioactivity. Alpha sources of the 23’Np sources were counted for about 24 h (>100,000 counts)
contributing <0.3 % uncertainty from counting statistics. The 233Pa sources were counted for 100 h
to determine presence of trace 237Np. In each 233Pa source, presence of trace 23’Np achieved >500
counts attributing to <4.5 % uncertainty from counting statistics. A matched count-time

background was obtained and subtracted from the 237Np region of interest (ROI) (Table 2).

3.3.8. Liquid Scintillation Counting
To determine the elution peak maximum values for 23’Np in 9 M HCI and 233Pa in 9 M HCl
and 1 M HC], samples were counted by LS counting. For LS counting experiments, a Packard 1600
CA Tri-Carb (Perkin Elmer, Waltham, MA) was used with EcoLite LS cocktail in 30 mL glass LS vials

with a water fraction of 10%. The samples were counted by routine lab procedure.8

3.4. Results and Discussion

3.4.1. General
This paper presents a novel approach to the chemical separation and isolation of
radiochemically-pure fractions of Pa and Np that is based on selective extraction of Pa by aliphatic
primary alcohols—using a new chromatographic-resin material and 1-octanol as the extractant-

functional moiety. We prepared batches of the 1-octanol extraction chromatographic resin via
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standard evaporative techniques and evaluated the new approach using a typical gravity-flow
column-chromatography arrangement. Excellent separation and radiochemical isolation of 233Pa
and recovery of parent 23’Np were observed at radioactivity concentrations of 233Pa tracer (14.5
Bq/sample) typical to environmental radiochemistry laboratories employing 233Pa tracer for
isotope dilution alpha spectrometry analysis of 231Pa in environmental samples. We anticipate that

the method could be modified to accommodate elevated levels of 23’Np for other applications.

Elution Profile of **’Np and ***Pa
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Figure 15. The elution peak profile of showing the elution of *’Np in 9 M HCI on the 1-octanol resin
material and the subsequent elution of **Pawhen the acid concentration is diluted to 1 M
HCI.
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The procedure comprised four basic chromatographic steps (Figure 14; Figure 15): (i)
preconditioning of the solid-phase aliphatic-alcohol-bearing resin with 5 mL of 9 M HCI (discarded
to waste); (ii) a loading step, in which 5 mL 9 M HCI (1 mL load; 4 mL rinse) containing 237Np/233Pa
is passed through the column and collected to recover 23’Np parent material, while 233Pa is
selectively retained via adsorption to the primary alcohol solid phase; (iii) a rinse step (30 mL 9 M
HCI to remove remaining 23’Np parent material); and (iv) elution of radiochemically-pure 233Pa in
30 mL of 1 M HCI. Radioactivity counting sources were prepared by standard alpha spectrometry
techniques. Radiochemical purity was evaluated by alpha spectrometry using standard solid-state
ion-implanted silicon detectors and HPGe gamma-ray spectrometry. Significant improvements that

were observed relative to previous methods include. 10,12, 46,60

3.4.2. Less Waste
Previous separation protocols for the isolation of 233Pa and 23’Np generally require a liquid-
liquid extraction step that utilizes a 50 mL organic phase separatory-funnel-based step, with up to
five subsequent-additional aqueous washes (50 mL each) to complete the purification of extracted
233Pa.46 Our new approach results in a maximum volume of 60 mL HCI residue and no radioactive
liquid organic solvent waste. We anticipate future refinements will lead to further reduction of the

total acid volume required.

3.4.3. Improved Safety and Efficiency (Removal of HF and Sulfuric Acid;
H,S0,)

All previous approaches to 237’Np/233Pa separation (to our knowledge) include the use of HF
or H,SO,4 for separation and isolation of 233Pa and 23’Np 46 60—and prevention of Pa hydrolysis
through the separation procedure.83 The use of these reagents not only adds significantly to
potentially hazardous radioactive mixed waste, but also requires additional steps to remove F- and
S042% for subsequent source preparation and radioactivity measurements.10. 11 Qur new approach
eliminates the need for F- and SO42-. At the tracer concentrations used for this study, we observed

no evidence of irreversible Pa hydrolysis.
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3.4.4. Improved Efficiency
Column chromatography as a whole has greatly simplified and reduced the hands-on time
for chemical separations, relative to liquid-liquid extractions. While previous liquid- liquid
extraction procedures require approximately 5 h of technician-hands-on attention, our new
approach with this extraction chromatographic resin containing 1-octanol as the extractant allows

separation and isolation of radiochemically-pure fractions of 23’Np and 233Pa in less than an hour.

3.4.5. Isolation of Neptunium

The Np fraction was isolated (n = 3) in outstanding purity with excellent recovery for future
preparations of 233Pa tracer solution. This fraction is collected in 9 M HCl, which is convenient for
future Np storage and can be easily converted to other desired chemical matrices for other
applications.”’0 While previous studies hypothesized that primary alcohols may represent an
adsorption nucleation site for Np(VI), this study finds no evidence of Np retention on the column,
resulting in an effective radiochemical separation from Pa(V) in a system containing the primary
alcohol, 1-octanol, thus suggesting that Np is maintained in the pentavalent oxidation state.
Evaluation by gamma spectrometry demonstrated excellent radiochemical purity with the absence
of 233Pa gamma-ray emission peaks (311.9, 300.1, 340.5 keV and X-rays; kap, and kfp.) (Figure 16).
Based on these analyses, the radiochemical purity of 237’Np was calculated to be 99 + 2 %, where the
uncertainty is primarily attributed to low counts in the 233Pa ROI's with activities at or below the
detection limit (~2.4 mBq). Importantly, the radiometric purity of a 23’Np source begins to decrease
rapidly (~2 % per day) with the ingrowth of 233Pa, daughter of 237Np. From an elemental mass
perspective, although the radiometric purity of the 23’Np solution decreases due to daughter
ingrowth, the atomic (mass) purity will remain essentially 100% 237Np, due to the short half-life of
233Pa. However, routine removal of 233Pa is an important consideration for Np research because it
will minimize overall radiation exposure to the researcher by reducing the gross beta activity and

removing relatively high-energy 233Pa gamma rays.
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Figure 16. High-purity germanium gamma-ray spectra of the (A) *'Np fraction, (B) and **Pafraction
analyzed following the separation, to assess the purity of ’Np and the yield of **Pa. The
purity of the *’Np was assessed in the regions 300.1, 311.9, and 340.5 keV and was
determined to be 99 + 2 %. The yield of ***Pawas determined from the 311.9 keV region and
was determined to be 99 + 1 %.

The radiochemical yield of 23’Np was determined by alpha spectrometry using cerium
hydroxide micro-precipitated sources. We observed that quantitative co-precipitation of Np was
ensured through redox control by addition of H,0, due to reduction of the soluble Np(V) to the
insoluble Np(IV) form.84 85 While in aqueous solution Np(V) is the most stable oxidation state, it will
not be incorporated into the cerium hydroxide microprecipitation, so Np(V) must be reduced.
Previous research demonstrates that Np(V) can be reduced to Np(IV) with the addition of excess

H>0. .86 Thus, excellent radiochemical yields for 237’Np (92 % + 3) were achieved based analysis of
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alpha spectra (4.7 MeV peak) (Figure 17; Tables 2; Table 3) and losses could be attributed the

micro-precipitation step rather than column elution step.
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Figure 17. Alpha spectra used to determine the yield of *’Np and purity of ?*Pa. (A.) showsthe ®*'Np
alpha spectra the radiochemical recovery was 92% =+ 3, as seen in the region of interest at
4.78 MeV. (B.) Shows the alpha spectra of the **Pa. The integrated count rate of *’Np
region of interest (4.78 MeV) results in aradiochemical purity of 100% + 0.2 for **Pa.

3.4.6. Isolation of Protactinium

Following the isolation of the 23’Np parent material in 9 M HC], in which 233Pa is strongly
retained on the column, 233Pa (n = 3) was recovered with near quantitative radiochemical yield by
elution with 30 mL of 1 M HCI (Figure 14). While the behavior of Pa under these conditions
afforded excellent separation from Np, the chemical form of the extraction Pa species into 1-octanol
is not well understood.5 Previous investigations have identified the predominant species of Pa and
Np under the conditions of our separations protocol as existing in the pentavalent oxidation state,
and it has been generally believed that the behavior of these elements is similar.3 Although it is well

understood that Np(V) in aqueous conditions forms the linear dioxo-neptunyl cation, NpO,+,1 45 less
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is known about the molecular features of the Pa complex in solution. It was hypothesized, and
recently demonstrated, that Pa forms a linear mono oxo-protactinyl moiety.*5 83,87 The extracted
species of Pa, in concentrations of [HCl] > 4 M, are suspected to be PaCl;3-, PaCls?, PaOCle3,
Pa(OH)OCle%, PaOCls%, but no dominant species has been empirically agreed upon.t 83 88 89 To
quantitatively desorb Pa from the stationary phase, the [HCI] is diluted to 1 M, and the resulting Pa
species is likely to be PaOOH?2+.1

In addition to the lack of information regarding the dominate Pa(V) species, the exact
mechanism for the extraction is unclear. Previous studies hypothesized that the interactions
between Pa and the extractant are mainly electrostatic, as the highly acidic environment forms a
protonated alcohol, [HROH*];.2, and anionic Pa complex.13 However, electrostatic interactions alone
do not sufficiently describe the selectivity to Pa over Np, because Np is also expected to form
anionic complexes in 9 M HCL! Future studies in our laboratory seek to identify the specific
differences in speciation that allow for the selective extraction of Pa over Np with 1-octanol.

The radiochemical yield for 233Pa was 99 + 1 %, determined by HPGe gamma spectroscopy
based on the gamma emission at 311.9 keV (Figure 16). Each fraction was decay corrected based
on the time elapsed from Pa elution to start of gamma spectral collection. Radiochemical purity of
233P3 was determined from a 100-h count of a cerium hydroxide micro-precipitated source by alpha
spectrometry. Radiochemical purity of the 233Pa sources was determined to be 100 + 0.2 %. Nearly
quantitative isolation from 23’Np parent material was achieved, with ~5 mBq (count rate < 0.002
counts/s) of the 14.5 Bq 23’Np added (0.03%) to the solution were identified by alpha particle
emission on the 233Pa (Figure 17; Table 3). While this separation factor approaches the limitations
of extraction chromatographic resins, additional steps can be taken to further purify 233Pa if
necessary. These include: (i) passing the solution through the 1-octanol column additional times
until the desired purity is achieved; (ii) application of the cerium hydroxide micro-precipitation
step without the addition of an oxidizing agent, which would exclude precipitation of 23’Np, which

does not form a cerium hydroxide micro-precipitation as Np(V); and (3) the use of multiple-
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smaller-increment elution volumes to improve the overall removal of Np (i.e. 6 rinses of 5 mL 9 M

HCl vs. 1 rinse of 30 mL).

Table 3. The results from the alpha and gamma spectroscopy the
recovered fractions of **Pa and *'Np using 1-octanol resin.

Radionuclide Radiochemical Yield?, % Purity?, %
Protactinium 99 +1 100 0.2
Neptunium 92 +3 99 2

! Radiochemical yield of Pa was determined by gamma spectrometry, and Np
was determined by alpha spectrometry

2 Radiochemical purity of Pa was determined by alpha spectrometry, and Np
was determined by gamma spectrometry

3.5. Conclusions

A novel approach to efficient separation and isolation of Np and Pa into radiochemically-
pure fractions, using a new chromatographic resin material has been described. The approach takes
advantage of highly-selective adsorption of Pa to primary-aliphatic alcohols in HCl media using a
solid-phase chromatography resin-based material with 1-octanol as the extractant. The material
can be produced easily in-house (at low cost) and our observations suggest that the material shelf-
life exceeds 1 year without apparent degradation (stored at room temperature under typical
laboratory conditions). The new approach significantly reduces waste (e.g. acid, organic,
radioactive, and mixed) produced during the separation and isolation of 233Pa and 23’Np and
eliminates the need for HF and H2SO4. The method reproducibly (n = 3) isolated 233Pa tracer with a
yield of 99 = 1 % (radiochemical purity 100 %) and enabled chemical recovery of 23’Np parent
material of 92 + 3 % (purity > 99 %) for future 233Pa tracer preparations. It is anticipated that the

procedure could be adjusted to meet more stringent criteria for purity and yield of Pa and Np.
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CHAPTER IV: CALCULATION MODEL FOR LIQUID-LIQUID EXTRACTION
OF PROTACTINIUM BY 2,6-DIMETHYL-4-HEPTANOL

This chapter was accepted for publication 26 September 2015 and published in a special issue of
Nukleonika highlighting the Safety of Actinide Separation Processes (SACSESS) conference in
Warsaw, Poland. This chapter is reprinted with permission. Please refer to Knight, A. W., Eitrheim,

E. S., Nelson, A. W,, Schultz, M. K. (2015). A calculation model for liquid-liquid extraction of
protactinium by 2,6-dimethyl-4-heptanol. Nukleonika, 60(4): 837-845.
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4.1. Abstract

Reprocessing of spent nuclear fuel usually employs the solvent extraction technique to
recover fissile material, isolate other valuable radionuclides, recover precious metals, and remove
contaminants. Efficient recovery of these species from highly radioactive solutions requires a
detailed understanding of reaction conditions and metal speciation that leads to their isolation in
pure forms. Due to the complex nature of these systems, identification of ideal reaction conditions
for the efficient extraction of specific metals can be challenging. Thus, the developments of
experimental approaches that have the potential to reduce the number of experiments required to
identify ideal conditions are desirable. In this study, a full-factorial experimental design was used to
identify the main effects and variable interactions of three chemical parameters on the extraction of
protactinium (Pa). Specifically we investigated the main effects of the anion concentration (NO3 -,
Cl- ) extractant concentration, and solution acidity on the overall extraction of protactinium by 2,6-
dimethyl-4-heptanol (diisobutylcarbinol; DIBC) from both HCl and HNO3 solutions. Our results
indicate that in HCI, the extraction of protactinium was dominated by the solution acidity, while in
nitric acid the extraction was strongly affected by the [DIBC]. Based on our results, a mathematical
model was derived, that describes the relationship between concentrations of anions, extractant,
and solution acidity and the expected values of Pa distribution coefficients in both HCl and HNO3.
This study demonstrates the potential to predict the distribution coefficient values, based upon a

mathematical model generated by a full-factorial experimental design.

Keywords: design of experiments, protactinium, solvent extraction

4.2. Introduction
Separation and isolation of long-lived radionuclides from aqueous solutions is critical to
efficient high-level nuclear-waste management.?¢ Due to the nature of nuclear-fission energy

production, waste products contain a wide range of radionuclides including: fission products,
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actinides, and their radioactive decay products.?0. 91 Separation and isolation of various elements
from the nuclear waste are performed to improve the long-term stability of the waste;! recycle
unused fuel, and recover precious metals contained in the waste stream.22 23 Since this process is
performed on an industrial scale — and the material is highly radioactive - radionuclide separations
that are reproducible, predictable, simple and amendable to safe operations are desirable.22.91

One of the most common techniques employed for this application is liquid-liquid
extraction. Liquid-liquid extraction utilizes a biphasic reaction system comprising an aqueous
phase (acidic or basic, to insure the metal solubility), and an immiscible organic phase containing
an organic-soluble extractant, which displays affinity toward the specific metal or radiometal of
interest.> 92,93 Final isolation of radionuclides and non-radioactive metals may also involve a ‘back
extraction’ (stripping) from the initial organic phase to an aqueous phase by use of a water-soluble
extractant.3 Thus, by utilizing rules of solubility and chemical speciation, solvent extraction
parameters can be adjusted to extract particular metals and radiometals from the bulk liquid-
waste.23 To the first approximation, the most important parameters for an efficient separation and
isolation of a desired radionuclide or stable metal are the pH, the concentration and properties of
the counter-ion (i.e. Cl-, NO3-), and the identity of the extractant (i.e. 2,6-dimethyl-4-heptanol).9*

One element of particular interest to the nuclear fuel cycle is protactinium (Pa).13 9
Although the molar concentration of Pa in nuclear fuel is generally low, two isotopes have
sufficiently long half-lives to be present in appreciable quantities (in terms of radioactivity) in
nuclear materials: 231Pa (ti,2 = 3.28 x 104 years) and 233Pa (t12 = 26.98 days)!¢ For example, in the
production of conventional 235U fuel, uranium ore (0.7% 235U, 99.3% 238U) is isotopically enriched in
235U up to 5%.91 Because 231Pa is the direct (and longest lived) decay product of 235U, the enrichment
process can result in enhanced 231Pa radioactivity in waste streams as a result of chemical
preconcentration, and its decrease in the 235U fuel, followed by a slow ingrowth of the radioactivity
over a long periods of time.!2 While 231Pa is not likely to exist in significant mass quantities in the
nuclear fuel, 231Pa plays unique roles in the nuclear fuel cycle. Due to its relatively high neutron

cross section, 231Pa can generate fissile isotopes 232U and 233U, which can improve core performance
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and longevity.96-98 Also, in considering long-term geological repository for spent nuclear fuel, 231Pa
and its shorter-lived daughters (i.e. 227Ac) will be major contributors to the total radioactivity after
105 years.t 99 Likewise, the shorter-lived isotope, 233Pa, will be present in the nuclear fuel cycle as
an immediate decay product of neptunium-237 (23’Np), which can originate from several neutron
capture and radioactive decay pathways.100 Furthermore, 233Pa has a unique role in alternative fuels
cycles, specifically the thorium (Th) fuel cycle.13 74 In the Th fuel cycle, natural, fertile 232Th is
neutron-irradiated to form the fissile 233U fuel. In this process 233Pa is an intermediate, formed by
neutron capture, 232Th(n,y)233Th, and subsequent 3- decay of 233Th. The isolation of 233Pa from other
products formed during the irradiation of 232Th, could provide near isotopically pure 233U.13.74

While these examples demonstrate the need for an understanding of Pa extraction from
spent nuclear fuel, relatively little is known about the chemistry of Pa, and hence its neglect in most
(if not all) industrial separation schemes.? Research to understand the chemistry of Pa has
traditionally been limited due to challenges in obtaining sufficient quantities of Pa to perform
spectroscopy. However, much can be learned about the chemical behavior of Pa through
observation of its behavior in chemical extraction systems at trace levels.5 13 66 101 Previous
research has suggested that aliphatic alcohols can effectively extract and separate Pa from the other
actinides and fission products.5 101 [nterestingly, an aliphatic alcohol (octanol) is used as a diluent in
some separation and extraction systems, suggesting that Pa might be unintentionally extracted at
various separation steps.2>

Whether research is occurring in industry, academia, or government, the experimental
efficiency and careful planning are essential to ensure safe operations, while meeting financial and
extraction objectives. Thus, identifying the ideal parameter settings for a given radiometal
extraction in a minimum number of experimental runs is desirable. One approach to experimental
design that is used often to improve the efficiency in data collection and interpretation is referred
to as the full-factorial design. Full-factorial experimental designs can be developed to maximize
experimental information obtained, while minimizing the number of experimental runs required to

obtain that information.102 103 In addition to identifying the main effects of changes in important
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experimental parameters, the approach also allows for the identification of effects of two-way and
three-way interactions between the reactants. This study aims to apply a full-factorial design to
broaden the understanding of the behavior of Pa in a liquid-liquid extraction system with 2,6-
dimethyl-4-heptanol (diisobutylcarbinol; DIBC) (Figure 18) as the extractant in both hydrochloric
(HCI1) and nitric acid (HNOs3) systems. To achieve this aim, we investigated this system based upon
three extraction parameters: [H+], [DIBC], and [anion (A-); Cl- or NO3- ]. We further aimed to develop
the understanding of the effect of two-way and three-way interactions between [DIBC], [H+], and [A-
] on the extraction of Pa into the organic phase. In addition, our studies were conducted to use the
statistical data generated from these experiments to create a mathematical model for the extraction
system that can be used to predict Pa extraction using the DIBC/acid liquid-liquid extraction

system.

CH, OH CH,
CH CH CH
7\ N
H,C CH, CH, CH,

Figure 18. Structure of 2,6-dimethyl-4-heptanol, common name diisobutylcarbinol or DIBC.

4.3. Experimental

4.3.1. General
All chemical regents were ACS Reagent grade (Fisher Scientific, Pittsburg, PA) or higher.
These reagents included HCl, HNO3, sodium chloride (NaCl), and sodium nitrate (NaNO3). The
organic solvents, dodecane and DIBC, were Sigma Aldrich (St. Louis, MO). Radioactivity standards of
233Pa were prepared using ultrapure HCI (Fisher Scientific) and diluted using ultra-pure distilled
deionized water (Baseline®, Seastar Chemicals, British Columbia, Canada), both were certified to

parts-per-trillion metals content. Half-lives and gamma-ray energies values were obtained from the
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Evaluated Nuclear Structure Data File (ENSDF) through the United States National Nuclear Data
Center (NNDC, Brookhaven National Laboratory, US Department of Energy).16 All statistical
information was generated by Design-Expert® software (Stat-Ease, Inc., Minneapolis, MN). Stated
uncertainties are “standard uncertainties”, corresponding to a coverage factor k = 1 (unless
explicitly stated otherwise) and are estimated based on methodologies adherent to national and

international standards bodies.58

4.3.2. Safety Considerations
Radioactive materials are potentially hazardous. Appropriate ALARA principles should be
considered prior to conducting experiments with radioactive materials. 233Pa and 23’Np are

radioactive and should only be used in facilities designed to handle radioactivity.

4.3.3 Protactinium-233 Standard Source

Since 233Pa has a relatively short ty,2, activity standards must be prepared from a 23’Np
standard solution via ingrowth of 233Pa.11.60.101 A nominal standard solution of containing 37 kBq of
237Np (Lot #1760-91) used for this study was purchased from the Eckert and Ziegler Radioisotopes
(Atlanta, GA, USA) and diluted to working solutions as described by us previously.8 101

For these studies, 233Pa was extracted from the working solution of 23’Np using a method
described by us previously, which employs an extraction chromatographic resin (Amberchrom CG-
71ms, 50-100 pm) impregnated with of 1-octanol.101 Briefly, a slurry was prepared of the 1-octanol
resin beads (0.66 g/5 mL H»0), then a column was prepared by transferring the resin slurry (5 mL)
to an empty plastic column (0.8 cm inner diameter). Prior to isolation of 233Pa from 237Np, the
column was preconditioned (6 M HCI) with several column volumes. Following the column
preparation, the 23’Np solution (15 mL; containing 233Pa) was added to the column, and the eluent
containing 23’Np was collected for future use. Additional rinses (2x15 mL 6 M HCI) were also
collected and combined for future use of the 237Np. 233Pa was next eluted from the column (15 mL of
1 M HCI) and collected in a separate Teflon beaker. The final activity of the 233Pa solution was ~0.75
kBq/mL-1.
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4.3.4. Experimental Engineering and Solvent Extraction

The design of experiments was based upon the mathematical principle for maximizing
information while minimizing the number of individual experiments by a full factorial design.102 103
The computer software Design-Expert® was used to design experiments and the range of
experimental parameters were based upon a linear approximation in design space of the extraction
of Pa by DIBC at a range of concentrations.> 194 The goal was to determine the main effects of
changes in [H+], [A-, Cl- or NO3- ], and [DIBC], as well as the effect of two-way and three-way
interactions between the reactants on extraction of Pa into the organic phase, and finally, develop a
predictive mathematical model of the extraction of Pa. The resulting full factorial design provides
an estimation of these effects on the distribution coefficient (D) of Pa (Equation 13). Each
parameter was assigned a low setting (-), a high setting (+), and a midpoint that exists between the
- and + to account for curvature in response. The settings chosen for each parameter were
determined based upon previous experiments.5 13 Based upon these results, a linear approximation
was applied, in which the region of interest selected represented the section of the extraction line
where the slope was considered steep, linear and where the end points represented the change
from poor to satisfactory extraction of Pa into the organic phase. In HCl, the parameters were [H*]
4-5 M, [CI-] 5-5.5 M, [DIBC] 0.5-1 M. In HNOs3, [H*] 1-3 M, [NO3 | 3-4 M, and [DIBC] 0.5-1 M
(Figure 19).

Each solvent extraction system consisted of 5 mL aqueous phase and 5 mL organic phase in
a 15 mL plastic conical centrifuge tube. The aqueous phase consisted of the appropriate [H*] from
acid (HCI or HNO3) and [A-] by the addition of NaCl or NaNO3. The organic phase contained the
appropriate [DIBC] in a dodecane diluent. To the system, 100 UL of 233Pa standard solution (~75
Bq) was added, and the contents were mixed for 1 hour and allowed to stand for 10 minutes or
until the phases separated. Once biphasic conditions were reached, 4 mL of the organic phase and 4
mL of the aqueous phase were carefully withdrawn and transferred to separate vials and analyzed

by gamma spectroscopy for the activity in the organic and aqueous phases, respectively. The D
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values were calculated (Equation 13) and served as response inputs to the Design-Expert 9
software for further statistical analysis and model generation.
Radioactivity Pa,rganic phase

D = eq.13
Radioactivity Pagqueous phase 1

- - . °
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Figure 19. (A). shows a graphical representation of the full factorial experimental design measuring the
distribution coefficient, D, as a function of [H*],[DIBC], and [CI]. And (B). Showsthe NO5
extraction. Each solid black dot represents an experimental data point performed in duplicate;
were each vertices was measured as well as a center point to gain information regarding the
curvature of the model.

4.3.5. Gamma Spectrometry
The organic and aqueous phases were analyzed separately by gamma-ray spectrometry
with a well-type sodium iodide (Nal) detector and spectra were obtained using the gamma
spectrometry multi-channel analysis software Maestro (ORTEC, Oak Ridge, TN). Each sample was
counted (500 seconds) and normalized with a match-count-time background spectrum. The count-

rate of the sample was calculated by dividing the background-corrected total counts by the dead-
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time adjusted count-time (500 seconds). The region of interest for the 233Pa activity was centered
around the 311 keV gamma emission.16 Activity balance verification was performed with a vial
containing the 233Pa standard (100 pL in 4 mL) of an aqueous phase and an organic phase. The
geometry of each sample remained identical; resulting in identical detector efficiency for all
samples to determine D values. For each sample, both phases were counted sequentially to
minimize the effect of radioactive decay of 233Pa. In the time required to count both phases, only
0.04% of 233Pa would have decayed. Thus, decay during counting corrections is considered

negligible and were not applied.

4.4. Results and Discussion

4.4.1. General

Extraction of 233Pa by DIBC in both HCl and HNO3z was performed based on a full-factorial
design to generate a model that describes the effect of changes in [H+*], [DIBC], and [A-] on the
extraction of Pa (Figure 19, Table 4). Previous studies have summarized the extraction of Pa by
DIBC by sweeping the [HCI] and [HNOs3] to gain an applied understanding of the behavior of Pa in
extraction systems,> 13 this study aims to understand the effects of the experimental parameters
and the development of a mathematical model.

Results of the experiments were recorded by the coded independent variable identity (+ or
-) and the response (D value). With three independent variables, there were 9 experimental runs
(23 + 1 = 9 combinations including the midpoint). Each set of experiments was performed in
duplicate to obtain an experimental estimate of the reproducibility of the experiments and increase
the power of the model. The results of each of the experimental scenario are summarized in Table
4, where the coded setting (- or +) is shown with the experimental concentration values and the
response D values. The midpoint values were included as well to identify curvature that exists with

the D values and each of the independent parameters, as described previously.103
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Table 4. Tabular representation of the full factorial design used to evaluate the distribution coefficient of
Paby DIBC in HCI and HNO,. The ID represent the low value (-) and high value (+) for each
experimental parameter; [DIBC], [H'], and [A"; Cl or NO].

ID --- --+ -+ - +-- +-+ mid -+ + ++ - +++
[DIBC] | 0.5 0.5 0.5 1 1 0.75 0.5 1 1
[H+] 4 4 5 4 4 4.5 5 5 5
[CI] 5 55 5 5 55 5.25 55 5 55
D 0.18 0.40 0.62 0.64 0.79 0.98 1.49 2.34 5.21
+0.01 |+0.01 |+0.01 | +0.03 | +0.03 | £0.09 | £0.01 | +0.16 |+ 0.62

ID --- -+ - --+ mid -+ + +-- +-+ + + - +++
[DIBC] | 0.5 0.5 0.5 0.75 0.5 1 1 1 1
[H+] 1 3 1 2 3 1 1 3 3
[NO3] |3 3 4 35 4 3 4 3 4
D 0.12 0.18 0.19 0.32 0.39 0.45 0.57 0.79 1.20
+0.00 | +0.01 | *0.00 | £0.01 | +£0.03 | +£0.03 | +£0.01 | £0.08 | +0.04

4.4.2. Distribution Coefficients
The D values were determined at each point of the experimental cube (Table 4), where the
ID represents the experimental concentrations of each parameter. In the chloride scenario, D
increases as the parameters shift from low to high concentrations settings, where the average D

values range from 0.18 + 0.01 at (- - -) to 5.21 £ 0.62 at (+ + +). In the nitrate scenario, D generally
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increases as the experimental parameters shift from low to high concentrations, but the effects are
not as dramatic as those in the chloride system. The D values range from 0.12 + 0.00 at (- - -) to
1.20 £ 0.04 at (+ + +) experimental conditions. While the extraction of Pa into the organic phase (D
> 1) in HNO3 occurs from less concentrated solutions (~2-3 M HNO3) than HCl (~4-5 M HCl), the
extent of the extraction in HCI results in much larger D, which corresponds to the stronger
complexing tendency with chloride than with nitrate with respect to Pa.5 Furthermore, while the
extracted species of Pa are not fully agreed upon, research suggests that under the conditions
explored here, the Pa-chloro complexes extracted into the organic phase have been identified as
cations; Pa03+89 Pa(OH)23+8% Pa(OH)CI3+105 neutral complexes; Pa(OH)Cl4,105 Pa(OH).Cl3,105 or
anions; PaOCl48% 106 Pa(OH)2Cl4~.8% And in nitrate media, neutral complex; Pa(OH)2(NO3)3,107 or
anion; (Pa(OH)2(NO3)4-.13. 107, 108 Future work in our laboratory aims to identify the extracted

species of Pa by aliphatic alcohols extractants in both HCl and HNOs.
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4.4.3. Data Transformation and Main Effects

For further statistical analysis to be performed by the software engine, a logio
transformation was necessary because the max/min =10 of D responses. The Pereto chart (Figure
20) summarizes the main effects that each independent variable has on D.

Interestingly, in chloride medium, in addition to the main effect of each experimental
parameter, there were variable-interaction effects (three two-variable and a three-variable
interaction), which were statistically significant (Bonferroni limit and t-value significance levels
were 3.46 and 2.26, respectively). Note, for this experiment, interactions were considered
significant when the t-value effect was larger than the Bonferroni limit.109 The largest effect on D
resulted from the [H*] followed by [DIBC] and [Cl-]. This suggests that the formation dominant
extracted species of Pa was most strongly dependent on the acidity of the solution and not the
counterion concentration. These findings correspond with previous investigations, in which it was
demonstrated that the extracted species, PaOCl4~ by DIBC becomes the dominant species as [HCI] is
increased from 3 to 6 M,1096 however it was unclear from this study if the formation of PaOCls- was
more strongly dependent on [Cl-] or [H*]. Interestingly, our findings would suggest that the
formation of the extractable species of Pa can be controlled, given sufficient [C]-] and [DIBC], by
solution acidity. Furthermore, the small, but statistically significant, effects of the 2- and 3-variable
terms appear to contribute synergistic (or anti-synergistic) effects between the DIBC, Cl-, and H+; all
having a fairly equal contribution to D. The Pereto chart of the model suggests that the effect of a
small change in one experimental parameter cannot be fully predicted without propagating that
change through the combination effects.

In the nitrate, the main effects on D were caused by the [DIBC] followed by the [H+] then
[NO3-]. The 2- and 3-variable interactions were much weaker than in the chloride system, and only
two 2-variable interaction were statistically significant, [H*]+[NO3-] and [H*]+[DIBC]. The remaining
2-variable interaction and 3-variable interaction effects were below the Bonferroni limit and the t-
value limit of 3.46 and 2.26, respectively; meaning their effect on the system was not statistically

significant. Unlike chloride, in which the main effect on D was most significantly determined by
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[H+], in the nitrate scenario, the main effect was determined by [DIBC]. Therefore, we believe that
under the conditions evaluated, the extractable species of Pa was already the dominant species and
D was largely enhanced by the additional of more DIBC to coordinate with the Pa species.!3. 107 This
assertion is supported by previous studies, in which it was demonstrated that the extractable
species Pa(OH)2(NO3)s - formed as the dominant species when the [HNO3] > 1 M.110 These results
point to future studies to develop a more detailed understanding of the dominant extractable

species of Pa and conditions under which these species were formed.

4.4.4. Statistical Quality of the Model

The data was fit to an unadjusted model (includes the midpoint) to develop the model
coefficients. The statistics of the model (Table 5) in chloride (model F value = 540.5, p < 0.0001)
and in nitrate (model F value = 195.2, p < 0.0001) show the overall F value for the models were
statistically significant. With these model F values, there is <0.01% chance that this could have
resulted due to background variation; therefore, the effect that the variables had on D, and the
ability of the model to represent the experiment al D are likely to be true, and not variations in the
signal to noise.

The quality of the model was quantified with a lack of fit F value (F*), which provides the
statistical power to reject the null hypothesis for an alternative one. In chloride system, the model
fit the data well (F* = 2.43, p = 0.153), as F* was not significant. This implies that the uncertainty
associated with the model fit was not significant relative to the pure uncertainty, and there is a
15.3% chance that F* could be produced by variation in the background measurements. Therefore,
Ho can be rejected and the model can be used to evaluate D of Pa by DIBC in HCl. While the F* value
is not significant in chloride system, in the nitrate one (F* = 9.64, p = 0.0036) F* was statistically
significant. Where the p value implies that there is only a 0.36% chance that this F* could be due to
variations in the noise or background of the measurement, which means that the model could fail to
successfully represent D based upon input parameters. However, F* values presented here are

calculated directly by the software, which does not take into account the experimental uncertainty.
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With the experimental uncertainty taken into account, the F* would likely decrease. Additionally,

the range of D in nitrate system was smaller than in chloride, the system as a whole is less dynamic;

therefore equal deviations about the linear regression due to experimental uncertainty will have a

much larger effect in nitrate than chloride.

Table 5. Summary of the statistical values
describing the quality of the

model

experimental

reflect

the

data of the
extraction of Pa by DIBC in
both HCI and HNO;.

Statistical Value HCl HNO3
Model F- Value 540.53 | 195.23
Lack of Fit F-Value 2.43 9.64
R2 0.9974 | 0.9910
Adjusted R2 0.9955 | 0.9828
Predicted R2 0.9923 | 0.9873
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Figure 21. Plot of the of predicted distribution coefficient based upon the model versus the actual
distribution of Paby DIBC. Plot (A). isin HCI and (B). isin HNOs.. In both casesthereisa
strong correlation (R*= 0.99) between predicted values and the actual values.

4.4.5. Data Correlation and Predictability

The overall goodness of fit of the model to represent the data can be summed up in the R?
values. The values predicted by the model strongly correlate with those in the chloride (R? =
0.9974) and nitrate systems (R2 = 0.9910). A plot (Figure 21) demonstrating the correlation
between the models and experiments in which predicted D (calculated from the model) are plotted
vs. the experimental D. Because R? is close to 1, we can be confident in the ability of the model to be
effectively used to understand the extraction of Pa from DIBC within the range of experimental
concentrations studied. However, due to the nature of the mathematical determination of R?, as the
number of data points increases, R2 may erroneously increase by chance alone, therefore we need

to further assess the quality R2.111
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To better understand how the model fits the experimental results as additional data points
are added, the adjusted-R? (R2.4j) can be evaluated.!1t. 112 The R2,4; values are calculated from the R2
but also include terms of sample size (n = 18 data points; degrees of freedom = 17) and number of
regressors (p = 3 independent variables), therefore RZ,4 only increases if the new observations
improve R2 more than would be expected by chance.l1l After the adjustment, the correlation in
chloride (R2.g = 0.9955) and nitrate (R2,q; = 0.9847) changed very little, which strongly suggest that
the quality of the correlation did not increase from additional data points alone, suggesting that
there is a true correlation between predicted and experimental data points within the modeled
region.

An important property of models is the ability to predict future results. While R2 and R2yq;
measure correlation, a predicted- R? (R2,.eq) quantifies the models ability to predict.113 To calculate
a R?peq, the individual data points are systematically removed, and the regression line is re-
determined to assess how well the model fit the removed data point.113 In the current study, the
R2peq values for the chloride (R%pred = 0.9923) and nitrate (R%prea = 0.9973) are in agreement with
the other calculated correlation coefficients (R2 and R2,4;) and the R2,4; is in reasonable agreement
(JR%agj = R%prea | < 0.2). Thus, it is reasonable to conclude that the model sufficiently predicts
extraction of Pa by DIBC in HCI and HNO3 systems when the experimental concentrations of each

parameter are within the range of the model.

4.4.6. Mathematical Equation of the Model
The model for the extraction of Pa as a function of the experimental [DIBC], [H*], and [A] is

represented with respect to logioD (Equations 14; Equation 15).

log1oD = -16.182 + 23.041 [DIBC] + 2.255 [H*] + 2.578 [Cl] - 4.237 [DIBC][H*] - 4.440 [DIBC][C]-] -

0.351 [H+][Cl] + 0.860 [DIBC][H*][C]-] eq. 14
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log1oD = -2.487 + 0.968 [DIBC] + 2.277 [H*] + 0.306 [NOs] - 0.056 [DIBC][H] - 0.054 [H*][NOx]

eq. 15

A graphical representation of these equations (Figure 22) shows the D values plotted as a function
of the true concentrations, [DIBC] and [H+], at different [A-]. This representation demonstrates the
effect of increasing the [A-].

While the values of the coefficient cannot be directly correlated to the extracted species
stoichiometric relationship to Pa, they can provide an estimation of a quantitative effect of a change
to the extraction system. To compare, the coefficients in the chloride are an order of magnitude
larger than those in the NOs, reflecting the range of D in chloride being larger than D in NOs3-.
Additionally, with regards to the y-intercepts; these values represent a control experiment for the
extraction of Pa when [DIBC], [H*], and [A-] are all approximately 0. In this case, the extraction
system contains 5 mL H20 (1 x 10-7 M of H*) and 5 mL dodecane. Experimentally, Pa remains fully
in the aqueous phase, D < 0.0005. We would expect that the y-intercept values be near 0, because
the equation is represented in a logio transformation, the y-intercept values for chloride (6.58x10-
17y and NOz  (3.26x103). In the chloride the y-intercept can be considered 0 and therefore the
extraction model agrees with the experimental data. In the NOs-, the y-intercept calculated from the
model is an order of magnitude larger than the experimentally determined value. While the
calculated initial D is near 0, the model does not appear to fit the data perfect, as we described

earlier from a statistically significant F*.
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Figure 22. (A). 3D surface plot showing the interaction of [H*] and [DIBC] as a function of [Cl]] and Pa
distribution coefficient. (B). shows the 3D surface plot for the interaction of [H*] and [DIBC]
as afunction of [NO;] and the Pa distribution coefficient.

4.5. Conclusions and Future Experiments

A full-factorial experimental design has been conducted to model the extraction of Pa by
DIBC from HCl and HNOs. The resulting model predicts D of Pa extraction from these solutions
within the range of parameters examined. Using this model, we gain an understanding of how
changes in the [DIBC], [H*], and [A-] effect extraction of Pa individually, and gain insight on the
effect of two-way and three-way variable-interactions. Statistical analysis of the model, suggests
that the model may be used to predict future experimental observations that occur within the
experimental variable range (Figure 18). This approach is considered a first step towards a better
model of Pa extraction systems. Future experiments will investigate the identity of the species of Pa

extracted by DIBC to gain a more detailed understanding of the chemistry of this extraction system.
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Based on experimental results presented here, the most effective extraction of Pa by DIBC can be
achieved using the following settings: in HCI (1 M DIBC, 5 M H*, 5.5 M CI; D = 5.21 + 0.62); and in
HNOs3 (1 M DIBC, 3 M H*, and 4 M NO3; D = 1.20 £ 0.04) occur at the high values of each parameter
(+ + +). These results provide a baseline of experimental conditions, which can be used to guide a
further optimization of the extraction of Pa from DIBC in HCl and HNO3. Important parameters that
are expected to be included in this future work include reaction time, analyte concentration,

radiolytic effects, effect of hydrolysis and others.
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CHAPTER V: TRACE-LEVEL EXTRACTION BEHAVIOR OF ACTINIDE
ELEMENTS BY ALIPHATIC ALCOHOL EXTRACTANTS IN MINERAL ACIDS:
INSIGHTS INTO THE TRACE SOLUTION CHEMISTRY OF PROTACTINIUM

This chapter was accepted for publication 12 May, 2016. This chapter is reprinted with permission.
Please refer to Knight, A. W,, Eitrheim, E. S., Nelson, A. W., Peterson, M., McAlister, D., Forbes, T. Z.,
Schultz, M. K. (2016). Trace-level Extraction Behavior of Actinide Elements by Aliphatic Alcohol
Extractants in Mineral Acids: Insights into the Trace Solution Chemistry of Protactinium. Solvent
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5.1. Abstract

The extraction of actinide elements thorium, protactinium, uranium, neptunium, and
americium by aliphatic alcohols (1-octanol, 2-ethyl-hexanol, and 2,6-dimethyl-4-heptanol) were
investigated with solvent extraction and extraction chromatographic techniques from hydrochloric
and nitric acid solutions. These systems provide the potential for low-cost, high quality methods for
the isolation of Pa from complex matrices. Acid dependency experiments demonstrate the selective
extraction of protactinium from hydrochloric and nitric acids, relative to the other actinides
explored. Experiments were conducted to elucidate the equilibrium chemical stoichiometry of the
protactinium complex that underlies this unique extraction behavior. Slope analysis with respect to
the alcohol concentration infers a stoichiometric relationship of 2:1 for the alcohol extractant to the
protactinium ion. Slope analysis with respect to the chloride ion (when [H*]= 0.1, 1 and 4 M)
suggests that the stoichiometric identity of the protactinium chloro-complexes depends on the [H*]
(0.1 M to 4 M). Extraction of Pa increases as the Pa:Cl ratio increases from 1:2, at low acid
concentration, to 1:6 at high acid concentration. With respect to the nitrate ion (when [H*] =1 and 4
M), the stoichiometric relationship was determined to be 2:1 nitrate to protactinium throughout
the range investigated. The sum of these findings and observations contribute to a deeper
understanding of the unique chemistry of protactinium compared to the other members of the

actinide group.

Keywords: protactinium, aliphatic alcohols, solvent extraction, extraction chromatography

5.2. Introduction
Protactinium (Pa) is a naturally-occurring element, whose unique chemical behavior has
been referred to as “peculiar”; “mysterious”; “puzzling”; and “witchcraft”.3-5 46 Reflecting these
enigmatic properties, it has been recently noted that “Pa might be the only natural-chemical species
whose aquo-ions have not really been experimentally identified”.3 Similarly, it has recently been

observed that Pa-aquo-chemistry shares little chemical similarity to other actinide group elements
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(An) (even in the same oxidation state).2-> Thus, the use of An as Pa analogues to better understand
the chemistry of Pa is considered questionable.25

The analytical need for determining the radioactivity concentration of Pa in materials arises
from several important applications. In general, these applications require quantitative
determination of Pa at very low concentrations (<10-8 M) and separation of Pa from key isobaric
and radiometric impurities. For example, quantitative evaluation of Pa in marine and terrestrial
samples is critical for dating quaternary age materials by the 231Pa/235U radioactivity ratio.”. 9. 11, 114
Analytical methods employed in this application must effectively recover 231Pa (and 233Pa tracer) in
high yield, while separating it from interfering impurities for mass spectrometric or radiometric
analysis. Similar analytical requirements (although often at higher concentrations of Pa) exist for
the age determination of illicit nuclear material for nuclear forensics applications.!? 14 Another key
application, in which Pa chemistry is important, is in the development of alternative fuel cycles (i.e.
thorium reactors). In this case, natural 232Th is irradiated to form the fissile 233U fuel. In this process
233Pa is formed as an intermediate, thus requiring the knowledge of Pa chemistry for removal and
processing of the fuel.13 74 The analytical isolation of Pa is complicated by sample matrices that
often include much larger quantities of other actinides, lanthanides, transition metals, and other
interfering complexants and chemical constituents.

Uncertainties in the understanding of Pa chemistry can be attributed to its low-natural
elemental abundance; challenges associated with obtaining sufficient quantities for spectroscopy;
and high specific radioactivity of isotopes isolated for analysis.z 4 115 For example, there are only
two naturally-occurring isotopes (231Pa; t1,2 = 32,760 years, and 234Pa/234mPa; t1/; = 6.7 hours/1.17
min),2 7 which combine for a terrestrial-elemental abundance of less than 300 fg/g of material in
typical soils - making Pa one of the rarest naturally-occurring elements.!! Thus, with a few
exceptions (i.e. Argonne National Laboratory, US Department of Energy),!'> mass quantities
necessary to perform spectroscopic analysis of aqueous speciation of Pa are not available,

representing a significant challenge to advancing the understanding of this enigmatic element.
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To improve upon these analytical procedures to isolate Pa from complex matrices, it is
essential to improve upon our understanding of Pa chemistry. For example, most analytical
procedures designed to isolate Pa from complex matrices rely on the strong complex formation of
Pa with the fluoride ion (F-). The strongly-associated Pa-flouro complex was first identified by
aqueous-phase precipitation reactions involving K;PaF;, which is sparingly soluble.2 More recent
investigations have revealed numerous solid and aqueous phase Pa-fluoro complexes analyzed by
crystallography and Raman spectroscopy.’4

In solvent extraction and radioanalytical chemistry, the aqueous Pa-fluoro complex ion
PaF2 is reported to be poorly extracted into organic phases.2 Numerous examples exist in the
literature in which Pa is either extracted into the organic phase in liquid-liquid extraction methods;
or retained in the stationary phase in extraction chromatography - and then subsequently back-
extracted by use of dilute hydrofluoric acid (HF) or oxalic acid into an aqueous phase.5 8 11,63 While
HF and oxalic acid are effective complexing agents for Pa back extraction, there are significant
limitations. For example, the presence of dilute HF can prevent Pa from being extracted in
subsequent separation steps,!! and can also complicate source preparation for alpha- or mass-
spectrometry analysis.!t 14 Recent studies have aimed to understand the weight distribution ratios
of Pa on common extraction chromatographic resins (TEVA, TRU, UTEVA) and anion exchange
columns (AG1-X8), and the results illuminated numerous possibilities for the separation of Pa from
other actinides and interfering metals in the absence of complexing agents.”0 Nevertheless,
separation challenges are generally experienced due to adsorption behavior of the other actinides
on these materials as well.

The low natural abundance and lack of technologically-produced Pa limits the potential for
direct-spectroscopic determinations of Pa aqueous speciation for most researchers. However,
significant information concerning the chemical species of Pa can be obtained by carefully-designed
analytical experiments. Classical approaches, such as slope analysis, are used to derive physical
meaning from analytical extraction experiments; and the results can provide supporting

information regarding the physico-chemical forms of the dominant extracted species.!3. 116, 117 Qur
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aim is to use slope analysis of log-log plots to relate the distribution coefficient (D) to the extractant
concentration. In this way, slope analysis provides a qualitative estimation of the equilibrium
stoichiometric relationship of analytes.116

Here, we present the results of a series of solid-liquid and liquid-liquid extraction
experiments that provide insights into the differences between Pa chemistry and other elements in
the actinide group and suggest likely chemical species of Pa present under specific chemical
conditions. This study examines the extraction of Pa by aliphatic alcohols within the context of
using its distribution behavior in different acidic environments as a tool for developing a more
detailed understanding of the speciation of Pa at trace concentrations. We determined the Dp, from
liquid-liquid extractions from three different aliphatic alcohols; 1-octanol, (2,6)-dimethyl-4-
heptanol, and 2-ethyl-hexanol in both hydrochloric (HCI) and nitric (HNO3) acid environments.
Approximation of the chemical speciation and average stoichiometric relationships are determined
based upon the understanding of extraction equilibrium constant (Kextraction). Lastly, experiments
were performed to observe and compare the extraction behavior of Pa on the liquid-solid interface
by use of extraction chromatography, when these aliphatic alcohols were coordinated to an inert

solid substrate.

5.3. Experimental Section

5.3.1. General

Acids and salts used in extraction experiments were ACS reagent grade purity or higher
(Fischer Scientific, Pittsburg, PA), including; HNOs, HCI, sodium chloride (NaCl), sodium nitrate
(NaNO3). All radioactive standards were prepared with Ultra Pure acids (HCl, HNOs; Fisher
Scientific) and diluted to working solutions with ultra-pure distilled deionized water (Baseline®,
Seastar Chemicals, British Columbia, Cananda). Organic reagents were reagent grade (99% or
greater) for 1-octanol, 2-ethyl-1-hexanol, dodecane and 80% or greater for 2,6-dimethyl-4-heptanol
and were purchased from Sigma Aldrich (St. Louis, MO). Half-life information and radioactive

emission (alpha particle, beta particle, and gamma ray) energies originated from the Evaluated
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Nuclear Structure Data File (ENSDF) and from the United States National Nuclear Data Center

(NNDC, Brookhaven National Laboratory, US Department of Energy).

5.3.2. Preparation of Th, Pa, U, Np, and Am Standards

The isotopes used for this study were 23’Np (ti,2 = 2.144x106 years), 233Pa (ti2= 26.967
days), 232U (t1/2= 68.81 years), 228Th (t1/2= 1.9 years), and 241Am (432.6 years). These isotopes were
obtained from standard reference solutions (232U; SRS 92403, certified in secular equilibrium with
228Th) and nominal liquid sources (241Am; Lot # 1701-72 and 237Np; Lot #1760-91) were purchased
from Eckert and Ziegler. Protactinum-233 ingrowth was monitored in the 23’Np source and reached
secular equilibrium after 7 months as modeled by standard ingrowth equations. Standard and
nominal solutions were diluted to working solutions using Ultra pure 0.1 M HNO3 (232U, 241Am) and
Ultra pure 6 M HCI (237Np), which were prepared by serial dilutions and analyzed volumetrically
with gravimetric and radiometric confirmations. Dilution factors were determined by
gravimetrically and radiometrically via liquid scintillation counting and were confirmed within 2%.

Isolation of decay product standards (228Th and 233Pa) were obtained by routine extraction
chromatographic procedures developed in our laboratory.8 101 Briefly, 228Th and 232U were
separated and purified by TEVA resin (Eichrom Technologies, LLC, Lisle, IL), where 228Th can be
eluted in 4 M HCI, while 232U is retained and subsequently eluted with 0.1 M HCI. Separation and
purification of 233Pa and 23’Np was performed using a resin form of 1-octanol, where 23’Np can be
eluted and collected in 9 M HCI, whereas 233Pa is strongly retained and subsequently eluted with 1

M HCL

5.3.3. Extraction Methods
Chemical partitioning and Dactinide Values were evaluated by liquid-liquid extractions and
column chromatography. For liquid-liquid extractions, all experiments were performed in a 15 mL
conical centrifuge tube with a phase ratio of 1:1 in 5 mL phase fractions. The aqueous phases were
prepared with the corresponding concentration of anion (A-) and acidity (H*) by the addition of

HCl/NaCl or HNO3/NaNOs, where the concentration of A- and H* ranged 1 M to 9 M. The organic
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phases were prepared by diluting the aliphatic alcohol extractants (1-octanol, 2-ethylhexanol, or
2,6-dimethyl-4-heptanol) to concentrations ranging from 0.2 M to 2.5 M in dodecane. Finally,
following pre-equilibration with unspiked aqueous phases, the conical tubes were spiked with 50
Bq or greater of the radionuclide of interest (228Th, 233Pa, 232U, 237Np, or 241Am). Once the system
was prepared, the conical tubes were capped and vortexed for 1 min at 1000 rpm, and then
thoroughly mixed for 1 hour using a rotator. Following 1 hour of mixing, the solutions were set
aside until the phases were completely separated (samples were allowed to separate naturally
without centrifugation). Following complete phase separation, 4 mL aliquots of each phase were
transferred to separate 20 mL glass scintillation vial to be counted via sodium iodide (Nal) gamma
spectrometry (233Pa, 23’Np, 241Am) or liquid scintillation (LS) counting (228Th, 232U). A volume
correction was performed during the sample analysis to account for only 4/5 of the solution being
measured, as described previously.118

In acid and salt dependency experiments, the solution activities (a) were used to better
reflect the effective concentrations in solution, which can deviate significantly from molar
concentrations (M) especially in high concentrations of HCl. The molar activity coefficients were

obtained from tabulated values.119

5.3.3.1. Acid Dependency On Distribution Ratios

Experiments were performed to evaluate the effect of solution acidity on the
extraction of 228Th, 233Pa, 232U, 237Np, and 241Am. In both HNO3z and HC], a series of experiments were
performed in triplicate in which extractions systems were prepared with an extractant
concentration of 2.5 M (2,6-dimethyl-4-heptanol, 1-octanol, or 2-ethyl-hexanol) and the acid
concentration (HNO3z or HCI) was adjusted from 1 M to 9 M (aug = 0.81 - 124.2; aunos= 0.73- 20.7)
To quantify the effect of solution acidity to the extraction of each metal, D was calculated (Equation

16).
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Radioactivity,rganic

— eq.16
Radioactivitygaqueous 1

5.3.3.2. Effect of Anion and Extractant

Further experiments (n=3) were performed with 233Pa to understand the role of A- (i.e. Cl- or
NO3) and extractant (2,6-dimethyl-4-heptanol) on distribution ratio of Pa. To assess the anion
contribution, aqueous-phase solutions were prepared at three acidities ([H*]= 0.1 M, 1 M, and 4 M)
by the addition of HNO3 or HCI and the anion (A-) concentration was adjusted from ([NO3] =1 -7 M;
[Cl] =1 - 6 M) by the addition of the sodium salt (NaNOz or NaCl). The mixed electrolyte activities
were calculated using activity coefficients from literature tabulated values.11% 120 In all experiments
the organic phase was held at a constant [2,6-dimethyl-4-heptanol] = 2.5 M. To evaluate the effect of
the anion, the distribution coefficient of Pa was calculated from Equation 16. To assess the role of
the extractant concentration on the distribution of Pa into the organic phase, a series of
experiments (triplicate), were conducted with a constant acid concentration (6 M; HNO3 or HCI)
and the concentration of 2,6-dimethyl-4-heptanol was adjusted from 0.3 M to 1 M. In each
experimental system, the distribution coefficient of Pa used to evaluate the extraction and was

calculated using Equation 16.

5.3.3.3. Extraction Chromatography

Extraction chromatographic resins containing each alcohol (1-octanol, 2-ethylhexanol, or 2,6-
dimethyl-4-heptanol) were made as described previously.8! Briefly, each extractant alcohol (10 g)
was dissolved in methanol (100 mL) and added to the resin support (15 g; Amberchrom CG71, 25-
50 pm, Rohm and Haas, Philadelphia, PA USA). The mixture was stirred on a rotary evaporator (1 h)
and the methanol was slowly removed under reduced pressure (20-25 mmHg) at 50 °C. The
resulting material consists of 40% (w:w) of the extractant alcohol, which was verified by
thermogravimetric analysis.

To assess the uptake for metals with extraction chromatography, the weight distribution

coefficient (Dw) was measured. To determine D, between 20-35 mg of resin was weighed out into a
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15 mL conical centrifuge tube (n=2). Then 2 mL of acid (range 1-9 M HCI and HNO3) and a known
radioactivity of each radiometal (228Th, 233Pa, 232U, 237Np, 241Am) were added. The conical tubes
were vortexed for 1 min, mixed on a rotator for 1 hour, and allowed to settle for about 5 min. Next,
the contents were transferred to a 10 mL syringe capped with a 0.45 pm polyether-sulphone filter
(PES), and the aqueous phase was collected into a tarred 20 mL liquid scintillation vial. Control
experiments verified quantitative recoveries, confirming no adsorption onto the PES filter. Each vial
was weighed after the aqueous phase was transferred to correct for the recovery of the aqueous
phase. The subsequent aqueous phase was counted via Nal gamma spectrometry (233Pa, 237Np,

241Am) or LS counting (228Th, 232U). To calculate Dy the following equation was used (Equation 17):

D,, = —w eq.17

where, Ag is the original radioactivity added and A, is the amount of radioactivity recovered in the
aqueous phase, w is the mass of the resin in grams, and V is the volume of acid in mL. For a better
representation of metal separation and extraction on a column apparatus, the capacity factor (k')
was calculated as shown previously.8! To calculate k' additional physical properties were assessed
(Table 8) using Equation 18.8! A detailed description of the calculation of Dy, to k' is provided in

the supplementary material.

k' = Dw * (dextractant * Us) 1
B 04 +*v eq-18
- m

The k' value is proportional to the number of free column volumes added to the column to reach the

elution peak maximum of a given radionuclide in milliliters.

5.3.4. Source Counting
Gamma-spectroscopy and LS counting were utilized to determine the radioactivities of each
radionuclide in the aqueous and organic phases to calculate Dactinide Values. Gamma-spectroscopy

was carried out with a well-type Nal solid scintillating detector equipped with a Digibase™ (ORTEC,
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Oak Ridge, TN) and Maestro Software (ORTEC). All measurements were made using the
manufacturer recommended voltage (800 V). Energies were calibrated with a two-point calibration
(137Cs 661 keV, 152Eu 344 keV) from known sources. Analyses of gamma emitting radionuclides
(233Pa, 237Np, 241Am) were performed by integrating the number of counts in each region of interest
(ROI). Each sample phase was counted individually for 300 seconds and the counts in each ROI
were determined from subtracting a matched count time blank spectra. Corrections were applied to
account for phase recovery based upon density of phase withdrawn and counted. LS counting was
performed on a Packard (1600 CA Tri-Carb) LS counter using Ecolite LS cocktail in glass LS vials
with approximately 10% water fraction. Each vial was counted (60 min) using a standard protocol,

and background subtracted using a blank of similar matrix.

5.4. Results and Discussion

5.4.1. Solvent Extraction Behavior
The results summarizing the liquid-liquid extraction of Pa with three aliphatic alcohols (1-
octanol, 2-ethylhexanol, and 2,6-dimethyl-4-heptanol) as a function of the chemical activities of HCI
and HNO3 are summarized in Figure 23. In both mineral acid forms, we observed no significant
difference in the extraction of Pa as a function of alcohol chain length or position of the OH group.
Notably, our results suggest that extraction of Pa by alcohols is consistent so long as the alcohol is
immiscible in water. Because the observed extraction of Pa among each alcohol investigated was

identical, the subsequent of the experiments were performed with 2,6-dimethyl-4-heptanol.
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Figure 23. Extraction of *Pa by three aliphatic alcohols 2,6-dimethyl-4-heptanol, 2-ethy-hexanol, and 1-
octanol versus the activities of HCI (A) and HNO; (B).

In HCl, the extraction trend of Pa by the 2,6-dimethyl-4-heptanol fits a sigmoidal
relationship, in which poor extraction occurred in dilute concentrations ([HCI] < 4 M (aug = 7.8)),
followed by a short, steep, linear region (4 M (ana = 7.8) < [HCI] > 6 M (ana = 25.8)), and finally
complete extraction ([HCI] > 6 M (ana = 25.8)). This behavior is consistent with previous
investigations into the solvent extraction behavior of Pa by oxygen containing functional groups (i.e.
alcohols and ketones).5 13 And suggests that in dilute [HCI] the extractable complex ion of Pa in the
organic phase is not the prevailing complex, but with increasing acidity and chloride, the extracted

form of Pa becomes the dominant solution phase species when [HCI] exceeds 4 M (auc =7.8). Pa
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extraction from HNO3z by aliphatic alcohols behaved uniformly, but slightly different than in HC],
observed by moderate extraction occurring when [HNOs] < 2 M (aunos = 1.6 ), and followed by a
gradual, linear region when 2 M (aunoz =1.6 ) < [HNO3] > 6 M (annoz =9.6 ), and finally complete
extraction when [HNO3] > 6 M (annoz = 9.6).

To ensure that the extraction of Pa requires the presence of aliphatic alcohols, a control
experiment was performed to analyze the extraction of Pa by neat dodecane. The results (Figure
23) indicate very poor extraction of Pa in the absence of an immiscible alcohol extractant in the
organic phase, thus suggesting the extraction of Pa occurs from interactions of a complex-Pa-ion
with the hydroxyl group of the alcohol. Future experiments aim to investigate organic phase for the
interactions between Pa and the alcohols as well as the macro-structural ordering of the alcohols
(i.e. aggregation).

The extraction behavior of Pa was compared with actinide elements (Am (III), Th (IV), Np
(V), and U (VD)) (no oxidation/reduction adjustments were made). Minimal extraction of the other
actinides by 2,6-dimethyl-4-heptanol is observed as a function of the activities of HCl or HNO3
(Figure 24). In high activities of HNO3, we did observe an increase in Dnp values of about 0.24 when
aunnos = 20.7, however this is significantly lower than Dp, of 28.84 in the same conditions. Generally,
actinides in the same oxidation state are often considered chemical analogues.? While pentavalent
oxidation states of Np and Pa are known to exist,! their aqueous-phase chemistries are not
analogous. While the chemistry of Pa differs significantly from that of Np, some detailed studies
have noted similarities between chemistry of Pa with transition metals niobium (Nb) and tantalum
(Ta).s 13 To further investigate the potential chemical species that underlie the observed differences
in chemistry between Pa(V) and Np(V), we investigated the effects of anion and extractant

concentrations to elucidate the identity of the dominant extracted species.
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Figure 24. Extraction of early actinides Th, Pa, U, Np, and Am by 2,6-dimethyl-4-heptanol as a function
of the activities of HCI (A) and HNO; (B).

5.4.1.1. Approximation of Equilibrium Protactinium Species at Trace Concentrations

While it is understood that the metal concentration in extraction processes plays a role in
the complex formation and the extraction efficiency, in these experiments, analysis were limited to
trace concentration of Pa relevant to radioanalytical chemistry. In doing so, we aimed to establish a
qualitative approximation to the average equilibrium stoichiometric relationship between Pa and
2,6-dimethyl-4-heptanol- and to the anion (Cl- or NO3). The average stoichiometric relationship of
extractant and anion to central Pa metal is based upon a simplified modeled-relationship of the

extraction system (Equation 19; Equation 20; Equation 21; Equation 22; Equation 23;
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Equation 24). The proton has been omitted from this simplified expression due to the challenges
associated with determining the empirical speciation of potential Pa-H* at the concentrations
available for our solvent extraction studies. The PaO3+ species is considered generic to the existing
species. The results demonstrating the relationships between change in [2,6-dimethyl-4-heptanol]

and Qanion with the D are summarized in log-log plots (Figures 25; Figure 26).

— Keyx
Pa0(3;q) + mAq) + nROH — PaOA,,ROH3™™ eq.19

[PaOA,,ROH™™]
Koy = = [ eq.20
[Pa03*],q * [A~17, * [ROH]"

[Pa0A,,ROH3™™]

Dp, = eq.21
" PaOE’;q) !
Dy
Koy = eq.22
“ [AT]q, * [ROHT®
Dpq = Kex * [A7]qy * [ROH]" eq.23
logDpq = logKeyx + mlog[A™]qq + nlog[ROH] eq.24

When a log-log plot of Dp, versus [2,6-dimethyl-4-heptanol] was generated from solvent
extraction experiments at constant acid (awa = 25.8 or amnos = 9.6), we observed a linear
relationship in which the slope of the line is approximately 2 for both acid systems (HCl and HNO3)
(Figure 25). In HNOs;, it can be demonstrated that under these conditions the Pa extraction into the
organic phase occurs via a 2:1 interaction with the extractant. This conclusion is supported by
Kumari et. al. (2012) who observed a similar relationship and concluded that the organic phase
nitrato-species is likely the [Pa(OH)2(NO3)4]- anion with a protonated [H(ROH)1-z]*, thus suggesting
an electrostatic interaction.!3 In HCI, we also observed a 2:1 stoichiometric relationship that can be
attributed to a 2,6-dimethyl-4-heptanol complex with the Pa-chloro species. Yet, from these
experiments the interaction between Pa and the alcohol is not definitively determined. Within this

context, if the interaction with the Pa complex anion is driven by an electrostatic interaction with a
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protonated alcohol cation, we would expect other actinides (i.e. U) to be extracted when the acid
concentration is sufficiently high to form an actinyl nitrato or chloro (i.e. uranyl nitrato or chloro)
anion. For the experiments in the present study, the goal was to establish a qualitative
approximation to the average equilibrium stoichiometry of extractant to Pa at trace concentrations;
results suggest a 2:1 relationship in both HNO3; and HCI. Future studies will seek to further probe
into the coordination of the ligands around Pa by increasing concentrations of Pa to approach the

limiting organic concentration to further probe into the coordination of the ligands around Pa.
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Figure 25. Log-L og plots of D versus the concentration of 2,6-dimethyl-4-heptanol. (A). The relationship
between the distribution of Pa and the concentration of the extractant in HCI. Pa. (B). The
relationship between 2,6-dimethyl-4-heptanol and Pain HNO,.
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We investigated the relationship between Pa and the A- (CI' and NO3’) at different
concentrations of H* - while maintaining a constant concentration of 2,6-dimethyl-4-heptanol (2.5
M) in dodecane. The results from these experiments are summarized in Figure 26 where Log(Dpa)
is plotted versus Log danion. In chloride form (Figure 26a), extractions were performed at [H*] = 0.1,
1 and 4 M. When [H+*] = 0.1 M, Pa extraction was poor, yet a linear relationship was observed, where
the slope represents an approximation to the average stoichiometry of Cl- to Pa (m = 3.5 + 0.5). As
the solution acidity increases, both the extraction of Pa into the aqueous phase and the
stoichiometric relationship of Cl- increases from nearly 4 when [H+*] = 0.1 M to nearly 6 when [H*] =
1 and 4. From this plot, it can be observed that Pa extraction at 4 M Cl- forms a hexacoordinate Pa-
chloro species and is readily extracted, however, in 1 M Cl- a similar species is observed but
extraction is poor. This suggests that the solution acidity plays a major role in the extraction of Pa
from chloride solutions. We can postulate further regarding the Pa-chloro species based upon the
understanding that extracted metals (i.e. gold) by alcohols and ketone are generally in the form of a
single charged anion charge balanced by a solvated proton through a hydrate solvate mechanism.121
Therefore, a hexa-coordinated Pa-chloro species is not likely to exist as PaOCle3-, but rather, the 0%
is more labile than that of common actinyl cations, and forms a PaCls complex anion charge
balanced with a solvated proton. The strength of the Pa-O bond in the Pa03+, has been shown to be

labile in the presence of halide ions (i.e. F-, Cl-).74 122
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Figure 26. Log-Log plots of D versus the anion activity when the [2,6-dimethyl-4-heptanol] = 2.5 M. (A).
The relationship between the distribution of Paand the a.. (B). A plot of Log Dp, versus Log
Ayos.- The [H'] was determined from adding HCI or HNO; and the adjustment of the anion
activity was made through the addition of NaCl or NaNOs.

In nitrate form, the same solvent extraction experiments at [H*] = 0.1, 1 and 4 M. At low
acidity [H*]= 0.1 M the extraction of Pa was relatively ineffective, but a linear relationship was
established and the stoichiometry appears to be on average 1.35 nitrate anions per Pa cation. As the
acidity increases to 1 M and 4 M H, the extraction of Pa improves, which is reflected in an increase
in the Log Dp.. Likewise, as the [NO3] increases, the Dp, increases. It is interesting to note, that the
linear relationship between Log Dp. and Log aunos remains relatively constant with an average of 2

from [H*] = 1 - 4 M. Literature suggests that Pa-nitrato species are mainly present as hydroxy-
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nitrato complexes and take on the general form of Pa(OH)x(NOs3),5*v , where x + y < 8, the
coordination capacity of Pa.2 From these experiments it is unknown whether or not NOs
coordinates to the central Pa metal in a monodentate or bidentate fashion. Future experiments aim
to establish an understanding of the Pa coordination chemistry in the organic phase of solvent

extraction systems.

Table 6. Average stoichiometric coefficients of the extractant (DIBC) and anions (Cl" and
NO5) obtained from the slope of the log-log plots

Form Extractant Anion (0.1 M HY) Anion (1 M HY) Anion (4 M H")

HCl 21+0.1 35+05 55+03 575+01

HNO, 19+01 14+07 19+01 21+03

From these experiments, we have established an average stoichiometric approximation to
better understand the interaction between Pa with 2,6-dimethyl-4-heptanol and A- (Cl- or NO3’)
(Table 6). This information provides a deeper understanding of the extraction process but this
methodology does not allow us to identify the speciation of the O-containing ligands (i.e. 0%, OH,
OH:) or the coordination mode of the alcohol. Although speciation and coordination of oxygen
species can be identified via spectroscopy, the concentration of Pa must be dramatically increased
to levels that are unattainable to most academic research groups. Herein we have provided a

framework for future studies to further our understanding of Pa complex formation and speciation.

5.4.2. Extraction Chromatography with Alcohol Containing Resins
The acid dependency information for each extraction chromatographic resin containing 1-
octanol, 2-ethyl-hexanol, or 2,6-dimethyl-4-heptanol was performed to determine the k' values of
Pa and the other actinides. This information can assist development of rapid methods for the

extraction and purification of Pa from complex matrices for environmental analysis or nuclear
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forensics. The results from our experiments are shown with respect to auc and amvos (Figure 27;
Figure 28; Equation 33; Equation 34). The k' profile of Pa adsorption onto the resins versus acid
concentration of ang and apnosz shares the same trend among all the resins in both HCI and HNO3;
(Figure 27). These observed variations in the k' values generally reflect the differences in the
alcohol densities, which are used to convert D to k'. Similar to the previously described solvent
extraction experiments, these results suggest that the chain length and alcohol substitution does
not affect the adsorption of Pa. Unexpectedly, we observe a decrease in k' in 9 M HCI for 1-octanol,
which we attribute to the extraction reagent (1-octanol) eluting from the column or competition
between extraction of the metal anion with the acid, thus decreasing the capacity of the
adsorption.25, 121

All other actinide elements (Th, U, Pa, Np, Am) were analyzed for their acid dependencies
with a resin form of 2,6-dimethyl-4-heptanol in trace level experiments. The analysis of the
adsorption behavior of the other actinide elements onto the 2,6-dimethyl-4-heptanol resin resulted
in poor adsorption. This conclusion was reflected in low k' values in both HCl and HNOz forms
(Figure 28). These actinides elements generally follow demonstrate a slight increase in adsorption
in higher acid activities . Despite this slight increase in adsorption, Pa can be easily separated from
actinides (Th, U, Np, Am) in higher acidities due to exceptionally high k' values. Consistent with this
observation, we have previously reported Pa and Np can be separated with a high level of
radiochemical purity using a 1-octanol based resin,°! and now Figure 28 provides the information

needed to sequester Pa from matrices containing actinide interferences from Th, U, Np, or Am.
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Figure 27. The k values of Pa by 2,6-dimethyl-4-heptanol, 2-ethylhexanol, and 1-octanol extraction
chromatographic resins as function of the activity of HCI (A) and HNO; (B).
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Figure 28. Thek values of the early actinides Th, Pa, U, Np, and Am by 2,6-dimethyl-4-heptanol in the
solid resin form as function of the activity of HCI (A) and HNO; (B).

5.5. Conclusion
In this study, we have presented the extraction behavior of the actinide elements (Th, Pa, U,
Np, Am) by aliphatic alcohols (1-octanol, 2-ethyl-hexanol, and 2,6-dimethyl-4-heptanol) under
acidic conditions (HNO3z and HCI). Our findings highlight the unique chemistry of Pa with respect to
the other actinides. For example, we find that Pa is the only extractable actinide under highly acidic
conditions in the HNO3; and HCI systems. Thus, our results reveal numerous potential separation
and purification avenues for isolating Pa from complex matrices in HNO3 and HCl media. We

further used the extraction results to estimate stoichiometric relationships of Pa with respect to the
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alcohol and the anion. These interpretations (in HCl and HNO3), suggest that the alcohol forms a 2:1
complex with Pa, which is likely charge balanced by a solvated proton. The extractable 2:1
nitrate:Pa complex was found to form when the [H*] 2 1 M. On the other hand, in the chloride form,
our results suggest that the Cl:Pa complex exists in a 6:1 extractable chloro-species ([H*] = 1 M).
These results of these experiments further our understanding of the chemistry of Pa at trace
levels. In addition, our results suggest several new separation and purification pathways (via acid
dependency charts for liquid-liquid and extraction chromatographic systems) that can be used for

Pa analysis for nuclear forensics, geochronology, or other Pa analysis challenges.
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CHAPTER VI: DO ALIPHATIC ALCOHOLS BEHAVE AS SURFACTANTS IN
DODECANE-WATER SYSTEMS?

Dodecane
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6.1. Abstract

Recently reported nano-domains in “surfactant-free” octanol-ethanol-water mixtures -
where octanol is considered an oil - have challenged traditional microemulsion definitions. Here
we examine the interfacial and self-assembling properties of 1-octanol and structural isomer, 2-
ethyl-hexanol, in a biphasic dodecane-water system, through converging atomistic molecular
dynamic simulations with synchrotron X-ray scattering and physical measurements. Organic phase
aggregates emerge in dodecane at elevated alcohol concentrations, which coincides with the rapid
uptake of water. The observed aggregate structure is dependent on the alcohol tail-group geometry
-- consistent with surfactant packing parameter. Furthermore, physical properties such as
decreasing surface tension in a surfactant-like manner, although lacking a pronounced critical
micelle point, necessitate a new look at the solution energetics that lead to the formation of these
aggregates. We propose a new chemical equilibrium for the formation of these aggregates in
alcohol-bearing solutions of dodecane and water, which may help explain the occurrence of the
nano-structural domains. Our results show that, in biphasic dodecane-water systems, aliphatic
alcohols share many characteristics with lipophilic surfactants, blurring the definitions of ‘polar oil’

and ‘surfactant amphiphile’.

Keywords: Surfactant, Reverse-Micelles, SAXS, Molecular Dynamics, 1-octanol, 2-ethyl-hexanol

6.2. Introduction
Structured fluids, consisting of large polyatomic structures, are a broad class of liquids that
exhibit a variety of mechanical responses and self-organization.123 While these solutions range in
physical properties (i.e. viscosity), advanced spectroscopic methods have provided insight into
their complex micro and nano-scopic behavior and ordering. A major class of structured fluids is
called surfactants, or substances, when present at low concentration in a system, have the ability of
adsorbing onto the surface or interface of a system to minimizing surface or interfacial free

energies and contain two components; a hydrophilic headgroup and hydrophobic tail group. 123. 124
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Surfactants are unqiue because of their ability to minimize the energy in solution by forming
micelles, or a molecular configuration in which the immiscible compents cluster together and are
sheilding by the immiscible component so to create distinct hydrophobic and hydrophilic nanoscale
domains.123 The formation of micelles in solution is a thermodynamically driven process, which
aims to minimize the overall energy of the system at equilibiurm. Because of this distintive
property, the oil-water interface is an favorable environement for surfactants to exists. As a result,
surfactant molecules will arrange along the interface and decrease the overal surface or interfacial
tension to the point at which a microemulsion forms.123

Microemulsions are thermodynamically stable nanoscale domains of oil and water that
coexist and traditionally require a surfactant to minimize the interfacial energy.123. 125 Applications
of microemulsions are abundant and span from uses in food additives to nanoparticle synthesis,
and recently advanced spectroscopy has led for a better understanding of their micro and nano-
scopic ordering.125-127 However, recent reports of microemulsions forming in the absence of
conventional surfactants have challenged this notion, where unprecedented large lipophilic-
hydrophilic nano-domains have been observed in octanol-water-ethanol mixtures.128-130 These
mixtures are sometimes referred to as “surfactant-free microemulsions” and have spawned several
impactful papers concerned with understanding the energetics of nano-domain formation in such
systems.128-130

Octanol (and other lipophilic alcohols) are amphiphilic molecules; however, these
molecules are not considered to be conventional surfactants in aqueous solutions.130 This is
because lipophilic alcohols do not fulfill the requirements of a micelle forming surfactant as it is
suggested that a single hydroxyl headgroup is not sufficiently polar.130 As a result lipophilic alcohols
are considered to be hydrotropes or co-surfactants in aqueous solutions and generally aid in the
solubilization of surfactants.130. 131 While the role of these alcohols as hydrotropes is unequivocal,131
their surfactant-like behavior is unsettled.128-130 [t has been observed on a molecular level, in
solutions consisting of 1-octanol and water, 1-octanol arranges into living polymers in a 3D

mesh,132 133 and upon the addition of ethanol, the 1-octanol molecules form unique nano-domains
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described as being “loose agglomeration of more than one aggregate”.129 It has also been concluded
that these large, diffuse agglomerations of aggregates are dynamic, relatively short lived, and
comprised on numerous smaller, stable aggregates.129 Further, these authors observed an influence
of the packing parameter on the morphology, similar to the behavior of classical surfactants,
producing aggregates that diverge from perfectly spherical governed by the tail-group geometry.129

In organic solutions, vibrational spectroscopic studies of octanol-solvent systems have
found significant degrees of self-association from dimers to more complex structures.!3¢ Such
structures form through hydrogen bonding interactions, evidenced by monitoring the OH-
stretching frequencies.134 135 [n solutions of decane, 1-octanol molecules are arranged into cyclic-
tetramer aggregates strongly associated through hydrogen bonding.!35 Hydrogen bonding
interactions are understood to underpin the assembly of surfactants into micelles to form
microemulsions in water/oil systems, as stated in foundational studies.136 137 Therefore, we aimed
to probe the interface of solutions containing dodecane, water and alcohols (1-octanol and 2-ethyl-
hexanol) to establish a better understanding of the driving forces that result in these large, distinct
hydrophilic and hydrophobic regions. Additionally, we sought to develop an understanding of the
molecular organization of the alcohols that drives the formation of a thermodynamically stable
microemulsion.

In this study, we investigated 1-octanol and 2-ethyl-hexanol in biphasic systems consisting
of a lipophilic oil (dodecane) and water. The interfacial and bulk properties of these systems were
investigated using a combination of physical measurements, synchrotron small angle X-ray
scattering (SAXS), and atomistic molecular dynamic (MD) simulations.138 139 The results presented
in this manuscript supplement recent reports and provide a detailed account of the occurrence of
nano-scale domains formed in the organic phase of oil/water systems containing an alcohol. We
also provide further discussion of the chemical equilibration necessary for understanding the
energetics of aggregate formation involving alcohols 1-octanol and 2-ethyl-hexanol in solutions of

water and dodecane.129
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6.3. Experimental Section

6.3.1. Biphasic Systems

The organic solutions used in these studies consisted of 1-octanol and 2-ethyl-hexanol at a
range of concentration (0.1 mM to pure alcohol) dissolved in dodecane. The organic reagents,
dodecane, 1-octanol and 2-ethyl-hexanol were purchased from Sigma Aldrich (St. Louis, MO). The
organic solutions were mixed via shaker table with distilled deionized water, in equal 0.5 mL
volumes, for 15 minutes. Following the mixing stage, the aqueous and organic phases were
separated via centrifugation and subsequently removed and stored in a separate glass vials. Each
solution was analyzed by Karl Fisher titration, tensiometry, and corroborated with SAXS and

atomistic MD simulations.

6.3.2. Titrations

The Karl Fischer titration method was used to determine the concentration of water
transferred into the organic phase after mixing and equilibration.140 The apparatus used in these
experiments was an 831 KF Coulometer (Metrohm AG, Switzerland). To measure the equilibrium
concentration of water in the organic phase, a known mass of the organic solution (following
contact with water) was injected into the Karl Fisher apparatus and titration was initiated at the
time of injection. This method provides a concentration of water in parts-per-million (ppm). To
determine the water concentration in molarity, the equilibrium organic phase densities were

measured, and used to convert ppm to molarity.

6.3.3. Small Angle X-Ray Scattering (SAXS)

Following mixing, equilibration, and phase separation, the organic solutions were
transferred to the Advanced Photon Source (Argonne National Laboratory) at the beamline 12-ID-C
to be analyzed by SAXS. Data were obtained by injecting the organic phases through a flow cell at a
fixed distance from the detector. Sample-to-detector distance was adjusted to provide a detecting

range for momentum transfer of 0.04 < q(A-1) < 2.41. The scattering vector, q, was calibrated using
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a silver behenate standard and incident photon energy 19.0 keV, providing sufficient X-ray
transmittance for the data acquisition. Scattering profiles were obtained via 0.5 second exposure
times with a MAR 165 CCD detector (Norderstedt, Germany), with a 165 mm diameter active area
and resolution of 2048 x 2048 pixels. The 2D scattering images were corrected for spatial distortion
and detector sensitivity, then radially averaged to produce plots of scattered intensity, I(q) versus
g- The I(q) data were normalized on an absolute scale (cm-!) by calibration with deionized water,
and after a thorough background subtraction consisting of just the diluent, dodecane. SAXS data
were collected at various concentrations of alcohol (1-octanol and 2-ethyl-hexanol) in dodecane
ranging from 0.1 mM to 2 M, with the assumption that the signal recorded at 0.1 mM corresponds to
the monomers contribution. Background subtracted and normalized SAXS data were interpreted

using the Percus-Yevick interacting sphere model. 141

6.3.4. Interfacial Tension Measurements

To measure the interfacial tension between the organic and aqueous phases, a Drop Shape
Analyzer DSA 100 Kriis tensiometer coupled with a high-speed %" CCD sensor camera and DSA4
software. Following the contact with water, organic solutions were loaded into a 5 mL deposable
syringe equipped with a reverse pendant drop hook. The syringe was placed onto a mechanical arm
with an injection pump and slowly immersed into a cuvette containing water to create the
organic/aqueous phase interface, which was centered in the sight of the camera. The camera was
focused and magnification scale was determined, then a drop was partially dispensed from the
syringe. The software extracted the bubble outline and the drop was equilibrated for 30 minutes.
The shape and volume of the drop was analyzed with the DSA4 software and the mass (m) was
determined using the known density of the organic solution.142 From this experiment interfacial

tension was calculated via Equation 25:

mxg

= .25
2 * T ¢q
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where vy is the interfacial tension, m is the mass of the drop, g is gravity, and r is the radius of the tip

of the syringe hook.

6.3.5. Molecular Dynamics

Classical MD simulations were performed at the all-atoms resolutions by means of the
package GROMACS 4.5.5.143 The CHARMM General Force Field (CGenFF 3.0.1) was utilized along
with the recommended TIP3P water model.144 145 For aggregation behavior in organic solution, two
alcohol systems were investigated composed of either 1-octanol or 2-ethyl-hexanol. For each
system, the alcohol concentrations were simulated at 0.5 M and 2 M and the concentration of water
molecules was set to mimic the experimental values from Karl Fischer titration. See Table 10;
Table 11 in the Appendix B for the detailed concentrations and number of components.

The initial structures of the simulations were built using the package Packmol,!4¢ where all
the molecules are randomly distributed (Figure 32). These structures were subjected to energy
minimizations and annealing simulations to speed up the aggregation behavior.137. 139, 142,147 [ the
annealing simulation, the system temperature increased from 298 K to 360 K in the duration of 0.1
ns, maintained at 360 K for 0.8 ns, and then was cooled down to 298 K within 0.1 ns. The
temperature was maintained at 298 K for another 2 ns. The annealing simulation was repeated four
times for each system. During the annealing simulations, the system density, the potential energy,
and the radial distribution function (RDF) between the alcohol oxygen atoms was calculated to
justify the convergence of the aggregation behavior (Figure 32).

In the production simulations, the isothermal-isobaric ensemble (constant number of
particles, temperature, and pressure) was employed. The reference temperature of 298 K was
employed using the Nosé-Hoover algorithm!48 with the relaxation time of 0.5 ps. The system
pressure was coupled to 1 bar using the Parrinollo-Rahman algorithm4% with the compressibility of
44.6x10¢ bar-! and the relaxation time of 4 ps. The three-dimensional periodic boundary conditions
were employed and the short-range Coulomb and van der Waals interactions were both calculated

up to 1.2 nm. Long-range Coulomb interactions were included using the smooth Particle Mesh
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Ewald method,150 151 in addition to the long-range dispersion correction for energy and pressure.
All valent bonds were constrained by means of LINCS algorithm, which supported the stable
simulations with an integration time of 2 femtoseconds.52 153 Each simulation was performed for

50 ns, with a saving frequency of 10 ps per frame to collect the simulation trajectory.

6.4. Results

6.4.1. Extraction of H,O into Dodecane

In these ternary, biphasic solutions containing structural isomers 1-octanol or 2-ethyl-
hexanol in dodecane contacted with water, we observe a rapid increase in the concentration of
water into the organic phase as the alcohol concentration is increased (Figure 29). As a general
trend when the alcohol concentration is less than 1 M, relatively little water is extracted into
dodecane. For instance, the equilibrium [H20]org. = 0.02 + 0.02 M when [1-octanol or 2-ethyl-
hexanol] = 0.5 M. However, when the concentration of alcohol is increased above 1 M, there is an
exponential increase in the extraction of water as evidenced by log-log plot (Figure 29 inset). At
equilibrium, 1-octanol extracts nearly twice amount of water as 2-ethyl-hexanol does ([H20]org=
1.62 + 0.04 M and 0.92 + 0.06 M for 1-octanol and 2-ethyl-hexanol, respectively when [alcohol] = 5
M). The extraction of water into an organic phase can be an indication that nano-structural polar
domains exist in the organic phase through the formation of reverse micelles. Conventional
surfactant molecules aggregate to form micelles, which generally solvate pools of water in the

otherwise immiscible organic phase. 154
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Figure 29. Equilibrium concentration (M) of H,O extracted into the organic phase as a function of the
initial alcohol concentration (M). Inset shows the data plotted on a log scale to verify the
exponential increase of water.

6.4.2. Small Angle X-ray Scattering
SAXS data obtained from the organic phases of each biphasic system demonstrate the
formation of aggregates at concentrations consistent with the observed increase in water extracted
into the organic phases. Samples with a range of concentrations (0.1 mM, 0.1 M, 0.5 M and 2 M) of
1-octanol and 2-ethyl-hexanol were analyzed. However, only measured samples containing 0.5 and
2 M alcohol generated a scattering pattern that suggested aggregation. Experimental data show the
presence of a scattering peak in the high g-region at approximately 1.4 A1 (Figure 30), which is

identified as a correlation peak between hydrocarbon atoms.13% 142 Long-range correlation peaks in
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the low g-region were observed in systems containing 0.5 M and 2 M alcohol -- though very weak
signals in 0.5 M systems in this region. While both 1-octanol and 2-ethyl-hexanol produced
aggregates in these systems, the aggregates formed differed as indicated by their scattering pattern
in the low g-region. In the 2-ethyl-hexanol systems, a correlation peak is observed at around 0.5 A1,

while in 1-octanol a small broad peak is observed around 0.4 A-1.
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Figure 30. (A) Experimental and (B) simulated SAXS data of the four systems. A solvent peak is
observed in the high g-region at approximately 1.4 A, identified as a correlation peak
between hydrocarbon atoms.** %% Long-range correlation peaks in the low g-region were
observed in systems containing 0.5 M and 2 M alcohol. In the 2-ethyl-hexanol systems, (blue
and red lines) a correlation peak is observed at around 0.5 A™, while in 1-octanol (green and
black lines) a small broad peak is observed around 0.4 A™ when the [1-octanol] = 2.
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Table 7. Fitting Parameters of the Percus-Yevick Fit of the SAXS Data at 2 M Alcohol.

Fitting Parameter 1-octanol 2-ethyl-hexanol
Sphere Radius 5.5+0.3A4 416 +0.04 A
Interaction Radius 64+0.1A 5.58+0.02 A
Volume Fraction 0.11 £0.01 0.204 £ 0.003
aReduced x2 0.122 0.351

aGenerally it is considered that reduced y° values significantly less than 1 are a result of overfitting data. In this case, we observe
small ¥? values largely as result of a small signal to noise ratio in the high-g region (Q/(A™) > 0.55), from background subtracting
hydrocarbon interactions. The observed noise is small variations in the scattering of hydrocarbons among different
measurements. Conclusions regarding aggregations are made from observation in the low g-region.

The Percus-Yevick interaction sphere model was used to evaluate the SAXS data (Figure
31).141 For this analysis, a robust background subtraction was performed so that only scattering
from the oxygen atoms (alcohol and water) were fit to the model. Consequently, only samples with
a concentration of 2 M produced a signal strong enough to show the presence of aggregates
following the robust background subtraction. The Percus-Yevick fitting parameters include scale
factor, sphere radius, interaction radius, volume fraction, and reduced x2 (Table 7, Figure 41).
These parameters help describe the form factor and structure factor of the aggregates in solutions.
The sphere radius quantifies the average size of an individual aggregate core, and was determined
to be 5.5 = 0.3 A for 1-octanol and 4.17 + 0.04 A for 2-ethyl-hexanol. The interaction radius
quantifies the core-to-core distances of the aggregates, and was determined to be 6.4 + 0.1 A and
5.58 + 0.02 A for 1-octanol and 2-ethyl-hexanol, respectively. The difference between the sphere
radius and interaction radius values signifies the minimum distance the aggregates can exist
(Equation 26).

Distance between adjacent clusters = interaction radius — sphere radius eq.26

The widths of these non-contact regions are approximately 0.9 A and 1.42 A, for 1-octanol

and 2-ethyl-hexanol, respectively. The total volume fraction of the aggregates (including water but
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not including the monomers) is the scattering volume headgroup that is taken up by all of the
aggregates, was determined to be 0.11 + 0.01 and 0.204 + 0.003 for 1-octanol and 2-ethyl-hexanol,
respectively. The monomer concentration is excluded simply because monomers do not participate
in aggregation. Instead, the monomers will contribute to the flat background scattering intensity.
The SAXS region intensity is dominated by the aggregate particles because they have the nanometer
sized cross sections necessary to produce a signal in these regions. Therefore, the model only
includes the molecules that are involved in the aggregate and not those that are not (ie.
monomers). It is important to note that the Percus-Yevick interaction sphere model does not
require the spherical aggregates, non-spherical cylindrical have been sufficiently described by this

model previously.155
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Figure 31. SAXS spectra of the organic phases consisting of 2 M 2-Ethyl-hexanol (blueline) and 2 M 1-
Octanol (red line). The background scattering are subtracted from air, the sample holder, and
the solvent of dodecane. The dashed and dotted lines represent a spectra fitting based upon
Percus-Y evick model.
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6.4.3. Tensiometry

The behavior of 1-octanol and 2-ethyl-hexanol at the water-dodecane interface was

investigated via tensiometry. It was determined that the interfacial tension (¢) at the water-

dodecane interface decreased as a function of the increased concentration of the alcohols (1-octanol

or 2-ethyl-hexanol) (Figure 32). The interfacial tension in 1-octanol decreased from 24.3 + 2.1

mN/m (0.5 mM) to 7.7 £ 0.4 mN/m (pure 1-octanol). The interfacial tension in 2-ethyl-hexanol

decreased from 25.3 + 1.2 (0.5 mM) to 13.1 + 0.5 mN/m (pure 2-ethyl-hexanol). A plot of o versus

the In[alcohol] of 1-octanol and 2-ethyl-hexanol was fit to the equations y = - 1.99x + 12.50 and y =

- 1.54x + 1.37, respectively.
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Figure 32. Interfacial tension as a function of (A.) [1-octanol] and ( B.) [2-ethyl-hexanol] following

equilibration with H,0.
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6.4.5. Simulated Small Angle X-Ray Scattering
Atomistic MD simulations were performed to replicate the scenarios of 0.5 M and 2 M
alcohol in dodecane contacted with water. The simulated SAXS data were calculated by means of
nMoldyn.!5¢ Note that nMoldyn actually calculates the atomic number weighted structure factor for

SAXS.157,158 The atomic form factor f(q) is related to the atomic number (Z) via Equation 27;

fil@lgo = Zi, eq. 27

for atom i, where q is the wave vector.1>® Simulated data show the presence of a high g-peak at
approximately 1.4 A-1 (Figure 30b). Long-range correlation peaks were also observed with
intensities dependent on the alcohol concentration. In the 2 M 2-ethyl-hexanol system, a correlation
peak is observed at around 0.5 A1, while in 2 M 1-octanol a broad peak is observed at 0.25 A-L.
Consistent with the corresponding experimental SAXS, the 2-ethyl-hexanol peak is narrower than
that in the 1-octanol system, suggesting a stronger correlation at a smaller, fixed distance.

From the simulations, the average aggregation number and morphology were also obtained.
In 2 M 1-octanol and 2-ethyl-hexanol solutions, the average aggregation number was 5.3 + 0.3 and
4.6 = 0.2, respectively. In 0.5 M solutions the corresponding average aggregation number was 5.2 +
0.5 and 4.1 * 0.3. Moreover, a histogram of alcohol cluster sizes shows that clusters reached up to
40 alcohol molecules for 1-octanol and 25 for 2-ethyl-hexanol (Figure 33; Figure 34). The MD
simulations describe the morphology and demonstrate the association of alcohol molecules through
H-bond and suggest that the morphology of 1-octanol favors the elongated, non-spherical
aggregates, while 2-ethyl-hexanol prefers curved and spherical aggregates (Figure 30b; Figure

35).
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Figure 33. Histogram distribution of the clusters composed of alcohol oxygen atoms. Occurrence stands
for the number of clusters with certain amount (i.e., cluster size) of alcohol oxygen atomsin
the simulation box, which are averaged over the production simulations. The cutoff distance
of 0.35 nm was employed for the definition of clusters based on the corresponding RDF
between alcohol oxygen atoms.
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Figure 34. Snapshots of the last frame for each atomistic simulation. All alcohols are presented as stick
models in which the hydrocarbon chains (CH,) are green and the hydroxy! group isred (O)
and white (H). Water molecules are presented as ball models with red (O) and white (H). The
solvent of dodecane molecules are omitted for the display.
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Figure 35. Simulation snapshots of some typical aggregates in octanol and 2-ethylhexanol system, both at
2 M. The rotation movies of structures (B) and (D) are also provided in the SI. The
hydrocarbon chains (CH,) are green and the hydroxyl group isred (O) and white (H) and the
red dotted lines denotes the H-bonds.
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6.5. Discussion

Collectively, from the results, corroborating physical measurements with experimental
SAXS data and atomistic molecular dynamic simulations, we observe that neither 1-octanol nor 2-
ethyl-hexanol behave as classical surfactants. However, they do present themselves with many
surfactant-like properties. This discussion aims to highlight the extent of which 1-octanol and 2-
ethyl-hexanol behave as surfactants in systems containing dodecane and water.

The primary result suggesting that the behavior of 1-octanol and 2-ethyl-hexanol is atypical
to conventional surfactants is the absence of a critical micelle concentration (CMC). Conventional
surfactants have the remarkable ability of readily assembling at the hydrophilic/hydrophobic
interface thus decreasing the interfacial tension.123. 160 Once the surfactant concentration is high
enough to saturate the interface at the CMC,1¢0 micellization and aggregation begin in the bulk. Any
additional surfactant molecules dissolved in solution will be in dynamic equilibrium between
monomers and micelles.130.161 A high CMC (> 0.1 M) indicates a weak surfactant, while a low CMC (<
0.1 M) indicates a strong surfactant and a greater propensity to target the interface and
subsequently form aggregates and micelles.160 This behavior and understanding of surfactants
demonstrate that these solutions are complex, structured fluids rather than uniform molecular
solutions.123,160, 162

The interfacial behavior of 1-octanol and 2-ethyl-hexanol in dodecane-water biphasic solutions
were analyzed via inverted drop tensiometry. The tensiometry data (Figure 32) demonstrates that, as the
concentration of 1-octanol and 2-ethyl-hexanol increases, the interfacial tension decreases. The resulting
trend is linear for the o —In (¢) plot, typical of a conventional surfactant.’® '** However, unlike
conventional surfactants, in which a slope-break exists (around the CMC), the interfacial tension of these
alcohols-bearing dodecane-water biphasic solutions continues to decrease -- steadily approaching the
interfacial tension in alcohol-water biphasic systems (this study: 7.7 + 0.4 mN/m; literature 8.71 + 0.2

mN/m for 1-octanol in water).**

While additional physical information can be extrapolated from the
slope analysis of the ¢ — In (c¢) plot regarding the surface excess and head group area derived from the

Gibbs adsorption equations.'*>** These calculations require the existence of a CMC to represent physical
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meaning. Therefore, we cannot determine the surface excess or the average head group area from the
tensiometry data. However from the absence of a CMC, we can conclude that the dodecane-water
interface is not saturated with alcohol molecules, yet SAXS data confirms the formation of aggregates in
the organic phase and their dependence on the alcohol concentration. This observation leads to the
hypothesis that the tendency to form aggregates for alcohol derives from a different origin than in
conventional surfactants. Instead, a balance between the alcohol distributions at the interface and in the
organic bulk phase exists before the interface is saturated.

The formations of aggregates in alcohol-bearing solutions of dodecane and water appear to
suggest a different equilibrium than the formation of aggregates by classical surfactants. A diagram
demonstrating the proposed aggregation equilibrium and compared to the equilibrium for conventional
surfactants is shown in Figure 36. In solutions containing conventional surfactants, there exists a
stepwise process of saturating the surface prior to aggregating the bulk.!®® In the case of aliphatic
alcohols, the formation of aggregates and the interfacial species exist in a dynamic equilibrium with
monomers in the bulk. This results in poorer efficiency (than conventional surfactants) to reduce the
interfacial tension as a function of alcohol concentration as well as the occurrence of aggregates without
saturating the interface. Instead of a stepwise model, as for conventional surfactants, where surfactant
molecules first saturate the interface prior to developing achieving equilibrium with monomers in the bulk
and aggregated species, we observe simultaneous equilibrium between interfacial species with monomers

along with aggregated species in the bulk with monomers.
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Figure 36. Simplified equilibrium of micellization for atypical surfactant (A). And (B), proposed
equilibrium occurring for systems containing 1-octanol and 2-ethyl-hexanol.
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6.5.1. Tail Group Effects Leading to Different Aggregates

The formation of aggregates is observed in biphasic solutions containing 1-octanol as well
as 2-ethyl-hexanol at 0.5 and 2 M, yet there are distinct differences in the organic phase ordering
and physical properties that are a result of tail group differences. These differences observed from
solutions of isomers are consistent to the behavior of conventional surfactants,168 as tail group
differences in surfactant isomers have been reported to drive the variations in the aggregate
structures.169 Our findings coincide with the literature that the tail group plays a significant role in
physical properties, aggregation, and micellization.160 170. 171 These differences can be observed in
the physical measurements (tensiometry and water extraction) as well as in experimental and
simulated SAXS data.

Physical measurements suggest that 1-octanol is a slightly stronger surfactant than 2-ethyl-
hexanol. A stronger surfactant has a greater ability to decrease the interfacial tension between two
phases.123.124 As indicated by the tensiometry experiments, the 1-octanol is more surface active, and
lowering the interfacial tension more efficiently (Figure 32), where the slope of the regression line
for the 0 — In (c¢) plot for 1-octanol has a larger negative slope, m = -1.922, versus m = -1.543 for 2-
ethyl-hexanol. The final interfacial tension between pure 1-octanol and water is also lower than
that of the solutions of pure 2-ethyl-hexanol and water. Lower interfacial tension will consequently
facilitate the transport of water from the aqueous phase to the organic phase because less energy is
required to overcome the phase boundary (Table 10). Beyond more effectively decreasing the
interfacial tension between organic and aqueous phases, 1-octanol also extracts more water into
the organic phase than 2-ethyl-hexanol. The strength of the association between water and 1-
octanol is stronger which leads to a smaller amount of energy required to transport a water
molecule across the dodecane-water interface.

Beyond differences observed in the physical properties of these solutions, the size and
distribution of the aggregates as seen in SAXS data also demonstrate variations between these two
systems. The Percus-Yevick model demonstrates that the average aggregates radius in solutions of

2 M 1-octanol solution (5.5 + 0.3 A) is found to be around 1.3 A larger than that in the 2 M 2-ethyl-
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hexanol solution (4.17 = 0.04 A). Simulations also revealed that solutions containing 1-octanol
formed aggregates with a higher aggregation number (i.e. number of monomers per aggregate)
than 2-ethyl-hexanol for both 0.5 M and 2 M: the average cluster size is 5.3 + 0.3 (2 M 1-octanol)
versus 4.6 £ 0.2 (2 M 2-ethyl-hexanol), and 5.2 £ 0.5 (0.5 M 1-octanol) versus 4.1 + 0.3 (0.5 M 2-
ethyl-hexanol). These data agree on that on average the 1-octanol systems favor the formation of
larger aggregates. Furthermore, the differences in the equilibrium water concentrations in the
organic phases are related to the aggregate size as solutions of 2 M 1-octanol extract nearly twice as
much water ([H20Jorg = 0.32 M) as 2 M 2-ethyl-hexanol ([H20]org. = 0.17 M) (Figure 29).
Consequently, a higher concentration of (polar) water molecules in the organic phase favors the
larger aggregates which could be a result of swelling of the aggregates.2!

The volume fraction parameter from the Percus-Yevick model indicates that 2-ethyl-
hexanol demonstrates a greater propensity to form aggregates; however, the aggregates in the 2-
ethyl-hexanol systems are smaller. The volume fraction for 2-ethyl-hexanol (0.204 + 0.003)
accounts for nearly twice as much as that of solutions of 1-octanol (0.11 * 0.01) suggesting that
there are more detectable (i.e. greater number) aggregates by X-rays in solutions containing 2-
ethyl-hexanol. SAXS data shows that solutions of 2-ethyl-hexanol show a stronger correlation peak
at a relatively higher g suggesting that the hydroxyl groups of 2-ethyl-hexanol are generally more
associated at a fixed, closer distance than those of 1-octanol (Figure 30; Figure 31). The Percus-
Yevick model provides an evaluation of the interaction radius between aggregates. The interaction
radius for 1-octanol (6.4 = 0.1 A) is nearly 1 A larger than 2-ethyl-hexanol (5.58 + 0.02 A) at 2 M.
The larger interaction radius suggest that 1-octanol aggregates participate in limited inter-
aggregate interactions, while 2-ethyl-hexanol aggregates, at a higher concentration as seen by the
volume fraction, have a significant correlation peak. This peak suggests increased inter-aggregate
interactions (Figure 31). Using this information, along with the sphere radii, can be used to
describe the regions between clusters, where the widths of the non-zero regions are smaller for 1-
octanol (~0.9 A) than 2-ethyl-hexanol (~1.42 A) as calculated by Equation 26. Further, since these

values are much less than the length of the fully extended -octyl (~14 A) or -hexyl (~10 A) groups,
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this data suggests significant inter-digitating among tail groups of adjacent clusters. Systems

containing the 1-octanol system is more inter-digitated than 2-ethyl-hexanol, by about 0.54 A.

6.5.2. Aggregate Description

By corroborating the physical measurements with X-ray absorption techniques and
simulated data we can speculate a description of these aggregates. We evaluated the aggregates to
determine the average aggregation number for alcohol molecules per aggregate as well as average
number of water molecules per aggregates from two independent calculations. The first calculation
uses SAXS data and the second calculation utilizes simulation data both aided by geometric
approximations.

The SAXS data can be used to provide a physical description of the aggregates formed in
solutions of 1-octanol in dodecane and water. Using the sphere radius from Table 7 we obtain the

volume of the aggregate:

4
sphere volume (V;) = §7TT3 eq.28

Where r is the sphere radius in nm, for 1-octanol, Vs = 0.696 nm3. This can be used in the

equation for the volume fraction (Vy), relating the total number of aggregates (Nag) and Vs to Vr.

eq.29

Which can be rearranged to give the effective volume (Verr) of an aggregate or the average

volume an aggregate and its surroundings take up.

V,er = s _ I 30
- Vf - Nagg @

For 1-octanol, Ve = 6.336 nm3/aggregate. The product of Ve and the molar organic phase

concentration water can lead us to the average number of water molecules per aggregate (Nwater).
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_ _ [HZO]org * NA * eff
Nwater = nm3 eq. 31
1x1024

For 1-octanol, the nwater = 1.22 molecules per aggregate. Assume all the water is associated
with an aggregate of alcohols, the organic phase ratio of 1-octanol:water should be maintained at
6.25, therefore naconot = 7.63 molecules of 1-octanol per aggregate.

We can compare this observation with an independent calculation using the simulated data.
From simulations, the radius of the aggregate and the core were estimated to be, reore * 0.3 nm and
rage ® 1.14 nm. Assuming the aggregates and cores are spherical, the corresponding volumes were
determined to be Vcore = 0.113 nm3, and V,g = 6.205 nm3/aggregate. Simulations determined the
Talcohol = 5.3 = 0.3 molecules/aggregate for 1-octanol. By maintaining the 1-octanol:water ratio, and

assuming that all water is limited to the core of the aggregate, we observe:

ﬁalcohol * [Water] org

[alochol]eq

nwater -

eq 32

For 1-octanol, the nyatwer = 0.848 molecules/aggregate (Figure 37).
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Figure 37. A simulated example of an aggregate consisting of 5 molecules of 1-octanol and 1 water
molecules arranged through hydrogen bonding interactions.

143



From these two independent methods, we obtain aggregation numbers for 1-octanol and
water to be in relative agreement. We observe, on average, that around 1 water molecules exist in
the center of the aggregates in the organic phase, which concludes that 1-octanol forms reverse
micelles. When we apply the same models to determine a physical description of the aggregates
that form in 2-ethyl-hexanol, we observe that the aggregates are not of sufficient size for water to
exist predominantly on the inside. Likewise we observed considerably less water extracted by 2-
ethyl-hexanol than 1-octanol. From these results it is difficult to conclude if the extraction of water
is excluded because the aggregates formed are not large enough for water fit, or because very little
water is extracted the aggregates remain small and primarily interaction exclusively with alcohol

hydroxyl groups.

6.5.3. Hydrogen Bonding Interactions

As stated in previous studies, H-bonding interactions play a significant role in the
aggregation of amphiphiles in organic solutions.136 137 With respect to the analysis of 1-octanol and
2-ethyl-hexanol, we can evaluate the hydrogen bonding interactions through an understanding of
their aggregated structures. As suggested by tensiometry data and the extraction of water, we
hypothesize that the H-bonding interactions between 1-octanol and water are stronger than those
between 2-ethyl-hexnaol and water. From the tensiometry data we see that the slope of the
regression line is steeper with respect to the concentration of 1-octanol than with respect to 2-
ethyl-hexanol. While the difference is minor, we believe these observed differences are due to an
increased affinity for 1-octanol to target the interface, thus decreasing the interfacial tension, and
interact more readily with water molecules. Likewise, we see a greater amount of water in the
organic phase in solutions of 1-octanol than solutions of 2-ethyl-hexanol, and on average a molecule
of water is associated with the aggregates of 1-octanol, while water appears to be excluded in the
aggregates consisting of 2-ethyl-hexanol.

These observations lead to hypothesis regarding how the presence of a single ethyl-group

near the hydroxyl head group can drastically changes the surfactant behavior and organic phase
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ordering. While we do not have a definitive reason to explain these differences, we approach this
conversation from two perspectives: (i) electrostatic and hydrogen bonding properties and (ii)
physical and steric properties.

As stated previously, we believe that 1-octanol participates in stronger H-bonding
interactions with water and as a result the interfacial tension decreases, water extraction increases,
and solution forms large aggregates, this discussion attempts to explain why these H-bonding
interactions may be stronger. On a molecular level, the only difference between 1-octanol and 2-
ethyl-hexanol is the location of an ethyl group. In 1-octanol, the ethyl group is a part of the linear
alkyl chain, whereas in 2-ethyl-hexanol the ethyl group is branched from the second carbon. The
dipole moments of 1-octanol and 2-ethyl-hexanol are 1.76 and 1.74 D, respectively, and water is
1.85 D.172 While the dipole moment for 1-octanol is slightly stronger, it would not be expected that a
0.02 D change to the dipole would be the sole factor that would result in the observed differences in
aggregation. Another factor that could play a role in these ordered structures is the differences in
basicity and other intermolecular forces (i.e. Van der Waals) between 1-octanol and 2-ethyl-
hexanol. Previous studies have identified that more basic extractants form aggregates more readily
because there is a greater electron density involved in the hydrogen bonding.1¢8 In a study looking
at third phase formation of solvent extraction systems consisting of difference organophosphorus
reagents, they observed an increased extraction of HCI in the organophosphorus reagent with the
octyl tail versus the reagent with an ethyl-hexyl tail group.168 While these systems are very different
from the ones being analyzed in our studies, the results suggest a similar dependence on the tail
group for the extraction of aqueous speciation as well as aggregation.

Additional chemical properties to discuss include boiling point and water solubility
differences, which could provide insight into differences in the intermolecular forces between 1-
octanol and 2-ethyl-hexanol that lead to these differences in the organic phase ordering. The boiling
point of 1-octanol is 194.7 °C and 2-ethyl-hexanol is 184.34°C.172 This difference in boiling points
demonstrates that 1-octanol has greater intermolecular forces, which include but not limited to H-

bonding interactions, which may suggest greater basicity for 1-octanol. We can also consider the
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solubility of these alcohols, in which the solubility of 1-octanol is 540 mg/L173 and 2-ethyl-hexanol
is 880 mg/L174 in water. The greater solubility of 2-ethyl-hexanol in water may suggest that upon
mixing, more 2-ethyl-hexanol may distribute between the organic and aqueous phases, which the
lower solubility of 1-octanol may keep it in the organic phase. Therefore instead of water being
extracted from the aqueous phase to the organic phase and associated with aggregates of 1-octanol,
molecules of 2-ethyl-hexanol may transfer to the aqueous phase more readily; decreasing the
extraction of water into the organic phase.

Another approach to postulate the enhanced surfactant properties of 1-octanol relative to
2-ethyl-hexanol is an evaluation of the in H-bonding interaction probabilities between the hydroxyl
group and water from the perspective of steric interactions. For 2-ethyl-hexanol, the lone pairs on
the H-bond accepting hydroxyl O are partially obscured by the ethyl group. The proximity of the
hydrophobic ethyl to the headgroup acts as a lipophilic ‘shield’ against the approach of water to the
hydroxyl lone pairs; thus limiting the angle at which H-bonding interactions can occur. As such,
simulated SAXS data demonstrate that these aggregates form spherical aggregates that are
dependent on the approach angle of the H-bonding donor to H-bonding acceptor (Figure 35). In
contrast, the hydroxyl lone pairs on the linear 1-octanol are more exposed, allowing a wider range
of angles from which water can approach and increasing the likelihood of forming alcohol-water H-
bonds. As a result, the aggregates that form in these systems are elongated. This results are in
consistent with studies of 1-octanol in ethanol and water, in which dynamic organization was
observed, and the influence of the octyl tail prevents the aggregates from forming a perfect sphere
at high aggregation numbers,128 129 and preferentially forms elongated aggregates (Figure 35).

While it is challenging to definitively discuss the extend of which these factors influence the
formation of aggregates, the fact that these systems exist at a interstitial transition state allows for
small energetic differences to have a significant effect on system. The chemistries of 1-octanol and
2-ethyl-hexanol are very similar however in these highly polarizing environments consisting of
solutions of water and dodecane, these chemical nuances become highlighted in efforts to minimize

the free energy of the system at equilibrium.
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6.6. Conclusions

With recent enthusiasm regarding “surfactant free micro-emulsions” and the existence of
microemulsions in ternary systems without conventional surfactants,128-130 we investigated the
occurrence and morphology of the aggregation of structural isomers 1-octanol and 2-ethyl-hexanol
in a water-dodecane system. Our findings suggest that a different equilibrium expression must be
proposed to properly understanding these systems. We propose that systems containing 1-octanol
and 2-ethyl-hexanol undergo a simultaneous equilibrium between interfacial species with
monomers and between monomers and aggregated species. The hypothesized equilibrium obviates
the need for a CMC and interfacial (or surface) saturation to occur prior to aggregation to occur.
Further discussion regarding the tail group effects on the formation of aggregates deepens our
understanding of alcohol molecules in ternary solutions. While 1-octanol and 2-ethyl-hexanol are
not conventional surfactants, the proposed equilibrium may help explain why we observe the
presence of nano-structural domains and a reduction of interfacial tension between immiscible
phases in the presence of an aliphatic alcohol. Future research aims to expose the electrostatic and
physical properties that govern the formation of aggregates and the parameters that influence the
occurrence and morphology of the aggregates. These studies will develop a better understanding of

the equilibrium expression for the organic phase ordering of aliphatic alcohol systems.

6.7. Associated Content

Supporting Information: The supporting information can be found in Appendix B and
includes a cartoon showing the physical relevance of the Percus-Yevick fitting parameters, a
detailed description of the atomistic molecular dynamic simulations, and movies of the simulations.
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CHAPTER VII: SUMMARY, IMPACTS, AND FUTURE WORK

7.1. Global Conclusions

This thesis aims to develop a greater understanding of the chemistry of protactinium at
trace levels with in the context of nuclear energy, nuclear forensics, and the environment. Each
chapter has a different focus and method to advance our understanding of protactinium.
Furthermore, additional information is learned regarding the chemistry of other actinide elements
(Th, U, Np, and Am) as well as a broader understanding of solvent extractions systems - with
significant advanced in our understanding of organic phase ordering (Chapter VI). Developments
in this thesis include (1) a new rapid method for the separation of Pa from complex samples, (2) the
production of a convenient radiotracer, 233Pa, from a 237Np standard source using a novel extraction
chromatographic resin, (3) a mathematical model describing the extraction of Pa from 2,6-
dimethyl-4-heptanol in acidic conditions to allow for predictive D values to be viable with regards
to this system, (4) an in-depth understanding of the chemistry of Pa with respect to extraction by
aliphatic alcohols and how these equilibrium studies can lead to a better understanding of Pa and
the other actinide elements, and (5) insights into the organic phase ordering with solutions
containing 1-octanol or 2-ethyl-hexanol and a better understanding of how these aggregates form

in the absence of a critical micelle concentration.

7.1. Chapter Il Summary and Impacts

In chapter II, we introduce a new rapid method to separate U, Th, and Pa from complex
matrices for application in geochronology and to be adapted for a nuclear forensic analysis. We
analyzed carbonate samples from Paleolithic Lake Bonneville to provide (23'Pa/235U) and
(230Th/234238U) ages to corroborate with previously determined 1*C ages (from Brigham Young
University) that provide ages of about 35-40 ka. 9 57 The ages of these samples represent a geologic
time at which Lake Bonneville underwent a catastrophic draining event, as reflected by Th, Pa, U
isotopic information as well as 4C. 57 Providing U-series ages to support 14C ages is a critical need

within the geoscience community. While 14C ages are a mainstay of dating samples (up to about 50
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ka), the liberation of 4C from fossil fuel emission and nuclear fallout has complicated the
measurement because 14C concentrations can fluctuate. Corroborating 4C with U-series ages will
help to calibrate the 14C measurements as well as decrease uncertainties in older samples.

With respect to nuclear forensics, there is a critical need to develop rapid method for the
age dating of illicit material that can lead to a legally defensible argument to aid in the
determination of the last legal owner of that material. Because nuclear material is enriched in 235U
(up to 5% for fuels and up to 95% for weapons), the (231Pa/235U) measurement is invaluable to
determining the age of these materials. 12 These studies aim in this goal by providing a method that

can reproducibly determine ages of samples rapidly.

7.3. Chapter lll Summary and Impacts

In chapter IlI, we develop a new, convenient method to produce a radiotracer for Pa for
isotope dilution analysis. This objective directly addresses the work of Claude Sill, where he
mentioned that the development of a convenient radiotracer for Pa would greatly facilitate our
understanding of Pa chemistry. 46 We developed a rapid separation of 233Pa from 23’Np to isolate
233Pa a radiotracer for 231Pa for isotope dilution studies. This method utilizes a novel extraction
chromatographic resin consisting of 1-octanol adsorbed onto an AmberChrom resin bead
(produced by Eichrom, similar to their other commercially available resins 61). The advances in this
method dramatically reduced the hands-on time required to perform this separation as well as
minimizes aqueous and organic waste and eliminates the need to complexing agents (i.e. H2SO4,
HF).

This work has also spawned a relationship between the University of lowa and commercial
partner TrisKem International (Bruz, France). The novel extraction chromatographic resin

developed from these studies is now a commercially available product marketed by TrisKem.

7.4. Chapter IV Summary and Impacts
In chapter IV, we development a mathematical model to represent the extraction of Pa from

biphasic systems containing 2,6-dimethyl-4-heptanol in dodecane contacted with aqueous phases
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in the nitrate or chloride forms. The mathematical model was developed using DesignEase software
and a full factorial experimental design. 103 From these studies we were able to quantify the main
effects describing the extraction dependence of Pa with respect to [2,6-dimethyl-4-heptanol],
[anion: Cl-or NO3], and [H*], as well as develop a model that allows for the prediction of distribution
ratios with respect to the extraction of Pa.

The impact of this work is that this is the first work to use experimental engineering to
quantify main effects and predict chemical behavior in solvent extraction systems. Also, using the
mathematical equation provided in these studies, future investigators will be able to fully
understand the extraction of Pa by 2,6-dimethyl-4-heptanol in chloride and nitrate forms.
Furthermore, this work lays the foundation for future investigations looking into additional
parameters that impact the extraction behavior of metals in solvent extraction. A few examples of

these include contact time, diluent effects, radiolysis, and metal concentration.

7.5. Chapter V Summary and Impacts

In chapter V, we investigate the extraction behavior of Pa and other actinide elements (Th,
U, Np, and Am) in systems containing aliphatic alcohol extractants (1-octanol, 2-ethyl-hexanol, and
2,6-dimethyl-4-heptanol) and mineral acids (HNOsz; and HCI) in both solvent extraction and
extraction chromatographic resin systems. These studies highlight the trace level chemistry and
demonstrate the Pa is unique among the actinide elements, likely attributed to the degeneracy of
the 5fand 6d electron orbitals. 3 In this study we determine the acid dependencies of Th, Pa, U, Np,
and Am with each of the studied alcohols in both solvent extraction and extraction
chromatographic resin forms. From these studies we have develop numerous ways to separate Pa
from the other actinide elements from complex matrices or mixed actinide systems. Further,
through a detailed understanding of the extraction equilibrium for Pa, we have performed
extractant dependency and ligand dependency (Cl- and NO3z-at 0.1, 1 and 4 M H*) to approximate
the average stoichiometric equivalent of required for the extraction to occur. It was determine, in

chloride that the extracted species is a hexachloro-Pa anion extracted by two alcohols.
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Corroborating this information with historically proposed species, we believe that the complex
formed is PaCls and is solvated with a H+ in the organic phase. In the nitrate system, the extracted
species is a dinitrate-Pa complex extracted by two alcohol molecules. Because we are not able to
probe the speciation of Pa spectroscopically we are unable to determine the additional ligand
coordinated to the central Pa metal. Yet, from these results we highlight the chemical complexities
of Pa and demonstrate its unique chemistry within the actinide group elements.

These investigations appeal to researchers interested in trace level actinide extraction
behavior. More specifically the novelty of these studies is found in the analytical experiments
performed focused on advancing our understanding of the trace level chemistry of Pa. Additionally,
the investigations in this chapter lay the foundation for further studies using higher levels of Pa to

compare the trace level speciation to the speciation at higher concentrations.

7.6. Chapter VI Summary and Impacts

In chapter VI, we investigated the organic phase of the solvent extraction systems consisting
of an aliphatic alcohol (1-octanol or 2-ethyl-hexanol) in dodecane contacted with water to observe
the organic phase ordering. The organic phases were investigated in the absence of metal, to better
understand the organic phase order at equilibrium of biphasic systems following chemical mixing.
Samples were analyzed at concentrations of alcohol ranging from 1 mM to 2 M by experimental
SAXS and compared with molecular dynamic simulated SAXS data. Additional physical properties,
including tensiometry and equilibrium extracted organic phase water, were measured to
corroborate the spectroscopic and simulated data to gain a better understanding the molecular
scale ordering in the organic phase. We observed the presence of aggregates in systems containing
either alcohol, as verified by SAXS and simulations, however these alcohols do not have behavior
consistent with surfactant molecules. A significant divergent observation is the formation of organic
phase aggregates however the absence of a critical micelle concentration (CMC). This led up to
propose a new equilibrium expression to describe the formation of aggregates in solutions

containing aliphatic alcohols.
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This work was motivated by investigations into ternary systems consisting of water-
ethanol-octanol in which nanoscale domains form in the absence of a “conventional surfactant” and
thus has challenged current definitions in soft matter science. 128 175, 176 Qur work looks at the
organic phase of these solutions consisting of water-dodecane-aliphatic alcohol, and continues to
challenge our current understanding and definitions in soft matter chemistry. The heart of these
findings challenge the understanding of what exactly constitutes as a surfactant, and what drives a
surfactant to form micelles or reverse micelles. Since these aliphatic alcohols existing in as a
transitional state, the subtleties that drive these nano-domains emerges and improves our overall
understanding of structured fluids and, within the context of solvent extraction, how the organic

phases exists at equilibrium.

7.7. Future Work

7.7.1. Future Work Regarding Coordination Chemistry of Protactinium

Future investigations regarding the chemistry and radiochemistry of Pa and how it applies
to nuclear forensics, nuclear fuel cycle, and the environment will involve developing deeper
understanding of the coordination chemistry of Pa. Within the context of solvent extraction,
availability to increased concentrations of Pa, relevant to spectroscopic techniques (i.e. > 50 mM for
EXAFS and > 200 mM for HEXS), will result in a more complete understanding of the coordination
environment of Pa. We would be able to examine how the ligands coordinate (inner vs. outer
sphere complexation), the extractant interactions, as well as directly probe at the oxygen species.
The oxygen species will help verify the present of a mono-oxo PaO3+ cation versus mixed
oxo/hydroxyl present in solution as well as verify the coordination of HNO3 acting as a bidente or
monodente ligand. Furthermore, future investigations into organic phase ordering via SAXS could
potentially expose the impact that aggregation may have on selective extractions. Recent studies
have demonstrated a strong correlation between the interaction energy between adjacent

aggregates and the separation factor in the lanthanide series. 177 This work is very fascinating and
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has the potential to bring a paradigm shift with regards to how scientist view solvent extraction--

beyond a metal-centric approach to a solvent-centric approach.

7.7.2. Future Work Regarding Applications and Methods Involving
Protactinium

With developing a greater understanding of the chemistry of Pa, more applications will
reveal themselves to make a Pa analysis more relevant. Currently the more important application
involving Pa is regarding chronometric studies to age date geologic quaternary age samples or for
nuclear forensics. Currently there is a critical need to develop a rapid method for the determination
of 231Pa /235U age information from special nuclear material with results that are defensible in front
of a global judiciary council. While a few methods exist to analyze special nuclear material by alpha
spectrometry 14, and by mass spectrometry 12, however significant challenges still remain.

Protactinium isotope exists as important intermediates for alterative fuel cycles and
development in targeted alpha-therapy for certain cancers. In alternative fuel cycles, natural, fertile
232Th is irradiated to form the fissile fuel 233U through the pathway shown in Figure 37 in which
233P3 is the longest-lived intermediate. Because 233Pa is an intermediate, methods to control Pa in
extraction processes is critical to the development of these technologies. 13 Likewise, preliminary
research has investigated the use of 226Th for targeted alpha therapy by way of a generator system
with a 230U parent. The production pathways for 230U are shown in Figure 38, and Figure 39 in
which both pathways involve a Pa intermediate. 178 Each of these methods rely on an understanding
of the chemistry of Pa. Therefore there is a need to further develop methods for the extraction and
separation of Pa isotopes from complex matrices as well as improve our understanding of the

chemical behavior of Pa.
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Figure 38. Pathway for the production of ?*U fuel from natural ?**Th through **Paintermediate.
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Figure 39. Pathway | for the production of ?*Th targeted alpha therapy isotope from natural *?Th through
#9pg intermediate.
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Figure 40. Pathway Il for the production of ?*Th targeted alpha therapy isotope from natural **'Pa.
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APPENDIX A: SUPPLEMENTAL INFORMATION FOR CHAPTER V

AA.1 Conversion of Weight Distribution values to k’ values

To convert Dy, to K/, the D must first be converted to a volume distribution coefficient (Dv),

using that values from table S1 and equation S1:

_ Dy, * dextractant

D. =
v 0.4

eq.33

Where dextracant is the density of the pure extractant (1-octanol; 0.824 g/cm3, 2-
ethylhexanol; 0.833 g/cms3, and DICB; 0.809 g/cm3) and 0.4 is the extractant mass per gram of resin
81, Next, Dy can be converted to k’ from determining the resin density (g/cm3), bed density (g/cm3)
and the stationary (extractant) and mobile phase volumes, vs and vy, respectively. The bed density
was determined by transferring the dry resin to a tarred graduated cylinder; weighing the resin and
dividing by the volume in the cylinder determined the mass per cm3. Then, v is calculated by
multiplying the bed density by 0.4 (or the 40% w:w). The resin density was determined by
achieving neutral buoyancy in solutions of known densities (dilute HNO3). Lastly, the vy, was

determined by subtracting the resin density by the bed density.

1 Vs
k' = D”*v_ eq.34

m

All half-life data and primary gamma emission energies for radionuclides in this study are

summarized in Table 9.
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Table AA-1. Extraction chromatographic resin physical parameters and conversion factors

Resin (2,6)-dimethyl-4-heptanol 2-ethylhexanal 1-octanol
Extractant Density (g/mL) 0.801 0.833 0.824
Bed Density (g/mL) 0.35 0.34 0.34
Resin Density (g/mL) 1.069 1.123 1.194
v, 0.141 0.136 0.135
Vi 0.716 0.782 0.853
VdVn, 0.197 0.173 0.158
Dv conversion factor 2.00 2.00 2.00
K’ conversion factor 0.39 0.35 031
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Table AA-2. Radionuclide used in these experiments shown
with their half-lives and primary gamma energy emission.

Radionuclide Half Life Major Gamma
Energy Peak (keV)
238pg 26.9 days 311.9 (38.5 %)
ZNp 2.14x10°years 86.5 (12.4 %)
AmM 432.6 years 59.5 (35.9%)
28Th 1.91 years N/A
232 68.9 years N/A

160



APPENDIX B: SUPPLEMENTAL INFORMATION FOR CHAPTER VI

AB.1. Description of Percus-Yevick Fitting Parameters

Figure AB-1. A cartoon summarizing the inter- and intra-aggregate Percus-Y evick fitting parameters,
where r isthe sphere radius and d is the interaction radius.
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AB.2. Description of Simulation Methods

Figure AB-2. Initial structure of the atomistic simulation on the system with 2 M 1-octanol dissolved in
bulk dodecane solution. All the molecules are randomly distributed using Packmol. The
solute molecules (i.e., water and octanol) are highlighted for the display using VMD (viathe
VDW and Licorice drawing method, respectively).
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Figure AB-3. Equilibration of the annealing simulation on the system of 2 M 1-octanol dissolved in bulk
dodecane solution. (a) Temperature; (b) density and potential energy; (d) RDF between
octanol oxygen atoms at 298 K.
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1ns 10ns 100ns 200ns

Figure AB-4. Snapshots of the atomistic simulations on the water/dodecane biphasic system with 2 M 1-
octanol. The 1-octanol molecules (highlighted) areinitially distributed in both the water
phase and the organic phase. The solid blue lines denote the boundary of the simulation box
under 3D periodic boundary conditions.
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Table AB-1. Concentrations of Solutes (M) in the Atomistic Simulations on
Bulk Dodecane Systems ®

System 1-octanol 2-ethyl-hexanol water
2 M 1-octanol 2 - 0.32
2 M 2-ethyl-hexanol - 2 0.17
0.5 M 1-octanol 0.5 - 0.02
0.5 M 2-ethyl-hexanol - 0.5 0.02

a These concentrations are obtained from the corresponding experiments.

Table AB-2. Number of Componentsin the Atomistic Simulations on Bulk Dodecane Systems 2°

System 1-octanol 2-ethyl-hexanol water dodecane Time /ns?
2 M 1-octanol 600 - 96 920 12/50
2 M 2-ethyl-hexanol - 600 51 920 12/50
0.5 M 1-octanol 150 - 6 1250 12/50
0.5 M 2-ethyl-hexanol - 150 6 1250 12/50

aThe equilibrium simulation box length is around 8 nm in each dimension.

bAnnealing/production simulation time.

Table AB-3. Properties Calculated From the Atomistic Simulations on
Bulk Dodecane Systems

System Density /kgxm-3 Cluster size
2M 1-octanol 792+2 5.3+0.3
2M 2-ethyl-hexanol 7912 4.6+0.2
0.5M 1-octanol 7712 5.2+0.5
0.5M 2-ethyl-hexanol 770%2 4.1x0.3
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APPENDIX C: ADDITIONAL METHODS AND MESOPOROUS CARBON

AC.1. Motivation to develop organic-inorganic hybrid materials to
protect extraction reagents from radiation induced damage

In metal sequestration processes involving highly radioactive material, radiolysis is a
common event that has plagued aqueous separation for decades. These highly oxidizing
environments, such as nuclear fuel reprocessing, produce electrophilic free radicals promoted
through the deposition of the energy of radioactive decay on matter. As most extractants are large
Lewis bases, the formation of free radicals is inevitable when exposed to high levels of radioactivity.
This will invariably result in the formation of radiolytically induced degradation byproducts of the
extraction reagents.

The development of organic-inorganic hybrid materials, consisting of an extraction reagent
hosted by a mesoporous carbon nanostructure, has suggested that radiolytical “shielding”
properties may exist thus preventing radiolysis from occurring. Therefore, these investigations
evaluate this potential and assess the ability of organic-inorganic hybrid materials ability to prevent
radiolytic degradation (Figure AC-1; Figure AC-2). In these studies, the extraction behavior of Eu3*
and Am3+ are evaluated with a di(2-ethylhexyl)-phosphoric acid (HDEHP) extractant in nitric acid

media as well as extraction of Pa with aliphatic alcohol extractants.
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Figure AC-1. Schematic showing the CMK:HDEHP hybrid system. Figure provided by Peter Zalupski
(INL).
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Figure AC-2. Percent Am extracted by HDEHP in solvent extraction and hybrid systems as a function of
received dose. Figure provided by Peter Zalupski (INL).
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AC.2. Methods

AC.2.1. Method for Preparing CMK-3 Hybrid Materials
For the preparation of the CMK/HDEHP hybrid at 40% w/w HDEHP:CMK. A suspension of
0.20 g of neat HDEHP (Aldrich, 97%) in 10 mL of 3 M HNO3 was sonicated for 3 minutes to disperse
the extractant into microdroplets. To this milky emulsion 0.20 g of CMK-3 (ACS Material,

www.acsmaterial.com) was added. The suspension was vortexed for 1 hour. The extractant adheres

to CMK quantitatively. The suspension is then isolated by filtration, washed with 3 M HDEHP, and
deionized water. The collected solid is dried in the oven at 50° C, or on the bench overnight. The
mass of the collected hybrid should additively illustrate that all HDEHP was immobilized on CMK
(i.e. 0.40 g should be isolated). Once dry, the hybrid preparation is complete.

To prepare hybrid materials with aliphatic alcohols, the method is the same as described
above but instead the 0.20 g of neat alcohol (i.e. 1-decanol) is added. Below shows the

functionalization efficiency.

Table AC-1. The percent functionalization of extraction

reagents.
Extraction Reagent % Functionalized
HDEHP 39.5
1-decanol 39.3
1-octanol 1.2
2-ethyl-hexanol 0.5
2,6-dimethyl-4-heptanol 2.5
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AC.2.2. Method to Evaluate Weight Distributions

To measure weight distribution values (Dw), 10 mg of CMK:hybrid material is weight out
into a 15 mL centrifuge tube (n=3). The aqueous feed (containing acid, salt, and metal) is added to
each tube (1 mL). The solutions are counted prior to phase separation to give the initial
radioactivity added (A,). The solutions are then vortexed for 1 hour and then the suspensions are
filtered via 10 mL syringe fit with a PVDF filer disc at the end. The aqueous phases are collected
from each solution (and filter properly discarded) into a liquid scintillation vial. Next a 0.5 mL
aliquot is sampled and counted to determine the amount of metal adsorbed onto the mesoporous

carbon hybrid (Af). To calculate D, Equation AC-1 is used:

d AC -1
Af m ¢q

where v is the volume of the aqueous feed solution and m is the mass of CMK:hybrid.

AC.2.3. Sample Irradiation
To observe the shielding capabilities of the CMK:hybrid, solutions were irradiated and
subsequently analyzed by thermogravimetric analysis and solid state NMR to observe the presence
of degradation byproducts. The samples were irradiated using a 137Cs source with a flux of 24.8
Gy/minute. Samples were irradiated up to 500 kGy. Only solid, dry CMK:hybrid systems were
irradiated in glass, no biphasic systems. Following irradiations the samples were kept in a deep

freezer until analyses to assess the radiolytic degradation were performed.

AC.2.4. Thermogravimetric Analysis and Solid State NMR
Following irradiation samples were weighed and transferred for a thermogravimetric
analysis (TGA). The TGA was purged with N; until all the O; has been purged from the sample cell.

Once purged about 25 mg of CMK:hybrid material was place on the TGA pan and set on the sample
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tray. The analysis protocol was set up with a ramp rate of 2 °C / min from 25 °C to 250 °C. This
analysis provides a weight loss as a function of temperature profile.

The rationale for this approach to assess the radiolytic degradation of extraction reagents is,
if the degradation products form, the temperature at which they are removed from the CMK
framework would likely be different. Therefore the temperature profile of an irradiated sample
would have a stepwise or broad trend versus a single weigh loss event in the sample that has not

been irradiated.
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Figure AC-3. Thermogravimetric analysis of CMK material, CMK:HDEHP, and irradiate CMK:HDEHP.
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From Figure AC-3, it is observed that the weight loss profile is not dependent on the irradiation of
the CMK:HDEHP sample. This result would suggest that the CMK framework is preventing
radiolysis from occurring.

Solid state NMR (13C, tH, 31P) was also used to assess the radiolytic degradation of extraction
reagents in hybrid systems containing CMK:HDEHP. Following irradiation, samples were loaded
into NMR tubes and transferred to the NMR facility with Fu Chen. The NMR was then tuned to
probe the element of interest. The rationale for this analysis is, should radioytic degradation
products form, the carbon, hydrogen, and phosphorous environments would be distinct and result
in a noticeable shift in the NMR spectra.

Proton and carbon NMR provided very little helpful information. The H spectrum was
flooded with H environments as a result of a heterogeneous surface in the CMK material itself. The
carbon environment produced indistinguishable carbon shifts. Upon looking into the degradation
products of HDEHP (i.e. 2-ethyl-hexanol, mono-ethylhexyl-phosphoric acid, and phosphoric acid), it
is realistic to conclude, even if radiolysis had occur, 13C NMR would not distinguish these
byproducts.

Based on the proposed radiolysis products, 31P is a viable option to assess their formation as
a function of dose. The results of the 31P NMR experiments show different P environments following
irradiation (>100 kGy) (Figure AC-4). This results suggests that radiolysis is occur in CMK:hybrid
extraction materials. One possible explanation for the discrepancy between the NMR data and the
distribution data (Figure AC-2 is that the radiolysis products are no sufficiently hydrophobic to
remain associated with the CMK material. This claim is supported by Table AC-1, in which the
percent functionalization for all alcohols (except for 1-decanol) is extremely poor (<5% of the
expected 40%). To add, one of those radiolytic degradation products is 2-ethyl-hexanol, which
according to Table AC-1, resulted in a functionalization percent of 0.5%. Likewise, the degradation
product phosphoric acid would not be expected to remain associated with the CMK material.
Therefore when irradiated samples of CMK:HDHEP hybrids are used in extraction process, the

radiolytic degradation products are simply expelled to the aqueous phase. The impact of this
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process is much smaller than the incorporation of heterogeneous extraction reagent on the CMK

framework.
Irradiated ' Not
\ Irradiated
\/\/\/c\

Figure AC-4. *'P solid state NMR of irradiated and not irradiated CMK:HDEHP hybrid materials.
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