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Abstract

As the world attempts to transition to more sustainable and environmentally
friendly forms of energy, nuclear power has the potential to play a central role in meeting
the growing energy needs of the planet. The security concerns associated with special
nuclear materials and nuclear waste continue to hinder the growth of nuclear energy.
High temperature molten salt systems have been proposed as an advanced, proliferation-
resistant media for nuclear energy production, fuel reprocessing, and securing the nuclear
weapons complex. A chemical-based sensing system was designed, constructed, and
evaluated for nuclear material accountancy in high temperature molten chloride salt.
Raman spectroscopy and cyclic voltammetry were utilized as sensing methods to study
lanthanide concentration, diffusion kinetics, speciation, and coordination chemistry in the
molten LiCl-KCl salt of eutectic composition.

In situ Raman spectroscopy was conducted using a custom-built, fiber-based
system. A commercial system was modified through an iterative process to address the
hands-free and extreme environmental requirements associated with the molten salt
studies. The experimental system was designed and constructed with remote control and
data acquisition capabilities for the high temperature environment. This system was used
to investigate samarium speciation and coordination chemistry in the molten LiCI-KCI at
500 °C. Trivalent samarium was confirmed to be present as an octahedral SmClg*
complex, in agreement with the literature. Raman spectra were analyzed for bond-

specific vibration modes and fluorescence. The electroanalytical voltammetry system



coupled with the fiber-based Raman system was used to study divalent samarium ions.
Divalent samarium was produced in situ using both chemical and electrochemical
reduction protocols and analyzed using Raman spectroscopy. To our knowledge, this is
the first Raman spectrum of divalent samarium in molten LiCl-KCl eutectic. Raman spectra
of CeClz in molten LiCl-KCl was found to be identical to that obtained from SmClz in molten
LiCI-KCl except for the fluorescence features. Spectra obtained from multi-analyte
environment (mixture of Sm and Ce in molten LiCl-KCl) showed that differentiating mixed
analytes is not possible without significant technological and design improvements and
development of complex deconvolution protocols.

A cyclic voltammetry analysis protocol available in the literature was further
developed for more accuracy. Collected data was analyzed using existing electrochemical
relationship, the Randles-Sevcik equation, which was originally developed for aqueous,
fully-reversible systems. The applicability of this empirical relationship was evaluated
over a broad concentration range. Calculated diffusion coefficients were compared and
contrasted to the existing literature.

The coupled spectroelectrochemical system was then employed to study the
nature of samarium oxychloride formation in the molten LiCl-KCI-SmClz system. A
synthesis method reported in the literature was confirmed in situ, and the synthesized
product was confirmed to be samarium oxychloride using solid state characterization
methods.

In summary, this dissertation reports the construction and successful deployment

of a combined Raman spectroscopy and electroanalytical system for nuclear material



iii
accountancy in high temperature molten salt. The electroanalytical voltammetry system
produced accurate and repeatable data in the low analyte concentration regime which
was confirmed with the literature. The in situ Raman spectroscopy system was
engineered, constructed and successfully tested for use in high temperature molten salt
environments. The system designed in this dissertation can be deployed for use in

studying single analyte in molten salt systems immediately.
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Chapter 1 Introduction

1.1 Nuclear Security and Nonproliferation

Nuclear technology has played a central role in a variety of defense and civilian
applications since the mid-20t" century. Preliminary advances in the understanding of
radiation and the atomic nucleus paved the way for the harvesting of energy from atomic
fission. Unfortunately, the energy associated with fission was eventually developed into
the most destructive weapons humankind has ever witnessed. Balancing the protection
of nuclear weapons and material with the spread of peaceful nuclear technology has since
been a central mission of the United Nations (UN) Security Council and its subordinate
organization, the International Atomic Energy Agency (IAEA) [1-5].

The IAEA relies on a combination of political and scientific tools to ensure nation
states that have ratified the Nuclear Nonproliferation Treaty (NPT) hold up their
commitments in terms of peaceful use of nuclear technology and honest reporting of
special nuclear material (SNM). SNM is defined as the following fissile isotopes that serve
as central components in nuclear explosives: 233U, uranium enriched to 23°U, and #*°Pu
[5]. Once a nation state establishes a Safeguards Agreement or an Additional Protocol
with the IAEA, inspectors are provided access to civilian nuclear facilities to monitor the
nuclear processes and confirm SNM buildup logs reported by the nation state’s
government [6]. Although defense installations are exempt from inspector access, the
tracking of SNM remains an important goal of the nation state to ensure efficient SNM

consolidation and prevent potential loss or theft of SNM from going undetected [7].



Nuclear material accountancy (NMA) is the backbone of the IAEA’s nuclear security
regime, and the agency employs a variety of process monitoring technologies to conduct

NMA and ensure SNM reporting and processing is conducted in a safe and honest manner.

1.2 Advancements in Nuclear Technology

As the international community adapts to the effects of climate change and
institutes policies to mitigate greenhouse gas (GHG) emissions, nuclear energy has the
potential to play a central role in the global transition to a carbon-free energy portfolio
[8, 9]. Traditionally the majority of nuclear processes, whether civilian or defense related,
have relied on aqueous media to consolidate nuclear material, produce or reprocess
nuclear fuel, and provide heat transfer in power generation systems; however, desire for
improved economics, energy efficiency, proliferation resistance, and passive safety
features have inspired a new generation of nuclear technology [10].

In 2011, the Fukushima Daiichi nuclear power plant accident in Japan provided a
vivid example of the pitfalls associated with water-based nuclear systems and inspired a
desire to transition to safer, more robust media for both heat transfer and fuel
containment [11]. The IAEA created the Generation IV International Forum (GIF) for
advanced reactor concepts and Innovative Project on Innovative Nuclear Reactors and
Fuel Cycles (INPRO) in response to facilitate the research, development, and deployment
of potential alternatives to light water reactors (LWRs) and aqueous reprocessing
schemes for used nuclear fuel (UNF) [8]. Molten salts are a leading candidate in both the

GIF and INPRO initiatives, as they have the potential to increase energy efficiency, bolster



proliferation resistance, and decrease high level nuclear waste (HLW) footprints after
energy production is complete [12].

One of the greatest hurdles facing this next generation of nuclear technology
remains the development of effective nuclear material accountancy (NMA) techniques
for non-aqueous systems [10]. Accurate and reliable NMA is the backbone of the IAEA
nuclear security regime. NMA techniques associated with aqueous systems are heavily
reliant on radiation detection and signature-based safeguards to monitor nuclear
material and track its movement [6]. Signature-based safeguards, laser-induced
breakdown spectroscopy (LIBS), pneumatic dip-tube densitometry, and hybrid K-edge
densitometry (HKED) systems are often installed to monitor aqueous nuclear power and
reprocessing plants [13-15]. As these techniques were not developed for high
temperature applications, they are either not applicable or experience a decrease in
effectiveness when deployed in high temperature environments [16]. Although advanced
methods for radiation detection, specifically neutron detection and active interrogation
of nuclear material, continue to develop, the high temperature and non-aqueous nature
of molten salts presents a unique set of challenges that must be addressed before large-
scale deployment of these technologies can progress [15].

As more nations begin to consider nuclear power as a viable GHG-free energy
technology, high temperature molten salt systems will undoubtedly emerge as potential
reactor and reprocessing systems, especially in China, India, and Russia [17]. Furthermore,
molten salt reprocessing technology is currently utilized as an electrolyte for the

electrorefining of UNF using the pyrochemical process at Idaho National Laboratory (INL).



The domestic nuclear weapons complex at the Y-12 National Security Complex and Los
Alamos National Laboratory (LANL) also utilize molten salt for the consolidation of SNM.
Both of these molten salt applications will require bolstering of NMA capabilities, and
chemical-based sensing methods are one promising avenue for achieving those NMA

milestones.

1.3 Nuclear Material Accountancy in Molten Chloride Salts

Although molten salt nuclear reactors are not yet utilized for energy production
anywhere in the world, chloride salt technology is considered a leading candidate in a
variety of reactor designs, advanced reprocessing schemes, and the domestic nuclear
weapons complex. Chloride salts have long been employed for SNM consolidation
through electrochemical reduction methods at LANL and Y-12. These single-analyte
streams are cleaner than those associated with civilian installations; however, their SNM
concentrations will run much higher than civilian systems and decay products do begin to
contaminate the streams over time [18, 19]. Chemical-based sensing methods can
provide bolstered NMA capabilities if coupled with radiation detection methods and also
provide insights into the chemistry of SNM solvated in these chloride media.
Understanding chemistry of solvated material is important when attempting to address
imperfect reductions of SNM and subsequent formation of alternative chemistries, such
as oxides or oxychlorides, that can lead to SNM loss or buildup [18].

Molten salts have also been proposed as heat transfer and fuel containment

media for advanced nuclear power plant designs. The reactors can be deployed as



traditional power plants, hydrogen production plants, fissile fuel production (breeder), or
actinide burners [20]. The reactors range in molten salt application from fueled salt to
coolant salt but tend to be more in favor of fluoride systems [20-22]. Chloride salts are
less prevalent but do provide some advantages in terms of lower melting points and
higher actinide solubility [23]. Monitoring solution chemistry for corrosion control,
criticality, and solubility of fuel elements is possible through chemical-based sensing
methods, along with improving NMA abilities at proposed reactors [24].

The focus of this dissertation is the molten LiCI-KCl eutectic system as it is the
proposed electrolyte for the pyrochemical reprocessing of UNF. Lanthanide chlorides
serve as surrogates for SNM and fission products (FPs) [15, 25-30]. Pyrochemical
reprocessing development began at the DOE’s Argonne National Laboratory (ANL) during
the 1980’s. The research and development of the pyrochemical reprocessing scheme was
part of ANL’s Integral Fast Reactor (IFR) program whose goal was to close the IFR’s fuel
cycle and provide a means for decreasing the United States’ need for a nuclear waste
repository [25].

Pyrochemical reprocessing utilizes a molten eutectic LiCI-KCI electrolyte to
electrochemically separate uranium, plutonium, and other transuranic (TRU) elements
from UNF [29, 31]. The process is an alternative to the traditional aqueous reprocessing
scheme, Plutonium Uranium Redox Extraction (PUREX). Short-cooled fuels containing
high amounts of minor actinides (MA) can be reprocessed pyrochemically in smaller
facilities with less criticality concerns [32]. Furthermore, the pyrochemical process does

not produce a pure plutonium stream, rather it is mixed with other TRU elements, making



the process inherently more proliferation resistant than PUREX [10, 27, 31, 33]. The highly
radioactive and high temperature environment associated with pyrochemical
reprocessing produces high amounts of background signal that disrupt traditional
techniques such as signature-based safeguards [34-36]. Russia, France, Italy, Spain, the
United Kingdom, the Czech Republic, Japan, South Korea, and India have all participated
in the development of pyrochemical reprocessing [10].

A proposed pyrochemical reprocessing flowsheet for existing LWR UNF stockpiles
is illustrated in Figure 1 and can be adjusted for application in a fast reactor fuel cycle with

minimal adjustment [37].
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Figure 1 A proposed pyrochemical reprocessing flowsheet for the LWR fuel cycle illustrating the many unit
operations that may require NMA [37]

There are many unit operations that comprise the overall pyrochemical reprocessing
scheme, and most would require accurate NMA to ensure SNM or radioactive material is
not being lost or stolen. The electrolytic reduction and electrorefining steps have a
potential for SNM buildup; furthermore, the actinide and lanthanide drawdown steps
present a need for NMA to aid in SNM security and overall process optimization. The

molten LiCI-KCl eutectic is maintained at 500 °C in the electrorefiner for bulk reductions.



Understanding the chemistry of dissolved elements will ensure reductions and oxidations
steps are completed in efficient manners while minimizing loss of material to alternative
reactions [34]. Chemical-based sensing methods are ideal for such an application as they

achieve both NMA and the option to study solution chemistry.

1.4 Electroanalytical Voltammetry in the Molten LiCI-KCI Eutectic

Electroanalytical techniques are under consideration for in situ process
monitoring applications in the molten LiCI-KCl eutectic. Voltammetric methods for
electroanalytical measurement of dissolved content are ideal for molten salt systems
containing nuclear material as the high temperature and highly radioactive nature of the
environment do not affect the electroanalytical components [38]. Furthermore,
electroanalytical methods are non-destructive, eliminating the need for sample
collection, analysis, and subsequent destruction. Destructive analysis is not only more
time consuming, but it also produces more HLW. Electroanalytical measurements
correlate current response to the concentration of the dissolved species if the diffusion
behavior of the analyte is well understood [39]. The applied potential (volts vs. reference
electrode) associated with a dissolved analyte’s electric current response is analyte-
specific, allowing for mixed solution monitoring [38, 39]. Building a consolidated and
accurate diffusion coefficient library would allow electroanalytical techniques to produce
reliable and repeatable data for NMA.

There are many electroanalytical techniques that can be employed to build this

diffusion coefficient library. Our research group employs cyclic voltammetry (CV), square



wave voltammetry (SWV), and normal pulse voltammetry (NPV). Each technique has
application-specific advantages. SWV is the most limited in application as the current
response measurements are inaccurate at dissolved analyte concentrations at or above
0.5 wt. % dissolved analyte [40]. However, SWV does elucidate the electron transfer
characteristics of electrochemical reactions, which becomes vital in evaluating the
applicability of empirical relationships for diffusion coefficient determination [39-41].

NPV capabilities are less developed than CV; however, NPV has produced large
strides forward in terms of uncertainty mitigation and mixed-analyte solution monitoring
[42-46]. Optimization of NPV continues in both the community and our lab; however, the
focus of this dissertation is the application of CV for in situ, real-time process monitoring
in the molten LiCI-KCl eutectic and subsequent coupling with additional chemical-based
sensing methods. Although diffusion coefficient values for identical systems are known to
vary across different electroanalytical methods, diffusion coefficient comparisons with
the literature were not limited to CV. This comparison method is accepted in the
literature, and uncertainty mitigation is a focus of this dissertation [38, 43, 47-52].

CV is a three-electrode electrochemical method that relies on a cyclic potential
sweep to scan a voltage range for analyte-specific redox reactions. Current response can
be correlated to analyte concentration if the diffusion behavior of the analyte is well
understood [39]. The three diffusion mechanisms present in the molten LiCI-KCl eutectic
electrochemical system are mass transfer, migration, and convection. The Randles-Sevcik
equation can be applied to CV data assuming all diffusion is mass transfer limited, linear

in nature, and the redox reaction of interest is reversible; however, it is suggested that



higher concentrations may lead to larger migration contribution [39, 45, 52, 53]. If a multi-
electron transfer to metallic form is being investigated, the deposits are assumed to
exhibit unit activity [38].

The Randles-Sevick relationship as it relates to reversible electron transfer
reactions is detailed in Equation 1.

nr\1/2

ip = 04463 -n-F-A-C - (=) " -vV/2. p1/2 (1)
Here iy is the peak current response, n is the number of electrons transferred during the
redox reaction, F is Faraday’s constant, A is the surface area of the working electrode
(WE), Ci is the bulk concentration of the dissolved analyte of interest, R is the ideal gas
constant, T is temperature, v is the potential scan rate, and D is the diffusion coefficient
of the analyte of interest [39, 53]. The Randles-Sevcik equation can be reorganized to
solve for diffusion coefficient as a function of peak current response, temperature, WE
surface area, potential scan rate, and bulk analyte concentration. It is important to note
the many variables present in the Randles-Sevcik equation that can affect peak current
response and subsequent diffusion coefficient determinations. It is therefore of the
utmost importance to accurately maintain temperature and WE surface area.
Furthermore, the solution chemistry must remain undisturbed during CV analysis. Tylka
et al. developed a method for accurate WE surface area measurement that correlates
peak current response to the immersion level of the electrode assembly allowing for the
WE surface area to be linearly interpolated [38]. Tylka et al. also report an experimental

sequence that produces repeatable CV results and ensure solution chemistry remains
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undisturbed between CV scans [39, 52]. This experimental sequence is reported in Table

1 and was modified slightly for the electroanalytical studies presented in this dissertation.

Sequence Step Description
Working electrode cleaning
1 through application of an

oxidative potential
Hold at working electrode at

2 potential where no reactions
occur
3 Hold working electrode at

open circuit potential (OCP)
Stir the solution at potential
where not reaction occurs

Table 1 An experimental electroanalytical sequence developed by Tylka et al. employed for accurate and
repeatable CV acquisition

4

Samarium and cerium were analyzed as a fission product and SNM surrogate,
respectively using CV. Fission products must be removed from the recycled fuel product
due to their negative neutronic effects, and cerium is often employed as a surrogate for
SNM [5, 38, 52]. As indicated in Equation 1, there are a multitude of variables that can
affect diffusion coefficient values and repeatability of data. Furthermore, reported
diffusion coefficients in the literature often vary with respect to the electroanalytical
technique employed for analysis, making the consolidation of diffusion coefficient
libraries difficult [38, 50]. The nuclear industry’s uncertainty requirements are extremely
stringent, making uncertainty mitigation a large focus of current research initiatives in the
literature [54].

Cerium has only one stable, trivalent ionic state when solvated in the molten LiCl-
KCI eutectic and undergoes a three-electron transfer reaction in the eutectic to form a

metallic deposit on the WE [50, 55-58]. Samarium exists in a stable divalent and trivalent
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ionic state when solvated in the molten LiCI-KCl eutectic. The reduction of samarium to
metallic form occurs in a further cathodic region in relation to the Li*/Li° couple [47, 49,
50, 56, 59-61]. Although some lanthanides spontaneously reduce to their divalent state,
samarium’s tendency to do so is much less prevalent [60, 62]. The electrochemical
reaction for cerium and samarium are reported in Equations 2 and 3, respectively.
Ce3t +3e™ o Ce® (2)
Sm3t +e” o Sm?t (3)
Table 2 provides a range of diffusion coefficient values for analyte concentrations
below 5 wt. % reported in the recent literature for samarium and cerium ions dissolved
in the molten LiCl-KCl eutectic at environmental conditions and electroanalytical methods
similar to the studies presented in this dissertation. Data presented in this dissertation
will be directly compared to the literature results presented in Table 2; however,
temperature range, WE electrode material, WE surface area uncertainty, and variation in

peak current all vary or go unreported in the literature and may make direct comparisons

less reliable.
Literature Source Dces+ (- 10° cm?/s) Dsma-+ (- 10° cm?/s)
lizuka [58] 0.73-2.72 -
Marsden et al. [57] 0.92-2.08 -
Cordoba et al. [47] - 0.98-1.30
Castrillejo et al. [49] - 0.77-1.44
Yamada et al. [59] - 0.13-0.45

Table 2 Diffusion coefficients from the literature obtained measured in environmental conditions similar
to this study for trivalent cerium and trivalent samarium at concentrations below 5 wt. % [47, 49, 57-59]

The literature is much more abundant at low concentrations of dissolved analyte, typically

under 5.0 wt. %. Higher concentrations of dissolved analyte and multi-analyte solutions
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are expected to have an effect on diffusion behavior of these analytes and the

applicability of the Randles-Sevcik relationship [39, 50].

1.5 Raman Spectroscopy in the Molten LiCI-KC| Eutectic

Raman spectroscopy, in the present context, offers information regarding the
coordination chemistry and speciation of dissolved content. Both of these characteristics
can aid in better understanding the diffusion behavior of dissolved analytes. Acquisition
of a Raman spectrum relies on the measurement of scattered light from a sample excited
by an incident monochromatic radiation. Raman scattering is inelastic in nature and much
less prevalent than elastic, or Rayleigh, scattering. The change in the incident radiation’s
energy is reported in the form of a Raman shift (cm?') in the wavelength of the emitted
light. This shift can be further explained as a shift in vibrational frequency associated with
a specific bond in the sample and the bond’s form of excitation: stretching, bending, etc.
The vibrational frequency associated with a bond is specific to that bond’s form of
bending or stretching, and also the atoms or ions joined at the bond of interest [63]. Along
with Rayleigh and Raman scattering, a sample may also exhibit fluorescence.
Fluorescence is defined as a sample’s excitation to an elevated electronic state, followed
by a characteristic emission of photons as the sample returns to its electronic ground
state. This photon emission is traditionally preceded by a radiation-less decay from the
excited electronic state to a vibrational state within that excited electronic state [63].
Raman scattering may also be segregated into an anti-Stokes or Stokes designation. Anti-

Stokes scattering (decrease in wavelength) can play a slightly larger role in sample
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characteristics in high temperature environments. Figure 2 provides an illustration of

Raman scattering, Rayleigh scattering, and fluorescence.
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Figure 2 A Jablonski diagram illustrating the differences between Raman scattering, Rayleigh scattering
and sample fluorescence as they relate to energy states modified from Harris et al. [64]

Stokes scattering (increase in wavelength) is more prevalent as the sample begins in a
ground state; however, there are small anti-Stokes contributions from the sample being
initially excited to an elevated electronic state within the ground vibrational state [63].
Polarized Raman spectroscopy offers insights into the symmetry of sample
molecules, which is valuable when studying the coordination chemistry of analytes
dissolved in molten salt [63]. Polarized (VV) Raman modes indicate a symmetric vibration
is occurring, whereas depolarized (HV) Raman modes indicate an asymmetric vibration is
occurring. Polarizing Raman aids in the assignment of normal vibration modes when

analyzing an acquired spectrum. Normal vibration modes exhibit a characteristic
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vibrational frequency, or Raman shift, dependent on the bond of interest’s atomic
makeup and the nature of the bond’s excitation [63]. A non-linear molecule will produce
3N-6 normal vibration modes, where N denotes the number of atoms constituting that
molecule [63-65]. Symmetry group theory dictates the analysis of Raman spectra by
elucidating which normal modes are associated with Raman active modes, and more
specifically those which are symmetric or asymmetric in nature [64]. Unfortunately, this
theory is developed for isolated molecules. Although molten salt environments do not
adhere to these isolated characteristics, the literature has established the applicability of
symmetry group theory when studying molten salt with Raman spectroscopy [66-70].
There are an established set of selection rules that facilitate the analysis of Raman
spectra and assignment of normal vibration modes to specific features on the acquired
spectra. Symmetric vibrations that do not deform the molecule and the presence of highly
polarizable atoms produce intense Raman features [63]. The incident radiation associated
with the laser excitation source of a Raman system produces an electric field, E. This
electric field is modified by the positive and negatively charged ions that make up the
molecule of interest, producing a dipole moment, p. Three-dimensional matrix
recombination of symmetry table elements, E vectors, and p tensor vectors establish
which normal vibration modes are Raman active [63]. A symmetric vibration with respect
to the central nucleus of a molecule will be Raman active. Lanthanides dissolved in the
molten LiCI-KCl eutectic are known to form complexes that exhibit an octahedral (On)

symmetry [71, 72].
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Lanthanide chlorides in the trivalent state, when dissolved in the molten LiCI-KCl
eutectic are known to form [LnClg]> complexes due to the excess Cl ions present in
solution [71-73]. The Li* ions in solution, due to their high polarizing power, affect the
Raman shift of normal vibration modes as well [71]. Figure 3 provides an illustration of
normal vibration modes associated with an Oy point group symmetry. The Ag, Eg, and Ty

modes associated with O, symmetry are Raman active [63].

v; (Ag) v, (Eg) Vs (Ty)

Figure 3 Point group O, Raman active modes of vibration for a molecule similar to an [LnCle]* complex —
V1, V2, and vs modes Raman active, modified from Ferraro [63]

The A1z and Eg normal vibration modes are symmetric stretches of the Ln-Cl bond. The Fyg
normal vibration mode results from the angular deformation of the Ln-Cl bond [63].
Application of Raman spectroscopy in the molten LiCI-KCl is limited in the
literature, and the majority of the literature relies on microscope-based systems to obtain
data. This method of analysis is destructive in nature and requires a sample be sealed in
quartz before analysis on a heated microscope stage. Fiber-based Raman systems
equipped with probes offer nondestructive analysis of molten salt samples and could
offer real-time data acquisition in the pyrochemical reprocessing of UNF or the nuclear
weapons complex. Furthermore, in both processes, metallic elements will be present,
making it vital to study the speciation and coordination of these dissolved elements when

metallic elements are present. Recently, research from our group successfully used a
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Raman fiber probe to study the dissolution of metallic lithium in the molten LiCl-Li20-Li
system [74]. To our knowledge, speciation studies have only been reported for cerium

and neodymium in the literature using Raman spectroscopy [73].

1.6 Summary

This dissertation reports the design, construction, and testing of an
electroanalytical system coupled with a fiber-based Raman unit. The system was designed
to address gaps in the existing literature as it relates to uncertainty mitigation in
electroanalytical studies, high temperature fiber-based Raman spectroscopy, and
coupled spectroelectrochemical (SPEC) system for chemical-based NMA. After
construction, the system was first calibrated using low concentrations CV analysis and
nitrate salt Raman analysis. Preliminary CV studies were conducted using a quasi-
reference electrode and traditional reference electrode on melts containing low
concentrations of dissolved samarium. Cerium was also analyzed using CV to ensure the
system performs equally well for multi-electron transfer reactions involving metallic
deposits. These preliminary results are presented in Chapter 3.

Chapters 4, 5, and 6 are three manuscripts that used the SPEC system to study
high concentration samarium CV, samarium valence state speciation, and samarium
oxychloride formation, respectively. The high concentration samarium CV manuscript
investigates the uncertainty associated with studying the analyte at high concentrations
and suggests methods for mitigating that uncertainty to maintain CVs reliability as an

NMA technique in high temperature molten salt (Chapter 4). The valence state,
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complexation, and speciation of samarium were investigated using the SPEC system in
the speciation manuscript, producing what we believe to be the first Raman spectra
reported for divalent samarium in the molten LiCI-KC| eutectic (Chapter 5). The SPEC
system was then used to investigate the nature of samarium oxychloride formation in situ
for NMA and evaluate the nuclear material management implications of this alternative
chemistry as they relate to unit operations associated with the pyrochemical reprocessing
of UNF (Chapter 6).

Chapter 7 reports preliminary results from the SPEC system’s deployment in multi-
analyte scenarios. CV and Raman spectroscopy were evaluated for NMA deployment
individually and from a synergistic perspective. Chapter 8 presents a brief discussion of
this dissertation’s results that are not addressed in the manuscript chapters, including an
evaluation of the SPEC system and suggestions for SPEC system deployment for NMA in
the nuclear industries currently using or considering high temperature molten salt. This
dissertation concludes with suggestions for further development of the SPEC system in

Chapter 9.
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Chapter 2 Experimental

2.1 Spectroelectrochemical Apparatus

A combined spectroscopy and electrochemical (SPEC) apparatus was engineered
for in situ detection of lanthanides solvated in a molten chloride salt at 773 K under inert
atmosphere. Independent electrochemical and Raman spectroscopy systems previously
built by our group formed the initial design basis of the combined system [74, 75]. The
coupled system was iteratively constructed over an extended period of time [76-79]. The
fiber-based 532 nm, 300 mW Raman spectroscopy system with built-in polarizing
capability consists of a Horiba iHR320 Imaging Spectrometer equipped with a Syncerity
Charge-Coupled Device (CCD) Deep Cooled Camera for high resolution data acquisition
over 150 nm to 1500 nm spectral range. The Raman apparatus was also equipped with an
Oxxius LCX-532 low-noise DPSS laser aperture and an Oxxius LaserBoxx Controller to
adjust laser power outside of the glovebox. The Raman spectroscopy system was
constructed on a counterweighted Newport Model 410-RC mobile platform for
positioning over the melt crucible and rough focusing of the Raman laser. The Raman laser
outlet probe was assembled on a breadboard plate attached to the head of the mobile
platform. A micron resolution motorized stage (Zaber X-LSM200B-KX13A) was integrated
to mount the Raman laser outlet probe from the breadboard over the melt for fine laser
focusing. A suite of adaptable varying magnification objective lenses was employed to
adjust the focal length from the Raman laser outlet probe in order to optimize the signal

of the divalent and trivalent species in the melt. The fiber cable servicing the laser from
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the spectrometer to the outlet probe in the glovebox was passed through an aluminum
flange (Kurt J. Lesker KF40-150-LFA) and hermetically sealed with a resin under vacuum
to protect the integrity of the glovebox atmosphere while permitting users to control the
laser external to glovebox. To the best of our knowledge, this Raman system is one of only
a few fiber-based systems with the polarizing capability to filter T3 Raman modes with
the focusing and insulating systems integrated for in situ SPEC study of high temperature
molten salt. Optically polished quartz discs were used as consumable to protect the laser
outlet probe from attack by volatile melt components. The ceramic insulation cap on top
of the furnace (Watlow VC403A06A-G0O09F) was specially designed in Autodesk Inventor
Professional 2016 to minimize thermal gradients within the melt while allowing a point of
entry for the Raman laser and electrodes for simultaneous spectroscopy and
electrochemical study. Signal dampening from thermal interference was mitigated by
implementing a custom insulation fitting at the laser aperture. The electrode guides on
the insulation cap were machined in line with the electrode mounting plate at the end of
a high-resolution motorized stage (Zaber X-LSM200B-KX13A) affixed to the back wall of
the glovebox for repeatable SPEC analysis required for reliable in situ process monitoring
operations. Autodesk Inventor Professional 2016 was also utilized to design a powder
coated aluminum glovebox window cover to attenuate diffracted laser beams during
operation and inhibit contaminate light from entering the glovebox. Laser attenuating
windows on the glovebox window cover were installed on a hinge to allow operators to
align the SPEC apparatus before experiments were conducted. In order to accommodate

all of the individual electronics used to engineer the SPEC apparatus a power supply
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(Letour S-500-12, DC Output = 12 V, AC Ivput = 110/220 V) was installed inside the

glovebox. A schematic of the SPEC setup is shown in Figure 4.

9 —

1 - Fiber Optic Cabling

2 — Raman Head

3 — Adaptable Objective Lens

4 —532 nm Laser Beam

5 — Insulating Electrode and Laser Guide
6 — Primary Crucible

7 — Faraday Cage

8 — Secondary Crucible

9 — Watlow Furnace

10 - Type K Thermocouple

11 - Newport Dual-Rod Mobile Platform
12 - Breadboard Interface

13 — Zaber Fine Focusing Translation Stage
14 — Working Electrode

15 — Reference Electrode

16 — Counter Electrode

Figure 4 Spectroelectrochemical system constructed and tested for simultaneous voltammetric and
spectroscopic studies in the molten LiCI-KCl eutectic

The Faraday cage was nested in a secondary stainless-steel crucible which also served as

the point of contact for K type thermocouple providing feedback through a custom

LabView National Instruments program to regulate melt temperature. The crucibles were

placed in a clamshell furnace (Watlow VC403A06A-GO09F) maintained within £2 K of the

setpoint temperature control controlled by a custom LabView program. A K type

thermocouple was used to record the working temperature of the melt. All salts were

handled inside UHP argon (Airgas 99.99%) atmosphere glovebox (Vacuum Atmospheres

Co. VAC Controlled Atmospheres Systems) with moisture and oxygen content maintained

below 1 ppm. The reference electrode consisted of a silver wire (1 mm diameter) in

contact with a 5 mol% silver chloride solution in the LiCI-KCI molten eutectic, contained
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in a Pyrex™ tube (1 um thickness tip). The working and counter electrodes were tungsten
rods 1/16” and 1/8” diameters, respectively. A motorized stage (Zaber X-LSM200B-
KX13A) with integrated controller was used to remotely insert and withdraw the
electrodes from the melt with £0.1 mm precision [74]. All electrochemical experiments
were performed at 773 K using a Gamry Ref3000 potentiostat controlled by a computer
running Gamry Framework software. Gamry Echem Analyst software was used to analyze

electrochemical data.

2.2 Chemicals and Materials

Nitrate salts stable in open atmosphere were employed to calibrate the Raman
spectroscopy system. A KNOs (Sigma-Aldrich 99.99 % pure) and NaNOs (Sigma-Aldrich
99.99 % pure) eutectic was used for calibrations. LiCl (Sigma-Aldrich 99.9 % pure) and KCl
(Sigma-Aldrich 99.9 % pure) were individually baked under vacuum to minimize moisture
impurities prior to preparation of a eutectic matrix composed of 46 wt.%/54 wt.% LiCl-
KCI, respectively. The eutectic mixture was fused under argon atmosphere and trivalent
samarium solutions were prepared by solvating anhydrous SmCls (Sigma-Aldrich 99.99 %
pure), CeCls (Sigma-Aldrich 99.99 % pure), or EuCls (Sigma-Aldrich 99.99 % pure).
Samarium metal (Alfa Aesar 99.9 % pure) was used in chemical reduction experiments to
convert trivalent samarium ions into divalent species. The eutectic mixture was added to
alumina, graphite, nickel, or tantalum crucibles fitted with an in-house constructed
faraday cage made of stainless steel. Alumina crucibles were primarily employed for

electroanalytical studies before coupling the system with the Raman probe.
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2.3 Solid State Characterization

The total concentration of the samarium in the melt was determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis of a
complexed melt solution. A Perkin Elmer Optima 8000 ICP-OES was employed for this
analysis, and all solution standards were purchased from SCP Scientific. Measured
concentrations obtained from the ICP-OES were consistently less than the theoretical
concentration based on the initial mass of lanthanide chloride solvated in the molten LiCl-
KCI eutectic. Precipitate was collected and analyzed using a variety of solid-state
characterization methods. A Thermo Scientific DXR Raman microscope equipped with a
10 mW, 532 nm wavelength laser was employed for solid-state Raman analysis of the
precipitate. X-ray diffraction patterns were obtained from the collected precipitates using
a Rigaku Smartlab X-ray diffractometer. Diffraction patterns were analyzed using a PDXL
software package. A Hitachi S-4700 field emission scanning electron microscope (SEM)
equipped with energy dispersive x-ray spectroscopy (EDS) was employed to investigate
precipitate morphology and elemental makeup, respectively. Transmission electron

microscopy (TEM) analysis was carried out using a JEOL-JEM 2100F Analytical TEM.
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Chapter 3 System Development and Calibration

3.1 Raman Calibration

Due to nitrate salt stability in open atmosphere and their relatively lower melting
points compared to chlorides, nitrate salts were employed to calibrate the fiber-based
Raman system. The sample prepared for analysis consisted of a 60 wt. % NaNOs and 40
wt. % KNOj3 eutectic salt mixture. This ratio was chosen because, not only did it offer the
lowest possible melting temperature, but also our group has had experience with it [80].
Raman spectra were obtained from the molten salt mixture at approximately 250 °C.

The most comprehensive article available from the literature was one published
in 1961 by Janz et al. This study was completed in a sealed quartz tube that was
subsequently heated to melting temperature and analyzed via Raman through the quartz.
It is also worth noting that the laser source employed by Janz et al. used a 435 nm
wavelength, while the HORIBA system tested used an excitation laser of 532 nm
wavelength. The article provides Raman modes for NaNOs, KNOs; and a 50/50 wt. %
eutectic of the two salts. Raman modes are reported for both the individual salts in solid
and molten form, while the eutectic salt’s Raman modes are only from the molten salt.
The system tested at HORIBA had an output laser power of approximately 100 mW at the
sample. Output power from the laser source is 150 mW; however, the fiber cables
coupling the probe to the spectrometer will attenuate the laser power. Table 3 and Table

4 summarize the expected Raman modes and intensities reported by Janz et al. [66].
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Raman Mode Reported by Janz et al.
SOLID SALTS
NaNO3; 1069 cm™ 1391 cm™ 728 cm™ -
KNO3 1050 cm™? 1343, 1361 cm 714 cm? -
MOLTEN SALTS
NaNO; 1053 cm? 1398 cm? 722 cm? -
KNO; 1048 cm™ 1383 cm™ 718 cm-1 -
50/50 Eutectic 1050 cm 1655 cm? 1296-1452 cm™? 718 cm?

Table 3 Expected Raman mode values from the literature are reported for solid state, molten, and
eutectic mixtures of NaNOsz and KNOs [66].

Eutectic NaNO3/KNOs Raman Modes and Intensities

Raman Mode Intensity
1050 cm™? 10
1655 cm™ 1

1296-1452 cm™ 1
718 cm® 2

Table 4 Raman modes and associated intensities for molten eutectic NaNO3s/KNOs were reported by Janz
et al. [66].

The Raman modes are from the NOs™ polyatomic ion associated with both nitrate salts,
and the presence of different cations at different concentrations causes subtle shifts in
these modes [66].

Figure 5 reports Raman spectra obtained from the NaNO3/KNO3 molten eutectic
using the HORIBA fiber-based Raman system. The system features a ‘de-noise’ function,
whose effects were also investigated. This data smoothing feature is algorithm-based in

the analysis program and not a physical function of the spectrometer.
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Molten Nitrate Eutectic: Broad Sweep Raman Spectra
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Figure 5 Broad sweep results indicated the presence of Raman modes and were compared with the
available literature.

The results of the verification using nitrates are reported in Table 5 and compared to the

results published by Janz et al [66]. The results were relatively consistent with one

another.
HORIBA Data vs. Literature Values for Molten NaNOs/KNOs Eutectic
Literature Value Values Obtained using HORIBA System
1050 cm™ 1010 cm™
1655 cm™ 1631 cm™
1296-1452 cm™ 1260-1466 cm™

718 cm™ 679 cm™

Table 5 Results obtained using the fiber system were compared to the literature values published by Janz
et al. [66].

3.2 Preliminary Chloride Salt Raman

The environment associated with the study of analytes solvated in the molten LiCl-
KCl eutectic is more extreme than that associated with the nitrate salt verification study.
First, the experiments must be conducted in an argon atmosphere glove box due to

chloride salts’ sensitivities to oxygen and moisture. Second, the temperature associated
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with the LiCl-KCI studies is twice as hot when compared to nitrate salt investigations.
Third, the effects of focal length and salt vapors were more pronounced when installing
the Raman system for LiCI-KCl studies. Figure 6 illustrates the increase in spectral quality

observed when decreasing the working distance of the Raman probe.

In Situ Raman: Effects of Working Distance
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Figure 6 Working distance of the fiber-based Raman had a pronounced effect on spectral quality in terms
of signal-to-noise ratio.

Lowering the focal length of the installed objective lens decreased the working distance,
improving spectral quality in terms of signal-to-noise ratio. Custom cooling in the form of
Peltier coolers was installed on the fiber probe to allow for the unit to be positioned closer
to the molten LiCI-KCl samples.

Vapors associated with the molten salt also play a role in spectral quality. In order
to protect the objective lenses, quartz discs were installed above the molten salt samples.

The effects of quartz disc installation are illustrated in Figure 7.
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5.0 wt. % SmCI, In Situ Raman: Quartz Disc Effects
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Figure 7 The installation of quartz discs between the Raman objective and molten salt sample significantly
decreased signal magnitude.

A drastic decrease in magnitude of signal was observed upon installation of the quartz
disc (1/16” thick). The decision was made instead to treat objective lenses installed on
the Raman probe as consumables to ensure no Raman modes would go undetected in

subsequent studies.

3.3 Preliminary CV Investigations

The initial CV investigations conducted were completed using existing
infrastructure available in the laboratory from previous molten salt projects [75]. Work
commenced with the location of the Sm3*|Sm?* redox couple inside the LiCI-KCl
electrochemical window and continued with repeatability studies. A quasi-reference
silver wire reference electrode was initially employed, followed by the implementation of

traditional reference electrode obtained from Argonne National Laboratory (ANL).
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Tungsten rods were employed as both the working and counter electrodes
because of their relative stability in molten chloride systems. Initial results indicated our
salt supplies contained both impurities and moisture. The first study aimed to correlate
measured peak current values with concentration of SmCls in the LICI-KCI eutectic. The
Randles-Sevcik relationship states these two values should be directly proportional. The
cleaning procedure described in Table 1 was not implemented for the first study. Figure
8 is a collection of CV curves obtained at five different SmCls concentrations followed by
a plot detailing the measured peak current vs. concentration results from the preliminary
study. All other parameters (electrode surface area, scan rate and temperature) remained
constant during this study. Impurity or moisture levels in the salts may have caused the
low levels of repeatability and poor peak current vs. concentration correlation produced

by the initial investigations.
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Figure 8 Preliminary investigations produced a collection of CVs obtained at varying SmCls concentrations
and peak current vs. concentration results. Repeatability and the theoretically linear relationship between
peak current and scan rate were evaluated.

The slight drift in potential illustrated by the difference in peak locations relative to the x-
axis indicated the quasi-reference electrode was not remaining entirely stable in the
system. Figure 9 is an example of the improved repeatability in CV curves after integrating
the procedure outlined in Table 1 with the same quasi-reference electrode. Across all of
the preliminary studies, the first CV acquired was consistently different than the
subsequent repeat curves. This discrepancy was attributed to the conditioning of the new

WE electrode surface exposed to the high temperature molten salt environment.
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1.0 wt.% SmCl;: Repeatability Test using Cleaning Procedure
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Figure 9 The preliminary repeat study after implementation of the adjusted experimental procedure
increased repeatability of CV scans.

After relative repeatability in peak current response was achieved through consistent CV
acquisitions, the next development experiments focused on WE surface area
determination.

Determining the electroactive surface area of the working electrode exposed to
the molten salt melt can be difficult to achieve in an accurate and precise manner. There
are a variety of methods employed by the community to measure this area. A common,
but crude method susceptible to large amounts of error is a simple measurement of
length regarding the solidified salt layer on the working electrode after an experiment is
complete. Due to salt creep up the working electrode and surface tension effects, the
calculated area from this method is often only a rough estimate. A second method was
tested during the preliminary CV investigations. By stepping the electrodes in a controlled

fashion using a micro-resolution translation stage, a back-calculation can be performed
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to determine the amount of working electrode immersed in the melt. Figure 10 illustrates
the high amount of error associated with peak current values that was observed during
initial attempts at using this procedure as seen with the error bars associated with peak

current values obtained at various translation stage immersion height settings.

1.0 wt.% SmCl;: Peak Current vs. Electrode Immersion
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Figure 10 Preliminary attempt at immersion experiment for determining working electrode surface area
produced the expected linear correlation but large amounts of error in current response.

Although the linearity was fairly clear, the error bars indicated a high level of error when
obtaining multiple CVs at the same height setting.

All studies up to this point were conducted using a potentiostat outside an inert
atmosphere glove box connected to BNC (Bayonet Neill-Concelman) cables extending the
cell cable leads into the glove box. Two concerns arose regarding the use of extension
wiring to connect a potentiostat to electrodes inside a glove box. First, using extension
wires inherently creates some un-compensated-for resistance (iR) in the electrochemical

cell. Since the peak current values are the measurement of interest, some sort of iR
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compensation must be taken into account regarding the extension wires. Second, the
current sensing leads are susceptible to electrical noise if they are not shielded properly;
therefore, any extension wiring being employed must be properly shielded to prevent any
electrical frequency noise from affecting CV scans.

In order to determine whether peak current values can be affected by the
employment of extension wiring, a traditional aqueous CV experiment using ferricyanide
as the electroactive species in a potassium nitrate solution electrolyte was conducted
with and without extension wires. The electrodes used were a fixed area platinum
working electrode, coiled platinum wire counter electrode and standard calomel
reference electrode (SCE). CVs obtained using a direct connection exhibited much less
electrical noise and produced a slightly higher peak current value. It was briefly
considered to place a potentiostat inside the glove box; however, salt vapors and the
presence of lithium metal would most likely cause damage to the apparatus. Instead,
when building a new, automated system for dedicated electrochemical work, longer
potentiostat cell cables were fitted into vacuum fittings using a high-density resin. The
fitted cables could then be run directly into the glove box through a K flange and eliminate
the need for extension wiring. Figure 11 illustrates the slight differences that can manifest
when incorporating extension wiring into an electrochemical system, with regards to both

peak current and levels of electrical noise.
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Direct vs. Indirect Potentiostat Connection: Ferricyanide Test
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Figure 11 CVs taken with a direct and indirect connection to cell leads using an aqueous electrochemical
system inspired a drift away from extension cable use.

From these studies, design and fabrication began on a new, dedicated electrochemical

setup for continuation of these studies.

3.4 Automated System Quasi-Reference CV Study

A newly constructed electroanalytical system was employed to conduct a repeat
study of SmCls solvated in the molten LiCI-KCl eutectic at 500 "C. Melts containing 1.0, 2.0,
3.0, 4.0 and 5.0 wt. % SmCls were prepared and analyzed according to expected
correlations between peak current and scan rate, along with peak current and
concentration stated in the Randles-Sevcik relationship. All samples were maintained at
500 °C during testing. The redox peaks were much more pronounced, allowing for clear
interpretation of peak current values; however, small amounts of electrical noise were
still observed in the form of sinusoidal frequency noise. The noise is difficult to see in most

CV scans; however, the noise could potentially affect peak current values and needed
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further investigation. Figure 12, Figure 13, Figure 14, Figure 15, and Figure 16 are
compiled CV results from the 1.0, 2.0, 3.0, 4.0 and 5.0 wt. % SmCls samples, respectively.
Each of these figures contain five plots of CVs taken at various scan rates and one plot
detailing the peak cathodic current vs. square root of scan rate relationship dictated by

the Randles-Sevcik equation.
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Figure 12 Cyclic voltammetry of 1.0 wt. % SmCl; solvated in the molten LiCI-KCl eutectic at 500 °C and
analyzed according to the Randles-Sevcik equation.
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Figure 13 Cyclic voltammetry of 2.0 wt. % SmCl; solvated in the molten LiCI-KCl eutectic at 500 °C and
analyzed according to the Randles-Sevcik equation.
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Figure 14 Cyclic voltammetry of 3.0 wt. % SmCl; solvated in the molten LiCI-KCl eutectic at 500 °C and
analyzed according to the Randles-Sevcik equation.
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Figure 15 Cyclic voltammetry of 4.0 wt. % SmCl; solvated in the molten LiCI-KCl eutectic at 500 °C and
analyzed according to the Randles-Sevcik equation.
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Figure 16 Cyclic voltammetry of 5.0 wt. % SmCl; solvated in the molten LiCI-KCl eutectic at 500 °C and
analyzed according to the Randles-Sevcik equation.

CV curves in the 1-5 wt. % SmCIlz quasi-reference study, obtained using the high

purity SmCl; were observed to have more defined redox peaks and minimal amounts of

electrical frequency noise. Furthermore, each peak current vs. scan rate correlation,

except one conducted at 4.0 wt. %, produced an R? value greater than 0.99 with regards

to linear fit. Some results indicated slight potential drift, most likely caused by the quasi-

reference electrode’s instability. The peak current vs. concentration relationship was also

analyzed at the scan rates of interest. This correlation was less clear than that produced
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by the peak current vs. scan rate results. Figure 17 is the summary of peak current vs.

concentration results at 200, 300, 400, 500 and 600 mV/s scan rates.
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Peak Current vs. Concentration: 1.0 - 5.0 wt.% SmCl;
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Figure 17 Peak current varied in a relatively linear fashion with respect to concentration as a result of the

quasi-reference study.

These experimental and data analysis protocols were used to determine diffusion

coefficients for Sm3* in the molten eutectic LiCI-KCl and compared to the recently

published literature in the Chapter 4 manuscript.

3.5 Ag|AgCl Reference Electrode Implementation for CV

A silver-silver chloride (Ag|AgCl) reference electrode designed at ANL by Tylka et

al. was obtained and integrated into the electroanalytical system [38]. Traditional

reference electrodes were constructed at 5 mol% AgCl in the LiCI-KCl eutectic and the

previous, quasi-reference study was once again repeated using the Ag|AgCl reference.

Although the reference electrode was new, the same size WE and counter electrode

tungsten electrodes were employed. Peak current vs. scan rate experiments were



40

conducted at 1.0, 3.0, 5.0 and 7.0 wt. % SmCIs. The scan rate experiments were each
conducted at scan rates up to 500 mV/s in 25 mV/s increments to provide better
resolution on the peak current vs. scan rate plots. The goal of this study, and continuing
studies, has been to begin testing the limits of the Randles-Sevcik applicability in the
molten chloride system of interest. Furthermore, immersion stepping was employed to
determine working electrode surface area as part of these studies as well. Figure 18,
Figure 19, Figure 20, and Figure 21 summarize the peak current vs. scan rate and

immersion study experiments at 1.0, 3.0, 5.0 and 7.0 wt. % SmCls, respectively.
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Figure 18 Cyclic voltammetry of 1.0 wt. % SmClsz in molten LiCI-KCl eutectic maintained at a temperature
of 500 °C produced relatively linear trends with respect to scan rate and immersion depth of the WE.
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Figure 19 Cyclic voltammetry of 3.0 wt. % SmCls; in molten LiCI-KCl eutectic maintained at a temperature
of 500 °C produced relatively linear trends with respect to scan rate and immersion depth of the WE.
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Figure 20 Cyclic voltammetry of 5.0 wt. % SmCls; in molten LiCI-KCl eutectic maintained at a temperature
of 500 °C produced relatively linear trends with respect to scan rate and immersion depth of the WE.
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7.0 wt.% SmCl;: CV's from 75-500 mV/s 7.0 wt.% SmCl;: Peak Current vs. Scan Rate
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Figure 21 Cyclic voltammetry of 7.0 wt. % SmClsz in molten LiCI-KCl eutectic maintained at a temperature
of 500 °C produced relatively linear trends with respect to scan rate and immersion depth of the WE.

The peak current vs. concentration relationship was also investigated as part of this study.
Peak current vs. concentration data was analyzed at all scan rates between 25 and 500
mV/s, and the relationship remained consistent across all scan rates.

Figure 22 illustrates the peak current vs. concentration correlation at five different
scan rates, with and without the 7.0 wt. % SmCl; data set. The experiments at 7.0 wt. %
SmClz were much higher in peak current than expected. This increase may be due to
applicability limits of the Randles-Sevcik equation or the manifestation of additional

diffusion mechanisms such as migration.
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Figure 22 Peak current concentration results with (left) and without (right) the 7.0 wt. % data set
suggested limits in the Randle-Sevcik's applicability or the manifestation of migration at higher analyte
concentration.

Immersion study results were utilized to back-calculate the working electrode surface

area instead of using the dip measurement method.

3.6 Low Concentration Cerium CV Study

All experimental procedures were identical to the samarium studies with respect

to reference electrode preparation, salt baking and the amount of time each melt was

molten before commencing data collection (5 hours). Separate electrode sets were

employed for the samarium and cerium studies in order to prevent cross contamination

of melt samples. Figure 23 provides CVs taken from 25 to 500 mV/s scan rates from a 1.0

wt. % CeCls melt. The scan rate resolution and cleanliness of the CVs is comparable to that

obtained from samarium. The cerium CVs confirmed the system’s capabilities with multi-

electron transfer systems, rather than single electron transfer systems associated with

samarium.
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1.0 wt.% CeCl,: CV's from 25-500 mV/s
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Figure 23 CVs obtained from 1.0 wt. % CeCl; melt at various scan rates were clean and exhibited relatively
consistent spacing.

The peak current versus scan rate relationship also manifested as expected with a clearly
linear relationships between the two characteristics. Figure 24 illustrates this peak

current versus scan rate data obtained from the 1.0 wt. % CeCls melt.
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Figure 24 Peak current versus scan rate data from preliminary 1.0 wt. % CeCl; sample exhibited a linear
correlation as expected.
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Unfortunately, the formation of unexplained redox peaks was also observed as part of
the cerium studies. The source of these impurities, as with the samarium studies, is
thought to be associated with the formation of an oxychloride. Figure 25 illustrates the

unexplained redox peaks detected during a repeat 1.0 wt. % CeCls experiment.

1.0 wt.% CeCl,: CV's from 25-500 mV/s
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Figure 25 CVs obtained from a repeat 1.0 wt. % CeCls experiment indicated the presence of unexplained
redox peaks not associated with typical CeCls data

The impurity peaks continued to manifest at other concentrations of CeClz as shown by
the results from a 2.0 wt. % CeCls study illustrated in Figure 26. Investigations into the
source of these redox peaks requires further investigation. The clean data obtained from
the low concentration experiments was utilized to confirm system performance for a 3-
electron transfer reaction by comparing diffusion coefficients for cerium with the

literature.
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2.0 wt.% CeCl;: CV's from 25-500 mV/s
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Figure 26 CVs obtained from a 2.0 wt. % CeCl; melt indicated the presence of unexplained redox peaks as
well.

Diffusion coefficient results from the cerium CV investigations are reported in Table 6 and

compared with the recently published literature.

Literature Source Dces- (- 10° cm?/s)
lizuka [58] 0.73-2.72
Marsden et al. [57] 0.92-2.08
This Study 1.82-2.16
Table 6 Diffusion coefficient results for trivalent cerium from this study were compared with the recent
literature.

The range in diffusion coefficient values was consistent with the literature in terms of

both reported value and variation.
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Chapter 4 In Situ Raman Spectroscopy of Samarium lons in Molten

LiCI-KCl Eutectic

4.1 Introduction

Molten salt systems are being investigated as heat transfer or flow media for
renewable and nuclear energy systems. Chloride salts have long been considered as
reactor cooling and fuel containment media in the nuclear energy industry.[*2 331 LiCI-KCI
eutectic salt is the electrochemical media for the reprocessing of used nuclear fuel (UNF)
through pyrochemical methods.26: 2830, 32, 38, 541 An ynderstanding of chloride salt
chemistry may offer insight into the corrosion behavior of proposed structural materials,
and process optimization as it pertains to reprocessing and nuclear material accountancy
(NMA) in salt systems containing special nuclear material (SNM). Furthermore, in situ
techniques for the analysis and monitoring of salt content offer a path toward
commercialization for many of these advanced reactor and reprocessing concepts.?®!
Raman spectroscopy is one such analytical technique that provides information regarding
molten salt content, dissolved analyte coordination and speciation.[®% 67, 73

Raman spectroscopy for the analysis of lanthanide trichloride (LnCl3) chemistry in
molten LiCI-KCI eutectic is typically conducted using microscopes equipped with high
temperature stages. Molten salt samples are traditionally prepared in inert atmosphere
by sealing quartz sample tubes with the salt of interest inside before being transferred to

a Raman microscope for analysis in open atmosphere. (66 67.70,71,73,81,82] Ch|oride systems,
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such as the LiCI-KCI eutectic, are extremely hygroscopic; therefore, if a system can be
deployed that does not require the removal of salt samples from a bulk electrochemical
processing cell, spectral analysis can offer real-time information during operations.
Reproducing spectral quality and resolution using fiber-based in situ Raman probes has
been explored in a very limited capacity.!”?! Our group designed and built an in situ Raman
spectroscopy system to study molten salts and successfully employed it study the nature
of Li in LiCl-Li»0.7% 831 The design reported in this manuscript is based off the previous
design but with several improvements such as laser power and polarizability. Previous
research conducted by our group, using the in situ Raman system reported here, has
produced high quality Raman spectra from nitrate salts in open atmosphere.[8¥
Rodriguez-Betancourtt et al. have deployed both a fiber-based and microscope system to
study cerium and neodymium in LiCI-KC| eutectic salt. Samarium is another common
lanthanide found in UNF that exhibits negative neutronic effects and must be removed
from UNF before the usable uranium and plutonium can be recycled for energy
production.?”!

LnCls salts coordinate to form LnCls> complexes when dissolved in alkali chloride
melts. The octahedral (On) symmetry of these complexes is well understood and relatively
consistent across the lanthanide elements.[®® 7% 71 This coordination behavior has been
further established using X-ray absorption fine structure (XAFS) analysis, along with
computational simulations.!®> 8! The location of vibration modes associated with this
symmetry varies as a function of Li* ion concentration due to its polarizing power caused

by its large ionic radius, LnCl; concentration, and sample temperature.®® 7% 871 Spectral
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comparison and consistency across the literature is therefore difficult to achieve due to
the number of variables associated with vibration mode location. Coordination of divalent
lanthanide species in LiCI-KCl eutectic is far less understood. Raman spectroscopy data is
extremely limited in terms of divalent spectra, with only cerium and neodymium having
been reported to our knowledge.[”3! Ultraviolet-visible (UV-vis) absorption spectroscopy
has been employed to study the formation of divalent samarium in LiCI-KCl eutectic.
Unfortunately, trivalent samarium is not detectable using UV-vis spectroscopy.? If
Raman spectroscopy is able to detect both trivalent and divalent samarium, it could
consolidate in situ methods for analysis of molten salt composition and allow for a better
understanding of speciation behavior for a variety of lanthanides. Speciation can be
studied in a targeted manner by employing both electrochemical and chemical
methods.!®% 73] Electroanalytical methods have been employed by our group in the past
to study valence states of samarium in the LiCI-KCl eutectic, and voltammetric techniques
were utilized to identify reducing potentials for electrochemical reductions.!®8-%°! This
study provides a comprehensive examination of samarium ion behavior in the LiCI-KClI
eutectic under consideration for the pyrochemical reprocessing of UNF using a fiber-
based Raman spectroscopy system coupled with electroanalytical capabilities designed

for high temperature molten salt environments.

4.2 Experimental

Spectroelectrochemical Apparatus
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A combined spectroscopy and electrochemical (SPEC) apparatus was custom-
designed and built for in situ detection of lanthanides solvated in a molten chloride salt
at 500 °C under inert atmosphere. A schematic of the setup is shown in Figure 27. A 532
nm laser was utilized as the excitation source. A ceramic insulation cap on top of the
furnace was specially designed to minimize thermal gradients within the melt while
providing a point of entry for the Raman laser and electrodes for simultaneous
spectroscopic and electrochemical studies. The electrode guides on the insulation cap
were machined in line with an electrode mounting plate at the end of a motorized stage
which helps make the experiments repeatable by ensuring electrodes are immersed in a
consistent and perpendicular orientation. A three-electrode setup consisting of a
tungsten plate working electrode, graphite counter and silver wire quasi-reference was
employed for electrochemical reduction experiments. Cyclic voltammetry (CV) was
conducted to identify a reducing potential for Sm?* formation. The reducing potential was

held for 2 hours concurrently with Raman spectra acquisition.
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Figure 27 SPEC setup employed for dual Raman spectroscopy and electrochemical studies.

Chemicals and Materials

LiCl (Alfa Aesar 99% pure) and KCl (Alfa Aesar 99% pure) were individually baked
under vacuum to minimize moisture impurities prior to preparation of a eutectic matrix
composed of 46 wt. %, 54 wt. % LiCl and KClI, respectively. The eutectic mixture was added
to a 55 mL tantalum crucible inside a stainless-steel faraday cage nested in a secondary
stainless-steel crucible. This secondary vessel also served as the point of contact for a K-
type thermocouple providing feedback to the furnace through a custom LabView National
Instruments program. The crucibles were placed in a furnace maintained within £2 °C of
the temperature setpoint. All salts were handled inside an ultra-high purity argon (Airgas
99.99%) atmosphere glovebox (Vacuum Atmospheres Co. VAC Controlled Atmospheres
Systems) with moisture and oxygen content maintained below 1 ppm. The eutectic
mixture was fused under argon atmosphere and trivalent samarium solutions were

prepared by directly introducing anhydrous SmCl; (Alfa Aesar 99.9% pure). Samarium
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metal (Alfa Aesar 99.9% pure) was used in chemical reduction experiments to convert
trivalent samarium ions into divalent species. All electrochemical experiments were
performed at 500 °C using a Gamry Ref3000 potentiostat controlled using the Gamry
Framework software. Gamry Echem Analyst software was used to analyze

electrochemical data.

4.3 Results and Discussion

Trivalent Samarium

Rayleigh scattering contributions were removed using a differential operation
previously reported in the literature.®® 71 A spectrum of LiCI-KC| eutectic without any
SmCl; dissolved was also obtained to subtract from all subsequent spectral acquisitions.
The Rayleigh-reduced Raman intensity, R(w), was calculated using Equation 4. Removing
Raleigh-induced scattering effects allows for temperature and asymmetry effects to be

studied in detail.[®°

R(o) = — &2 __ (4)

(wo—w)*[n(w)+1]
I(w) is the Raman intensity at wavenumber ®, and wo is the incident excitation laser
frequency. The Boltzmann thermal population component is [n(®)+1] and is further

defined in Equation 5.
1

exp (%) -1

Here h is Plank’s constant, c is the velocity of light, k is the Boltzmann constant, and T is

n(w)+1= +1 (5)

the temperature of the molten salt sample. Isotropic (ISO) and anisotropic (ANISO)
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scattering intensities were calculated from the reduced Raman intensities using Equations
6 and 7, respectively.[®® 71

Liso = lyy (@) — glﬂv(w) (6)
Iuniso = Iy (@) (7)
Here subscripts VV and HV refer to polarized and depolarized spectra, respectively.
Concentration of SmCls was maintained at or below 5 mol % percent in order to maintain
the On symmetry associated with the SmClg> complex.!”! Figure 28 illustrates a polarized

and depolarized Raman spectra collected from a 5 mol % SmCls in LiCI-KCl sample.

Polarized Raman Spectra: (SmCls), o5 - (LiCI-KCl),,

—\VV — Fluorescence
--HV l \ Vs (ng) -
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........

4000 3000 2000 1000 0
Raman Shift (cm™)

Figure 28 Raman polarized (VV) and depolarized (HV) spectra of 5 mol % trivalent samarium in LiCI-KCl
eutectic.

Although the octahedral complex SmClg* has three distinct active Raman modes, only two
are detectable. The v; (Ag) vibration mode located at 235-270 cm™ is assigned as the
symmetric stretching of the Sm3*-CI" bond. This vibration mode is removed when
depolarized spectra are collected. The vs (F24) vibration mode located at 60-85 cm™ is

assigned as degenerative bending of the same Sm3*-Cl- bond. The location of this peak



54

differs slightly with previously reported literature using microscope systems; however,
this may be attributed to a variation in Li* concentration, LnClz concentration and sample
temperature, which are known to cause such slight differences.”” 711 Signal depression
caused by the notch filter cuts off the vs (F24) peak. Theoretically, an octahedral species
will have an asymmetric stretching vibration, or v, (Eg), mode; however, this vibration may
be too weak for detection.l”! Broad peaks located in the shift region greater than 600 cm"
! have been previously reported as sample fluorescence.[”?! Equations 4-7 and spectral
normalization were applied to raw Raman data in order to investigate the isotropic and
anisotropic components of the trivalent samarium spectra. Figure 29 shows the reduced

isotropic and anisotropic Raman spectra of the SmClg> octahedral complex.

Isotropic and Anisotropic Components of Sm3* Spectra
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Figure 29 Reduced Raman spectra of isotropic and anisotropic components associated with trivalent
samarium in LiCI-KCl eutectic at 500 °C.

The spectra reported in Figure 29 exhibited noise levels that affected the prominence of

the expected Raman mode. This noise may be attributed to laser attenuation and
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reflection associated with deploying a fiber probe. Nevertheless, the v; (A14) was observed
in the reduced isotropic Raman spectrum around 250 cm™ as expected.l’%]

Chemical Reduction

After solvation of SmCls, the trivalent samarium ions were reduced chemically
with addition of samarium metal (Sm°) powder. Equation 8 details the proposed chemical
reaction that occurs in the molten salt upon addition of Sm® metal.

2SmCl; + Sm® - 3SmcCl, (8)

SmCls at 0.01 mol % in LiCI-KCl eutectic was reduced using an equimolar amount of Sm°.
Vapors, which may be lithium or sodium, were observed emanating from the melt and

are indicative of reducing conditions.®! Figure 30 shows polarized and depolarized

Raman spectra obtained 30 minutes after the addition of Sm® powder.
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Figure 30 Polarized (VV) and depolarized (HV) Raman spectra of 0.01 mol % SmCls in LiCI-KCl eutectic 30
minutes after the addition of an equimolar amount of Sm° at 500 °C.

Polarization of Raman spectra affected neither the location nor the peak intensity ratios

attributed to divalent samarium ions. As reported in the literature, the melt transitions
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from transparent to a dark orange color upon reduction of trivalent samarium to a
divalent state.l%? The vibration modes associated with trivalent samarium are slightly
visible in Figure 30 and labelled with a 3+ designation, indicating the chemical reduction
may not be 100 % efficient. Nevertheless, new vibration modes manifest upon the
addition of Sm° and are labelled with a 2+ designation, as no clear metal colloidal
suspensions were observed. Table 7 summarizes the location of these new vibration
modes and compares them to that of the previously published divalent neodymium

literature.!”3!

Vibration Mode Nd?* (Betancourtt-Rodriguez et al.) Sm?* (This Study)
V2 115cm™ 104 -121 cm’
V3 175 cm™ 214 cm™?
Va 340 cm™ 320cm™
Vs 450 cm? 425 cm?

Table 7 Comparison of previously published Nd?* vibration modes and Sm?* modes reported in this study

It is important to note that the difference in lanthanide species of interest, Li* ion
concentration and temperature of the melt matrix can all shift the expected vibration
modes to some degree.’% 71 Furthermore, the change in melt color associated with
samarium reduction created a much less transparent melt. The fiber-based laser beam is
distorted and reflected much more as a result of decreased transparency, creating larger
amounts of signal noise. It was found to be beneficial to lower focal distance when
conducting fiber-based Raman spectroscopy; however, temperature-induced heating of
the probe dampens signal greatly and has the potential to damage internal optics.

The chemical nature of divalent lanthanide species and their coordination

behavior in LiCI-KCl is not well understood, making the assignment of vibration modes in
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terms of stretching, bending and degeneracy difficult. Nevertheless, the octahedral, Op,
vibration modes are no longer the dominant modes present after chemical reduction,
suggesting a change in chemistry. The spectra offer some insight into electron localization
and jump rate. Betancourtt-Rodriguez et al. hypothesize a fast electron jump rate will
allow for re-equilibration of trivalent and divalent species through intervalence charge
transfer, and a lack of change in the half widths of vibration bands as the reduction
progresses may also indicate the complexes forming are re-equilibrating
spontaneously.l’3 Further optimization of the system may allow for half-width monitoring
in the future. It is unclear whether the chemical reduction of Sm3* to Sm?* goes to
completion; however, if this re-equilibration is occurring, it may explain the presence of
trivalent vibration modes under reducing conditions. It should be noted that samarium
reduces to metallic form at a more negative potential than the Li* ions associated with
the eutectic.[*”! Therefore, Sm® will not be thermodynamically stable in the system and
most likely will spontaneously reduce Li* or Na* impurities in solution. Figure 31 shows
the formation and disappearance of divalent samarium Raman modes over the course of
60 minutes, in 10-minute intervals, after the addition of an equimolar amount of
samarium metal. The disappearance of divalent modes suggests the divalent samarium is
indeed re-equilibrating into some other ionic form. The exact nature of this re-
equilibration is not established; however, some literature suggests the divalent samarium
disproportionates into its trivalent state and SmC.[%% 621 However, since we observe the
experimental formation of Sm?* upon the addition of Sm° we do not believe that the

reverse reaction is spontaneous as suggested in the literature. Since Sm?* is unstable and
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highly reactive, we hypothesize that it undergoes oxidation to Sm3* and reduces (Li*/Na*)
that led to the vapors observed in this chemical reduction experiment. The spectra shown

in Figure 31 and Figure 32 may support this hypothesis.
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Figure 31 Raman spectra obtained during the chemical reduction of trivalent samarium by equimolar
samarium metal addition for 60 minutes from 0.01 mol % SmCls in LiCI-KCl eutectic salt at 500 °C.
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Itis noted that although the Raman spectra shown in Figure 31 suggest divalent samarium
is no longer present after 60 minutes, the melt does not return to its original
transparency. Instead, the melt color remains dark orange in nature and solidifies into a
dark brown ingot. This could be due to the presence of some Sm?*, but the concentration
of which is below that which can be detected by this system. Spectra collected 90 minutes
after the addition of samarium metal are shown in Figure 32 and do not contain divalent

Raman modes.

90 Minutes after Chemical Reduction Raman Spectra
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Figure 32 Raman spectra obtained 90 minutes after the chemical reduction contain no Raman modes
associated with divalent samarium.

The spectra shown in Figure 32 are more similar to the initial trivalent spectra shown in
Figure 28. This similarity in spectra, along with the melt’s maintained dark orange
appearance, suggest the divalent samarium ions oxidize while reducing Li+/Na+ ion to
their metallic counterparts. Presence of Li® in the molten salt is known to darken the salt

as reported by the literature.[83 %1
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Electrochemical Reduction

Cyclic voltammetry studies indicate the reduction of Sm3* occurs around -0.70 V
vs. Ag. A reducing potential of -1.25 V vs. Ag was selected to electrochemically produce
Sm?*, Raman spectra were acquired after the reducing potential was held for 2 hours. The
Raman laser was positioned near the working electrode where reduction was occurring
in order to selectively detect the formation of divalent samarium ions. Figure 33 provides
a CV acquired from a 0.01 mol % SmCls melt at 500 °C with a 250 mV/s potential sweep

rate.

CV of 0.01 mol % SmCI, Dissolved in LiCI-KCl Eutectic
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Figure 33 Cyclic voltammogram of 0.01 mol % SmCls in LICI-KCI eutectic at 500 °C using a 250 mV/s
potential sweep rate.

The melt color transitions from transparent to a dark orange color as observed during the
chemical reduction process; however, divalent samarium vibration modes do not
manifest noticeably when compared to the Raman spectra obtained from the chemical

reduction experiments. Furthermore, sodium vapors seen during chemical reduction
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experiments, which are indicative of reducing conditions, are not visible during the
electrochemical reduction process. Sodium is a common impurity in LiCl and KCl salts. It
is hypothesized that some samarium is reduced to Sm?* during the electrochemical
reduction, but the overwhelming samarium content is in its trivalent state both due to an
incomplete reduction at the working electrode and the divalent state’s propensity to
disproportionate back to a trivalent sate. Figure 34 provides the Raman spectra acquired

after the 2-hour reduction.

Electrochemically Reduced Raman Spectra
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Figure 34 Raman spectra of electrochemically reduced samarium in LiCI-KCl eutectic at 500 °C from a 5
mol % SmCl; melt

The Raman spectra reported in Figure 34 is indicative of a reduction in trivalent
samarium’s associated vibration modes; however, the unidentified peaks do not indicate
the presence of divalent samarium when compared to the chemical reduction studies or
the neodymium literature. Although UV-vis spectroscopy studies clearly suggest a

presence of divalent samarium after electrochemical reduction, this is most likely due to
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trivalent samarium’s inactive nature in terms of UV-vis spectroscopy.®? Table 8
summarizes the location of the electrochemically reduced vibration modes in comparison

with the neodymium literature and chemical reduction spectra from this study.

Vibration Nd?* (Betancourtt- Chemical Electrochemical
Mode Rodriguez et al.) Reduction Reduction
V2 115 cm? 104 - 121 cm’ 80 cm?
V3 175 cm? 214 cm? 115-125cm’
Va 340 cmt 320cm? 308 cmt
Vs 450 cm'? 425 cm? 572 cmt

Table 8 Comparison of neodymium vibration modes from the literature, chemically reduced divalent
samarium modes and electrochemically reduced divalent samarium modes

It is unclear whether the peaks detected during electrochemical reduction of samarium
are indeed divalent vibration modes or an indication of some other phenomenon. Lower
concentration electrochemical reductions did not produce discernable Raman spectra,

further indicating an inefficient reduction process.

4.4 Conclusions

A fiber-based Raman spectroscopy system for high temperature molten salt was
employed for the study of samarium ion chemistry in molten LiCI-KCl eutectic. The
trivalent complex symmetry and spectra were indicative of octahedral SmCls> complexes.
Chemical reduction experiments produced spectra similar to those reported for divalent
neodymium in the literature. To our knowledge, this is the first Raman spectrum of
divalent samarium in molten LiCI-KCl eutectic. The divalent vibration modes disappeared
one hour after their initial manifestation, suggesting divalent samarium undergoes
oxidation to Sm3" and reduces Li*/Na* ions. Electrochemical reduction experiments

produced Raman spectra dissimilar to the chemically reduced spectra. This discrepancy is
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likely due to the slow nature of electrochemical reduction compared to instantaneous

chemical reduction.
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Chapter 5 Cyclic Voltammetry of Samarium lons in the Molten LiCl-

KCl Eutectic for Diffusion Coefficient Analysis

5.1 Introduction

Molten salt media have been developed for a variety of electrochemical
processing schemes including used nuclear fuel (UNF) reprocessing, plutonium refining,
rare-earth metal recycling, and the electrolysis of lithium, magnesium, and titanium [27,
46, 92, 93]. The pyrochemical reprocessing scheme relies on the molten LiCl-KCI eutectic
electrolyte to electrochemically separate uranium, plutonium, and other transuranic
(TRU) elements from UNF [29, 54]. After being anodically solvated into the molten
eutectic, uranium is consolidated on a solid stainless steel cathode, while plutonium and
TRU elements are co-deposited on a liquid cadmium cathode [27]. The pyrochemical
reprocessing scheme is an alternative to the tradition plutonium uranium redox
extraction (PUREX) method and offers some valuable advantages. A pyrochemical facility
would be more compact in terms of space requirements and produce an impure and more
proliferation-resistant plutonium product [42]. The pyrochemical process is also
compatible with the fast reactor fuel cycle, utilizes simply waste processing operations,
and exhibits lower criticality risks than the PUREX method [29]. Several nations are
pursuing pyrochemical reprocessing development including France, India, Japan, Russia,

South Korea, and the United States [94, 95]. Figure 35 provides a proposed flowsheet for
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a commercial pyrochemical reprocessing installation outfitted to reprocess existing light

water reactor (LWR) fuel stockpiles and fast reactor fuel [37].

Used nuclear Metal waste Fuel
fuel processing fabrication
Noble metals T
talli t
Oxide fuel Metallic fuel : U products Cathode
Electrorefining | .
| processing
Oxide U/TRU products
reduction
Rare earth
U. Pu. MA. and FP metal
v : x
Actinide U/TRU Ox1dant' Molten salt] Rare earth N Ceramic
drawdown production ﬁ drawdown waste
L FPs

Figure 35 Proposed processing flowsheet for a commercial pyrochemical reprocessing installation
equipped to reprocess LWR oxide and fast reactor metallic fuel [37].

Figure 35 illustrates the disconnected nature of unit operations associated with the
pyrochemical process. Product and waste materials exiting each unit operation are
handled as separate packages and transferred between unit operations in such a manner
that could pose nuclear material holdup and accountancy problems [94]. Furthermore,
the electrorefining operation is subject to constantly shifting actinide and lanthanide
concentrations that require real-time and nondestructive monitoring to ensure optimized
process control and accurate safeguards measurements [42].

Since there is no commercial pyrochemical reprocessing facility in a non-weapons
nation state subject to the International Atomic Energy Agency’s (IAEA) safeguards
agreement, there is a need for the development of real-time and nondestructive nuclear
material accountancy (NMA) approaches before any such facility can be constructed [96].
Although Idaho National Laboratory (INL) currently operates an electrorefiner for the

consolidation of breeder reactor fuel, NMA methods are heavily reliant on destructive
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analyses which are both time consuming and offer no real-time data for process
optimization or control [54]. Traditional safeguarding approaches using radiation
detection and spectroscopic methods fall short in efficacy due to the high-temperature
and extreme nature of the molten salt environment [16]. Electroanalytical methods are
ideal for NMA in these systems as they are resistant to high radiation fields, compatible
with remote handling and inert gas environments, and make available valuable
information regarding electrochemical or kinetic behavior of dissolved analytes that can
be used to optimize the unit operations [37, 42, 94].

Cyclic voltammetry (CV) is one electroanalytical technique that has been
employed in the molten LiCI-KCl eutectic to investigate the electrochemical, diffusion, and
kinetic behavior of solvated actinide and lanthanide chlorides [38, 44-49, 52, 61]. Actinide
chloride data is more abundant, as actinides pose greater proliferation risk and are the
main analytes of interest in the electrorefiner. The effects of concentration on
electroanalytical measurements are a focus of current studies and the high concentration
regime (> 3 wt. %) is generally less understood [42, 46, 52, 97]. Low concentration
lanthanide data is available and preliminary studies of NdCls have explored
concentrations up to 9 wt. % [26, 98]. Samarium electroanalytical data is primarily
available for the low concentration regime [47, 49, 59, 61]. Understanding lanthanide
electrochemical behavior is vital, as these species have negative neutronic effects on
nuclear fuel and must therefore be effectively monitored and removed throughout the

pyrochemical reprocessing scheme.
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In this work, the effect of high concentration SmCls solvated in the molten LiCI-KCl
eutectic at 773 K was investigated using CV. A method developed for actinide systems
was adjusted and employed to produce repeatable current response and determine the
working electrode (WE) surface area. The electrochemical reversibility characteristics
were investigated through scan rate correlation and peak current ratio analysis across a
high concentration range [38, 52]. The concentration regime of interest was
approximately 5 to 17 wt. % SmCls. Based on the results, diffusion coefficients were
calculated across the concentration range and compared with the literature. Additionally,
cylindrical and migration diffusion effects were investigated. By conducting these
analyses at high concentrations of SmCls, this work will help elucidate the implications of
conducting CV in high concentration process conditions and develop a path forward to

further mitigating uncertainties associated with this concentration region.

5.2 Experimental

Chemicals and Materials

The eutectic salt was prepared by baking the individual eutectic components, LiCl
(Alfa Aesar 99.9 % pure) and KCI (Alfa Aesar 99.9 % pure), for extended periods of time to
ensure moisture impurities were minimized. The eutectic salt components were each
baked under vacuum for over 72 hours as Fourier-transform infrared spectroscopy (FTIR)
analysis suggested the presence of moisture in the salt up until the 72-hour time point.
Figure 36 shows the FTIR spectra obtained from as received, 24-hour baked, and 72-hour

baked salts. The spectral features associated with moisture contamination are mitigated
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only after 72 hours of baking; however, residual moisture impurities are assumed to still

be present and result in some oxychloride or oxide formation during experiments [49].

Once baked, the eutectic components were then mixed at a 59:41 (LiCl:KCI) mole ratio.
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Figure 36 FTIR spectra of eutectic salt components as received, 24-hour baked, and 72-hour baked.

SmCls (Alfa Aesar 99.99 % pure) was solvated in the molten LiCI-KCl eutectic at various

concentrations and agitated using an alumina rod (McMaster-Carr, 1/16” diameter)

before the electrodes were immersed in the molten salt solutions. Tungsten rods were

employed as the working electrode (WE, ESPI metals 99.95 % pure, 1/16” diameter) and

counter electrode (CE, ESPI metals 99.95 % pure, 1/8” diameter). A highly-stable Ag|AgCl

reference electrode (RE) consisted of silver wire (ESPI metals 99.95 % pure, 1/16”

diameter) immersed in 5 mol % AgCl (Alfa Aesar 99.99 % pure) LiCI-KCl solution. The

reference electrode was encased in a Pyrex tube with a thinned bottom wall to provide

ionic contact with the sample melts. This reference design was obtained from Tylka et al.

[38, 52]. The working electrode (WE), counter electrode (CE), and reference electrode
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(RE) were gently polished with SiC pads and rinsed with anhydrous methanol (99.9 % pure
Alfa Aesar) between experiments to prevent cross contamination of samples. All molten
salt solutions were contained inside alumina crucibles (GraphiteStore) that were fired at
1273 K, along with the alumina agitation rods, to remove any contaminants and organic
binders.

Experimental Apparatus

All experiments were conducted in an argon atmosphere glovebox with moisture
and oxygen levels maintained below 1 ppm. Chemicals and materials were stored in this
atmosphere to mitigate the formation of moisture and oxygen induced impurities. AgCl
was stored in a dark bottle to prevent light-induced chemical degradation. A Gamry
REF3000AE potentiostat was employed for electroanalytical measurements. The
potentiostat cabling was fed directly into the glove box to prevent any extension wire
induced resistance. The molten salt samples contained in alumina crucibles were placed
inside a stainless-steel Faraday cage to prevent electrical frequency noise created by the
furnace from affecting electroanalytical measurements. The alumina crucible and Faraday
cage were placed inside a Watlow ceramic tube furnace with £1 K temperature control.
The electrodes were mounted onto a micron-resolution translation stage for accurate and
repeatable positioning in the molten salt melt. The electrodes were aligned in a
perpendicular fashion with respect to the melt using alumina tubing, stainless-steel
alignment plates, and alignment holes drilled into the ceramic furnace cap. The electrode

translation stage and furnace were remotely operated using National Instruments
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LabVIEW software. Figure 37 illustrates the experimental setup employed for the

electroanalytical investigations.
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Figure 37 Illustration of experimental setup.

Electroanalytical Measurement Methodology

After temperature calibration, component bakes, melting of the components, and
agitation of the molten salt solutions, the electrodes were immersed and allowed to
equilibrate for an extended period of time. Specifically, enough time must be allotted for
the melting of the RE solution and establishment of ionic contact with the melt. Open

circuit potential (OCP) measurements were taken for up to 7 hours to confirm the
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establishment of this ionic contact. After the RE was equilibrated, the WE was anodically
polarized and left to establish a clean surface, free of any passivating films [46]. In order
to obtain repeatable CV curves and current response, an electroanalytical sequence
previously published by Tylka et al. for UCl; studies was adjusted and applied to the SmCls

system [38, 52]. This adjusted sequence can be found in Table 9.

Sequence Step Description Duration (seconds)
1 CV acquisition 1-5
Hold at Open Circuit
2 Potential (OCP) i
Hold at oxidative
potential to ensure all
3 redu_cgd species return 45— 60
to original valence state
and the WE surface is
restored
4 Hold at OCP 30-60

Table 9 EIAectroanaIyticaI sequence obtained from Tylka et al. and adjusted for SmCIg analysis

The Randles-Sevick relationship for soluble-soluble electrochemical couples was used to
analyze the CV data in terms of electrochemical reversibility and calculating the diffusion

coefficients. Equation 9 reports the Randles-Sevcik relationship used for CV analysis [39].

i, =04463-n-F-A-C;- (g)l/2 -p1/2. p1/2 (9)
Here, ip is the peak current response in A, n is the number of electrons being transferred
in the electrochemical couple of interest, F is the Faraday constant in C mol?, A is the WE
surface area in cm?, C; is analyte concentration in mol cm3, R is the ideal gas constant in J
mol 1K1, v is the potential scan rate in V s, and D is the analyte diffusion coefficient in
cm?/s. The concentration of dissolved analyte was measured through inductively coupled

plasma optical emission spectroscopy (ICP-OES) analysis of molten salt samples

complexed with deprotonated ethylenediaminetetraacetic acid (EDTA) solution. The peak
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cathodic current was analyzed for use in diffusion coefficient determination as it is
associated with the diffusion of dissolved Sm3* species. A broad range of scan rate values
were analyzed with respect to peak current to establish an electrochemically reversible
region for diffusion coefficient analysis. Furthermore, cathodic to anodic peak current
ratio analysis helped narrow the scan rate region of interest. The WE surface area was
determined using an adjusted differential method previously reported in the literature
[38, 52]. Instead of calculating differential current response, the WE was stepped out of
the molten salt solution at regular intervals (giving regular steps in surface area) using the
high resolution translation stage. The anodic and cathodic peak current responses were
then linearly analyzed with respect to immersion and used to back-calculate a WE surface

area and associated uncertainty.

5.3 Results and Discussion

Electrochemical Characteristics of SmCls

The CV curves displayed in Figure 38 were obtained from 1) a melt containing only
the molten LiCI-KCl eutectic and 2) another melt with SmCls solvated in the molten LiCl-
KCl eutectic at a concentration of 6.69-10* mol cm=. The observed standard reduction
potential of the Sm3*/Sm?* electrochemical reaction (give the potential) is consistent with

the literature [47, 49, 61].
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Figure 38 Cyclic voltammograms from a molten LiCI-KCl (eutectic) and SmCl3(6.69-10* mol cm3)-LiCl-
KCl(eutectic) sample at 773 K and 250 mV s™.

These literature studies have attributed the cathodic and anodic peaks near -0.90 V vs.
Ag|AgCl to the reduction of Sm3* to Sm?* and the oxidation of Sm?* to Sm?*, respectively.
The relatively symmetric nature of the samarium features is a consequence of the
Sm3*/Sm?* electrochemical couple being a soluble-soluble valence state transition and its
electrochemical reversibility. The sharp features at the limits of the electrochemical
window are attributed to the breakdown of the LiCI-KCl eutectic. The cathodic and anodic
features near -2.65 V vs. Ag|AgCl are attributed to the reduction of Li* to metallic Li and
the oxidation of metallic Li to Li*, respectively. The feature observed at approximately
1.05 V vs. Ag|AgCl is the oxidation of CI" and resulting evolution of chloride gas. These

features (characterized to be the breakdown of the molten LiCI-KCl eutectic) are also in

agreement with the literature [26].

Repeatability, Immersion, and ICP-OES Results
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The repeatability of CV curves and associated current response measurements

was established using the electroanalytical sequence detailed in Table 9. Five repeat CV

scans from a melt at 250 mV s and 773 K containing 5.65-10* mol cm™ SmCls are overlaid

in Figure 39.
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Figure 39 Five overlaid CV scans from a SmCl3(5.65-10 mol cm3)-LiCl-KCl(eutectic) melt at 250 mV s and

773 K with calculated peak cathodic current standard deviation (WE area = 0.840 cm?).

Using the proposed electroanalytical CV acquisition sequence, the standard deviation of

current response across all scan rates and concentrations tested was generally under 1

%. CV curves acquired using the immersion step method from a melt containing 5.65-10

4 mol cm™ SmClz at 773 K and 250 mV s! are overlaid in Figure 40.
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Figure 40 Overlaid CV scans from a SmCl3(5.65-10" mol cm3)-LiCI-KCl(eutectic) melt at 250 mV s and 773
K acquired using the immersion step method.

The shape of the CV curves displayed in Figure 40 remains consistent across the different
immersion depths, and the curves appear to space consistently as the WE is stepped out
of the melt in 2 mm increments. Figure 41 illustrates this linear spacing of the CV curves
with respect to peak cathodic and anodic current responses plotted as a function of WE

electrode immersion depth.
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Figure 41 Peak cathodic and anodic current response plotted as a function of WE immersion from a
SmCl3(5.65-10 mol cm3)-LiCl-KCl(eutectic) melt at 250 mV s and 773 K.
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The immersion step method for determining WE surface area produced and linear current

response data that could then be used to back calculate a surface area value and

associated range of error. Both the anodic and cathodic peak current correlations were

used to back calculate this surface area value. Table 10 summarizes the molten salt

samples analyzed in this work, their measured concentrations using ICP-OES, and the WE

surface area values determined for each sample using the immersion step method.
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Concentration of Concentration of
Sample Number SmCl, Wt. % Smcl, (mol/cm?) Electrode Area (cm?)
1 4.66 3.08 - 10 0.636 + 0.025
2 6.30 4.21-10* 0.858 + 0.049
3 8.39 5.65-10% 0.840  0.032
4 9.73 6.69 - 10 0.782 +0.001
5 11.9 8.19 - 104 0.865 + 0.039
6 135 9.45 - 10 0.760 +0.018
7 16.3 11.5-10* 0.691 + 0.039

Table 10 Summary of the molten SmCls-LiCI-KCl samples analyzed in this work, their respective SmCls
concentrations measured using ICP-OES, and WE surface area values determined using the immersion
step method.

The peak current responses with respect to scan rate and immersion measurements were
very repeatable; however, accounting for anodic and cathodic current response in
immersion tests creates a level of uncertainty associated with the measurement of WE
surface area that will consequentially affect peak current density versus concentration
correlations and diffusion coefficient calculations. This uncertainty is likely the result of
molten salt surface tension effects which have been previously reported to produce
similar error in the literature [38, 46, 52].

Scan Rate Results

A broad range of scan rates were tested and analyzed with respect to peak current
response and peak current ratio. The results of these two analyses helped establish an
electrochemically reversible scan rate range that also produced the most repeatable CV
curves. A broad range of 25 to 500 mV s scan rate values were tested for all samples. CV
curves obtained from a melt solvated with 6.69-10* mol cm™ SmCls at 773 K across the

broad scan rate range are overlaid in Figure 42.
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Figure 42 Overlaid CV scans from a SmCl3(6.69-10"* mol cm3)-LiCl-KCl(eutectic) melt at 773 K acquired
across the broad range of scan rates (WE surface area = 0.782 cm?).

The magnitude of peak cathodic and anodic current response is observed to increase as
a function of increasing scan rate in Figure 42, consistent with the Randles-Sevcik
relationship for soluble-soluble electrochemical couples. The CV curves also exhibit a
small level of peak broadening across the scan rate range. This broadening can be
attributed to a variety of phenomena such as increased resistance between the WE and
CE, diffusion layer growth on the WE, or an increased effect of charge transfer kinetics on
the reactions occurring at the WE surface [46, 97]. It is difficult to attribute the observed
broadening to just one phenomenon as they are interrelated. Diffusion layer growth or
surface effects on the WE can affect the uncompensated resistance. Charge transfer
kinetics corrections are dependent on uncompensated solution resistance and the activity
of the dissolved analyte. Fick’s second law assumes the analyte activity is equivalent to its
concentration; however, this assumption may lose applicability at higher concentrations

[46, 96].
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Both the anodic and cathodic peak current responses exhibit relative linearity with
respect to the square root of the potential scan rate, as dictated by the Randles-Sevcik
relationship. Figure 43 displays the peak current versus square root of scan rate
correlation for both anodic and cathodic peak current values from a 6.69-10* mol cm™

SmCls melt at 773 K.
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Figure 43 Peak cathodic and anodic current response plotted as a function of the square root of scan rate
from a SmCl5(5.65-10" mol cm3)-LiCl-KCl(eutectic) melt at and 773 K (WE surface area = 0.782 cm?).

The cathodic peak current response exhibits a more linear response to the square root of
scan rate, as indicated by the 0.9958 R? value (versus 0.9795 for anodic) in Figure 43. This
difference in linearity, along with the plotted peak current ratios as a function of scan rate
in Figure 43, suggests the system is not fully reversible but rather quasi-reversible [42].
This quasi-reversibility further validates the need for the oxidative step in the
electroanalytical sequence reported in Table 9, as all of the reduced species are most

likely not being oxidized back to their original valence states.
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Figure 44 Peak cathodic and anodic current response ratio plotted as a function of scan rate from a
SMCI3(5.65-10* mol cm3)-LiCl-KCl(eutectic) melt at and 773 K (WE surface area = 0.782 cm?).

The peak current ratio (cathodic to anodic) levels off at approximately 1.5 in Figure 44,
and this trend was consistent across all analyzed samples. This ratio suggests that
approximately 66% of the reduced Sm?* is oxidized back to Sm3* during the CV’s reverse
sweep. Generally, low scan rates are used for diffusion coefficient and concentration
analysis to ensure reversibility of kinetics; however, faster scan rates minimize surface
effects on the WE which may explain the large peak current ratios in the low scan rate
region [38, 52, 96, 97]. Furthermore, it can prove difficult in elucidating a clear peak
current in the lower scan rate regions as the peaks do not manifest as sharply.

The broad range Randles-Sevick scan rate correlation, peak current ratio analysis,
and the effects of charge transfer kinetics were all taken into account when establishing
a narrower scan rate region for concentration and diffusion coefficient analysis. The 200
—300 mV s was selected for the continuing analyses. This region is consistent with results

available in the literature regarding high concentration soluble-insoluble electrochemical
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couples [96]. The broad and narrow peak cathodic current density versus square root of

scan rate correlation results are displayed in Figure 45.
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Figure 45 Peak cathodic current density versus the square root of scan rate correlations for the broad
(left) and narrow (right) scan rate regions.

Narrowing the scan rate region slightly increased the level of peak current versus the
square root of scan rate linearity for some concentrations, while leaving some relatively
unaffected. The system is assumed to be relatively reversible in this narrow region, and
this reversibility does not seem to be affected by increasing concentration when
considering the R? values reported in Figure 45.

Concentration and Diffusion Coefficient Results

The peak cathodic current density versus concentration correlation was analyzed
for linearity. Figure 46 reports the results of this analysis with and without the highest

concentration data point.
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Figure 46 Peak cathodic current density plotted as a function of SmCl; concentration with (left) and
without (right) the highest concentration data point.

Both correlation results reported in Figure 46 are less linear than would be expected
according to the Randles-Sevcik relationship. Removing the highest concentration data
point noticeably increases linearity as illustrated by the R? values in Figure 46. WE surface
area and peak current error, cylindrical diffusion effects, migration effects, charge
transfer kinetics effects, uncompensated resistance, approaching the solubility limit, or
concentration dependence of the diffusion coefficient all provide potential explanations
for the lower levels of linearity in Figure 46. The error associated with repeat peak current
response and WE surface area discussed in the repeatability results were taken into
account when reporting the peak cathodic current density as a function of SmCls
concentration and Sm3* diffusion coefficient results. Diffusion coefficient values were
calculated at 200 mV s as it is the lowest scan rate in the narrowed region of interest.
This minimum scan rate was chosen to maximize the reversibility of kinetics [38, 52, 97].
The diffusion coefficient results and their associated error values are reported in Table 11

and were found to be in agreement with the available samarium literature [47, 49, 59].




Sample Number

Concentration of

Concentration of
SmCl,

84

Diffusion Coefficient

SmCl; Wt. % (- 104 mol/cm?) of SmCl; (- 105 cm?/s)

Cordoba et al. [20] 0.77-2.02 0.49-1.3 0.98-1.30

. Castrillejo et al. [18] 1.54-1.87 0.99-1.2 0.77-1.44
' Yamada et al. [24] 0.24 0.15 1.80

1 4.66 3.08 1.16+0.14

2 6.30 421 0.859 + 0.14

3 8.39 5.65 0.860 + 0.10

4 9.73 6.69 1.07 £0.01

5 11.9 8.19 0.830 +0.12

6 135 9.45 0.806 + 0.07

7 16.3 115 0.672 £ 0.12

Table 11 Diffusion coefficient results and associated error values from this study compared with the

available literature.

Avisual representation of diffusion coefficient values as a function of SmCls concentration

and their associated errors is displayed in Figure 47.
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Figure 47 Diffusion coefficient of Sm3* values and their respective errors versus SmCl; concentration.

The error in the diffusion coefficient values make it difficult to determine any dependence

of the diffusion coefficient on SmCls with certainty, but it remains feasible that the

coefficient decreases with increasing analyte concentration.
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Cylindrical diffusion’s contribution is assumed to be less than 5% if the relationship

detailed in Equation 10 holds true [42, 46, 96].

40T < 3.1073 where T = - (10)

dz = nFv

Here d is the WE diameter in cm. An average cylindrical diffusion factor of 4.8-10* was
calculated for the 200 mV s? data, indicating the effects of cylindrical diffusion are
minimal but not necessarily negligible. The contribution of Sm3* migration was calculated
using the relationship detailed in Equation 11 and is reported for all analyzed samples in

Table 12 [46].

|Zi|pniCi ZFD
t; = ———— where = — 11
L ZklzluCr H=%r (11)

Here, t is the transference number fraction of the ion of interest, z is the species’ ionic

charge, and p is the species’ mobility value.

Concentration of

sample Number Co:centration of smdl, Sm3* Transference
ml, Wt. % (- 10"* mol/cm?3) Number (%)
1 4.66 3.08 2.34
2 6.30 421 2.37
3 8.39 5.65 3.16
4 9.73 6.69 4.60
5 11.9 8.19 4.36
6 135 9.45 4.87
7 16.3 115 4.94

Table 12 Migration contribution results with respect to Sm3+ transference for all sample concentrations.

The migration contribution approaches 5% at the highest concentrations analyzed in this
study, suggesting that the contribution is non-negligible [46]. Migration effects increase
with decreasing supporting electrolyte and increasing applied potential. Molten salts such

as LiCI-KCl serve as both the solvent and supporting electrolyte, meaning that migration
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will play an increasing role as a direct function of increasing analyte concentration.
However, it is not clear whether the dissolved lanthanide species migrate in their trivalent
states. Spectroscopic studies have suggested lanthanides form [LnCls] complexes when
solvated in the molten LiCI-KCI eutectic [71]. The migration effect is heavily dependent
the behavior of these solvated complexes and requires further investigation [46].

Errors associated with WE surface area determination and peak current response
measurement undoubtedly introduce uncertainty to the diffusion coefficient results. The
contribution of cylindrical diffusion and migration are small, but likely nonnegligible as
previously reported in the literature for high concentration actinide [42, 46, 97]. The
dependence of diffusion coefficient on concentration may play a larger role at these
higher concentrations, along with the effects of approaching analyte solubility limits.
Uncompensated resistance and charge transfer kinetics undoubtedly affect the CV
results; however, developing a numerical method for positive feedback resistance
compensation and charge transfer kinetics correction is non-trivial and would require
considerable investment in adjusting the numerical solution to diffusion laws that is at

the foundation of the Randles-Sevcik relationship.

5.4 Conclusions

CV was employed for high concentration electrochemical reversibility and
diffusion analysis of SmClz solvated in the molten LiCI-KCI eutectic at 773 K. Published
methods for repeatable CV acquisition and WE surface area determination were adjusted

and applied to the SmCls reaction couples of interest, producing repeatable current
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response data. Peak current versus the square root of scan rate correlations, along with
peak current ratio analysis, was employed to determine a scan rate region with high
current response repeatability, minimal WE surface effects, and maximized reversibility
characteristics. The scan rate region was then utilized to conduct concentration analysis
as it relates to peak current density response and the calculation of diffusion coefficients.
The diffusion coefficient results were in agreement with the available literature; however,
the concentration results indicated some sources of uncertainty. Peak current response
error, WE surface area error, concentration dependence of the diffusion coefficient,
cylindrical diffusion effects, migration effects, uncompensated resistance, and charge
transfer kinetics effects were all determined to play some role in creating the observed
uncertainty. Further work is required to develop accurate and reliable CV numerical
methods that incorporate the effects of these phenomena before the technique can be

applied to processing facilities on a commercial scale.
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Chapter 6 An Investigation of Synthesized Samarium Oxychloride in
Molten LiCI-KCl Eutectic and its Nuclear Material Management

Implications

6.1 Introduction

As the international community transitions to more sustainable and
environmentally-friendly energy sources, nuclear power remains one of the cleanest
sources of electricity in terms of greenhouse gas (GHG) emissions. The International
Atomic Energy Agency’s (IAEA) Climate Change and Nuclear Power 2018 report projects
nuclear energy’s role in electricity markets to grow anywhere from 24-184 % in terms of
generating capacity by 2050 [8]. Technological improvements in power plant design,
passive safety features, proliferation-resistant fuel cycles, and analytical nuclear material
management methodology will allow for nuclear energy to penetrate emerging electricity
markets [9]. Nuclear power plants are considered to be in their second technological
generation as of 2019, with a Generation-Ill fleet of reactors currently being constructed.
Generation-IV nuclear power plants and fuel cycles drift away from aqueous systems in
favor of higher-temperature materials, such as molten salts. Securing nuclear material
and optimizing process conditions for economically viable power and fuel production
remain the main obstacles to advanced system commercialization [99].

Molten chloride salts are candidate materials for nuclear power plant cooling,

fueled-salt power reactors, and the electrochemical processing of nuclear material. Used
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nuclear fuel (UNF) is not reprocessed internationally on a large scale; however, a few
nations recycle UNF using a process termed PUREX (Plutonium Uranium Redox
Extraction). PUREX relies on aqueous media to separate, pure uranium and plutonium
streams that exhibit dangerously high enrichment levels. PUREX is riddled with problems
associated with radiolysis and criticality that manifest in the form of waste management
and proliferation concerns [15, 27]. The pyrochemical reprocessing of UNF employs the
molten LiCI-KCl eutectic salt at 500 °C to electrochemically deposit uranium, plutonium,
and transuranic (TRU) chlorides in metallic form on a combination of solid and liquid metal
electrodes [27, 29]. The impure and high temperature nature of plutonium streams in the
pyrochemical flowsheet create a more proliferation-resistant process [14]. Although the
fuel is refined and consolidated in metallic form, electrolytic reduction unit operations
can incorporate existing light water reactor (LWR) oxide fuel into a closed nuclear fuel
cycle employing the pyrochemical process [29]. Electroanalytical and spectroscopic
investigations of actinide and lanthanide chloride analytes in the molten LiCI-KCl eutectic
produce information regarding analyte chemistry, electrochemical separation efficiency,
and process scale-up [38, 40, 43, 47, 48, 62, 71, 100]. The proposed process flowsheet for
the pyrochemical reprocessing of UNF, reported by Williamson et al., is shown in Figure

48 [29].



90

Used Oxide Assembly | o« v_ | Elecirolytic | mear | Electrorefiner
Fuel Chopping - Reduction Wt (U and UMTRU)
[—.-
i T
Sakw
: "d U A!;:l ,.T'.Hl».zﬂ
L] t N Met:
Cse/Sr Waste san
] [ @), Sl Cs/Sr RECOVET
Fabrication y U Product U/TRU Product
ey Processing Processing
l f 1
I\ .V|~v
UTRU [ S 1 Lanthanide srw | Oxidant Fuel Ingots
Drawdown Drawdown | Fewasres Produdticn 9
1 }
_7 Salt Dissillation
St w) LWTRU ard P
n
Metol Wt
L
Lanthanide Metal Waste
Waste Fabrication
Fabrication

Figure 48 Proposed pyroprocessing flowsheet published by Williamson et al. reports a variety of unit
processes (electrorefiner, oxidant production, lanthanide drawdown, U/TRU drawdown) that require
concrete understanding of analyte behavior before optimization can be pursued.

Oxychloride chemistry plays an important role when addressing lanthanide and actinide
chemistry in molten chloride salts. Oxychloride formation, predominantly in the form of
precipitates, can have negative effects on process efficiency along with creating nuclear
material management concerns regarding hold up and material loss. Oxychloride
precipitation has also been proposed as a method for co-precipitation and consolidation
of nuclear material in molten salt [101, 102]. Furthermore, also oxychloride formation
presents a potential for nuclear material buildup due to moisture or impurities in
alternative electrochemical processes related to the nuclear industry, specifically the
conversion of plutonium pits in high-temperature molten salt [103]. The literature data
regarding oxychloride formation in the LiCI-KCl molten eutectic is limited and requires

further investigation to fully understand solvation mechanisms, effects on
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electroanalytical measurements, and characterization of relevant reaction products [49,
101, 102].

This paper presents a synthesis method for, and characterization of, samarium
oxychloride (SmOCI) in the molten LiCI-KCl eutectic at 500 °C. Additionally, solid state
characterization is reported to confirm the synthesis of SmOCI before the in situ analysis
of the analyte using electroanalytic measurements and polarized Raman spectroscopy.
Cyclic voltammetry (CV) results are reported and discussed in terms of current response
and empirical relationships applicability. CV and in situ Raman also provide a qualitative
evaluation of oxychloride formation in the molten LiCI-KCl eutectic. The results are
discussed in term of engineering implications related to nuclear material management in

high-temperature molten salt systems.

6.2 Experimental

General features

All molten salt studies were conducted in ultra-high purity argon atmosphere
(Airgas 99.99%) inside an inert glovebox maintained under 1 ppm moisture and oxygen
content. The electroanalytical and in situ Raman spectroscopy setup has been previously
presented by the authors for low concentration lanthanide studies in the same eutectic
system [77, 78, 104, 105]. The experimental apparatus employed for both spectroscopic

and electroanalytical molten salt investigations is shown in Figure 49.
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Figure 49 Experimental setup employed for spectroscopic and electroanalytical investigations in molten
LiCI-KCl eutectic consists of precision alignment stages for electrochemical and spectroscopic focusing,
electrode alignment mounts, fiber cabling for 532 nm laser excitation, a polarized Raman probe, and a

high-temperature ceramic cylindrical furnace.

Uncertainties associated with thermal gradients were mitigated with an insulating
ceramic furnace cap fabricated with electrode alignment holes and a laser beam path for
Raman analysis. Alumina tubes were installed to ensure electrode alignment is repeatable
and precise. Molten salt samples were contained in 55 mL alumina crucibles nested inside
stainless-steel Faraday cages that remove electrical current noise produced by the
furnace heaters. The system was equipped with a three-electrode electrochemical stage
and Raman probe with polarization capability. A 532 nm wavelength laser was utilized for
Raman excitation. A K-type thermocouple was installed to provide feedback to the
furnace controller with 2 °C temperature precision. Electrode positioning and Raman
probe focusing were controlled by a high-resolution translation stage with a LabVIEW

National Instruments software user interface to ensure accurate and repeatable
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placement of electrodes inside the molten salt matrix and to ensure the laser excitation
converges in the solution to excite the bonds associated with dissolved analyte complexes
rather than electrodes or crucible walls.

Cyclic Voltammetry Methods

CV is a three-electrode electrochemical method that relies on a cyclic potential
sweep to scan a voltage range for analyte-specific redox reactions. Current response can
be correlated to analyte concentration if the diffusion behavior of the analyte is well
understood [39]. The Randles-Sevcik equation can be applied to CV data assuming all
diffusion is mass transfer limited, linear in nature, and the redox reaction of interest is
reversible [39]. The Randles-Sevcik relationship is reported in Equation 12. Once diffusion
coefficient values are established, current response has the potential to be correlated to

concentration for process monitoring and nuclear security applications [52].
nr\1/2

ip = 04463 -n-F-A-C - (=) " -vV/2. p1/2 (12)
Here iy is the peak current response, n is the number of electrons transferred during the
redox reaction, F is Faraday’s constant, A is the surface area of the working electrode
(WE), Ci is the bulk concentration of the dissolved analyte of interest, R is the ideal gas
constant, T is temperature, v is the potential scan rate, and D is the diffusion coefficient
of the analyte of interest [39]. The working electrode (WE) and counter electrode (CE)
consisted of a 1/16” and 1/8” diameter tungsten rod, respectively. A 5 mol % Ag|AgCl
reference couple encased in Pyrex which has been previously deployed for voltammetry

experiments in the same eutectic was employed as a reference electrode [38]. The peak
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current versus square-root of scan rate relationship was studied for both SmClz and
SmOCI. Peak currents were measured five times at each of the following scan rates for
each CV analysis: 100 mV/s, 150 mV/s, 200 mV/s, 250 mV/s, and 300 mV/s.

Samarium oxychloride synthesis

LiCI-KCI melts were prepared by mixing LiCl (Alfa Aesar 99% pure) and KCI (Alfa
Aesar 99% pure) at 46 wt.% and 54 wt.%, respectively [26]. Precursor salts utilized to
prepare the final eutectic were first baked under vacuum at 200 °C in order to minimize
moisture-induced impurities. Anhydrous SmClz (Alfa Aesar, 99.9% pure) was dissolved
directly into the molten LiCI-KCl eutectic at 500 °C and agitated for eight hours. Synthesis
of SmOCI was accomplished through the dissolution of 0% ions in the eutectic with the
addition Li,CO3 to the SmClIs-LiCl-KCl solutions. The reaction mechanism for SmOCI
formation and precipitation in this manner has been reported in the literature by
Castrillejo et al. [49, 106]. The dissolution of SmClIs, Li,COs, and formation of SmOCI are

reported in Equations 13, 14, and 15, respectively.

SmCl3(s) & Sm3* + 3Cl~ (13)
Li,CO5(s) & 2Li* + 0%~ + C0,(9) (14)
Sm3t + 0%~ + Cl™ & SmOCI(s) (15)

After addition of Li.CO3, melts were agitated until CO; gas bubbling halted, indicating the
reaction had completed.
SmClz was solvated in LiCI-KCl at a concentration of 3.3 x 10 mol cm3, and Li,COs

was added to the solution in an equimolar quantity. Upon completion of the synthesis
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reaction, the melt was allowed to solidify. Carboxylic acid groups on
ethylenediaminetetraacetic acid (EDTA) were deprotonated in DI H,O in solution through
the addition of NaOH. The deprotonated solution was used to rinse off remaining eutectic
and pull any unreacted SmCls into solution as well. The EDTA forms a 1:1 complex with
the unreacted SmCls, leaving only the SmOCI precipitate behind. Excess EDTA was present
to ensure all unreacted SmClz was fully chelated. The remaining solution containing the
synthesized precipitate was then centrifuged so that precipitate powder could be
consolidated. The powder was then allowed to dry before undergoing solid state
characterization.

Synthesis is complete once CO; bubbling is no longer observed. Li,COs is added in
small increments while the melt is agitated to ensure the salt mixture does not overflow
out of the containment crucible due to CO; bubbling. Once bubbling has halted, the melt
is agitated for an extended period of time to ensure the reaction proceeds to completion.
After agitation, the melt is observed to be transparent with a suspension of white
precipitate, assumed to be SmOCI. After reaction completion, the melt is cooled and
dissolved in the EDTA complex for separation and consolidation.

Solid state characterization

Synthesized precipitate was analyzed using a variety of solid-state
characterization methods to confirm the formation of SmOCI. X-ray diffraction (XRD)
patterns were obtained from the collected precipitates using a Rigaku Smartlab X-ray
diffractometer. Diffraction patterns were analyzed using a PDXL software package. A

Hitachi S-4700 field emission scanning electron microscope (SEM) equipped with energy
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dispersive x-ray spectroscopy (EDS) was employed to investigate precipitate morphology
and elemental makeup, respectively. Transmission electron microscopy (TEM) analysis
was carried out using a JEOL-JEM 2100F Analytical TEM. A Thermo Scientific DXR Raman
microscope equipped with a 10 mW, 532 nm wavelength laser was employed for solid-

state Raman analysis of the precipitate.

6.3 Results and Discussion

Synthesis and Solid-State Characterization

The precipitate remains a white color throughout the separation and
consolidation operations. Once dry, solid-state characterization is commenced to confirm
the presence of SmOCI. The XRD pattern obtained from separated, consolidated, and

dried precipitate is reported in Figure 50.

SmOCI (syn.): X-ray Diffraction Pattern

* SmOCI

Relative Intensity (Arb. Units)
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2-Theta (°)

Figure 50 The XRD pattern obtained from separated, consolidated, and dried precipitate indicates the
formation of SmOCI with relatively few impurities.
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XRD analysis is followed by SEM imaging and EDS elemental analysis. Two different
particulate morphologies can be observed in the SEM micrographs. EDS elemental
analysis is conducted with respect to the Sm:Cl atomic ratios. SmOCI should exhibit 1:1
Sm:Cl atomic ratios, while SmCls will exhibit 3:1 Sm:Cl ratios. The oxygen ratios are not
reliable due to oxygen atmospheric and mounting tape contamination. The two different

morphologies observed by SEM are displayed in Figure 51, and the regions of analysis by

EDS are indicated.

om . T

Figure 51 SEM images of plate-like precipitate particles (left) and fluff-like precipitate particles (right) both
illustrate the regions of interest (purple outline) where EDS chemical analysis was conducted.

The EDS results are reported in Table 13 for both morphologies. The platinum content is
attributed to the use of platinum to sputter coat samples before SEM-EDS analysis in

order to prevent sample charging.

Atomic %
Elemental Emission | Plate-Like Morphology | Fluff-Like Morphology
oK 58.61 52.44
CIK 19.35 23.05
SmL 20.78 23.67
PtM 1.26 0.84

Table 13 EDS chemical analysis results for both precipitate morphologies observed in SEM images
indicated approximately 1:1 Sm:Cl atomic ratio values.
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Both morphologies indicate Sm:Cl atomic ratios approximately 1:1, suggesting both
morphologies are SmOCI. These ratios confirm that the bulk precipitate collected is
indeed SmOCI as the XRD pattern also suggests.

TEM imaging allows for planar, d-spacing to be measured. TEM imaging and d-

spacing measurement results obtained from the precipitate are reported in Figure 52.

Figure 52 TEM diffraction analysis shows the 110-plane d-spacing is in agreement with the measured XRD
pattern reported in Figure 50, confirming the precipitate to be SmOCI.

Once focusing on a plane of interest is achieved, a d-spacing measurement is confirmed
with the 110-plane associated with SmOCI and d-spacing values for the 110-plane
measured using XRD. Solid-state Raman spectra obtained from the precipitate are

reported in Figure 53.
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SmOCI (syn.): Raman Spectra
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Figure 53 Raman spectra obtained from the precipitate show five symmetry modes that confirm the
precipitate to be SmOCI [107].

Raman spectra indicate the presence of five symmetrical modes labelled in Figure 53.
These modes are confirmed to be consistent with the previously reported literature
concerning lanthanide oxychlorides [107, 108].

Solid-state characterization results all indicate the precipitate synthesized in the
molten LiCI-KCI-SmCls solution is indeed SmOCI, as Equations 13-15 suggest. The TEM
images confirm the d-spacing values reported for the 110-plane in the obtained XRD
patterns, and the SEM-EDS results show the presence of two different morphologies, both
of which can be attributed to SmOCI through Sm:Cl atomic ratio analysis. The solid-state
Raman spectra report five symmetrical modes that are consistent with the previously
published lanthanide oxychloride literature [107, 108].

In Situ Electrochemistry and Spectroscopy
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CV experiments conducted on LiCI-KCl with SmCls solvated at low concentrations
may produce an additional anodic peak in a slightly more oxidative region than that
associated with the traditional SmClz redox couple. A sample CV that contains this

additional anodic peak, indicated with an asterisk, is reported in Figure 54.

1.0 wt. % SmCl;: CV with Additional Anodic Peak
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Figure 54 An additional anodic peak (*) manifests in a slightly more oxidative region than the traditional
SmCls redox couple at low concentrations.

The additional anodic peak is hypothesized to be the result of SmOCI formation. The CV
reported in Figure 54 is compared with a CV obtained from the molten LiCI-KCI eutectic

solvated only with synthesized SmOClI in Figure 55.
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SmCl; vs. SmOCI CV Curves in LiCI-KCl eutectic
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Figure 55 A comparison of CV curves obtained from a low-concentration SmCl; melt with the additional
anodic peak and a molten LiCI-KCI melt containing synthesized SmOCI indicate the additional peak is due
to SmOCI formation.

Figure 55 illustrates SmOCI is responsible for the additional anodic peak observed in
molten LiCI-KCl melts solvated with low concentrations of SmCls. The SmOCI couple also
includes a cathodic peak that manifests underneath the more prominent SmCls cathodic
peak. The additional cathodic and anodic redox peaks that are the result of SmOCI
contamination will create uncertainty in SmClz current response measurements which
will have nuclear material management implications in terms of monitoring SmCls
content.

In order to better understand the electroanalytical implications of SmOCI
formation, the oxychloride was synthesized using the methods outlined in previous
sections of this paper and then studied using CV and fiber-based Raman spectroscopy. CV
and Raman analysis were first conducted on a molten LiCI-KCl melt solvated with SmCls

at a concentration of 3.3 x 10* mol cm3. The equimolar synthesis of SmOCI was then
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conducted through Li,COs solvation to convert the SmClsz to SmOCI. CV and in situ Raman
were conducted to confirm the SmClsis no longer present after synthesis is complete. A
more targeted CV analysis was then conducted on the SmOCI in the LiCI-KCl melt. Figure
56 and Figure 57 respectively report in situ CV results and Raman spectra of SmCls
solvated in the molten LiCI-KCl eutectic that is consistent with the reported literature, and
the subsequent disappearance of SmCl; Raman indicators post-synthesis of the SmOCI

[49, 71].

CV's from LiCI-KCI-SmCl;: Pre and Post SmOCI Synthesis
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Figure 56 A clear shift in the location and magnitude of the peak current response is observed in the CV
acquired post-SmOCI synthesis as compared to the CV acquired before SmOCI synthesis.
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Raman Spectra from LiCI-KCI-SmCl;: Pre and Post SmOCI Synthesis
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Figure 57 The lack of features in the Raman spectra acquired after the SmOCI synthesis indicate the
SmOCI is either soluble at levels below the detection limits of the Raman or does not exhibit Raman active
modes when solvated in the molten LiCI-KCl eutectic.

The peak current response from SmOCI is less in terms of magnitude than the solvated
SmCls. Figure 56 illustrates this shift in magnitude as the post-synthesis, SmOCI redox
peaks are barely visible compared to the prominent, pre-synthesis SmCls peaks. This
reduction in magnitude, along with the observable collection of SmOCI precipitate at the
bottom of the melts suggests SmOCl is soluble at low levels in the molten LiCl-KCl eutectic.
This low solubility may explain why no Raman indicators are detected post-synthesis in
Figure 57; however, this lack of modes may also be attributed to dissolved SmOCI not
being Raman active. There is no available literature regarding the coordination chemistry
of SmOCI solvated in the molten LiCI-KCI eutectic so that its Raman activity can be
determined. Investigations of fundamental coordination chemistry requires techniques

such as x-ray absorption fine structure (XAFS) analysis.



104

The peak current responses from CV associated with SmCls reached values above

100 mA, while the same peak current responses all remained below 10 mA for SmOCI.

This difference in magnitude further suggests the low solubility of SmOCI in the molten

LiCI-KCl eutectic. The results of CV analysis as a function of scan rate are summarized for

the LiCI-KCI-SmCls (pre-synthesis) and LiCI-KCI-SmOCI (post-synthesis) melts in Figure 58

and Figure 59 respectively.
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Figure 58 CV results (left) with respect to scan rate from the LiCI-KCI-SmCl; (pre-synthesis) indicate high
levels of peak current vs. scan rate linearity (right), and therefore high levels of Randles-Sevcik

applicability.
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Figure 59 CV results (left) with respect to scan rate from the LiCI-KCI-SmOCI (post-synthesis) indicate
lower levels of peak current vs. scan rate linearity (right), and therefore lower levels of Randles-Sevcik

applicability.
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The linearity of peak current vs. scan rate relationships, both for cathodic and anodic
current response, is much higher for SmCls (pre-synthesis) samples than SmOCI (post-
synthesis) samples. This difference in linearity is illustrated by the difference in R? values
reported in Figure 58 and Figure 59. Randles-Sevcik applicability for analysis is therefore
less suitable for the oxychloride species than SmCls. The dissolution behavior in terms of
ionic state equilibrium also seems to vary between the SmCls and SmOCIz samples.
Specifically, the SmCl; samples produce cathodic peak current responses slightly larger
than the anodic responses, suggesting the trivalent samarium that is reduced on the
cathodic sweep is not fully oxidized back into solution. In comparison, the anodic current
responses are much larger than the cathodic responses for the SmOCI samples. The
literature is limited regarding the nature of oxychloride redox reactions, but this
difference in current response relationships suggests the SmOCI could be more likely to
undergo spontaneous reduction. Therefore, there is less oxidized species to reduce on
the cathodic sweep, producing lower cathodic response. XAFS analysis may help elucidate
these equilibrium conditions as well.

The implications of these findings regarding the application of CV for process
monitoring and nuclear material management are notable. Carbonate or moisture
impurities have the potential to convert solvated trichloride analytes to their oxychloride
forms. Correcting for SmOCI is clearly necessary as it is electroactive and produces
distinguishable redox peaks in CV curves. Current correction methods must be developed
for oxychloride species to account for their contributions to solvated trichloride analysis.

Developing these correction methods will not be trivial, as the applicability of Randles-
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Sevcik relationship loses effectiveness when studying the oxychloride species. Elucidation
of ionic states and equilibria associated with oxychloride species must first be investigated
before any adjustments to the Randles-Sevick can be accomplished. These studies would
most likely require fundamental coordination chemistry investigations using methods

such as XAFS.

6.4 Conclusions

A targeted synthesis, solid-state characterization, in situ electroanalytical, and in
situ Raman spectroscopic investigation of SmOCI in the molten LiCI-KCI eutectic was
completed. Synthesis was accomplished through carbonate addition to the molten LiCl-
KCI-SmClz system. SmOCI was confirmed to precipitate out of solution due to carbonate
addition through a variety of solid-state characterization techniques. The SmOCI was then
analyzed in situ using fiber-based Raman spectroscopy and cyclic voltammetry. Both the
Raman and voltammetry results indicated a conversion of SmCls to SmOCI and change in
solution chemistry. The SmOCI was not detectable using Raman either due to its solubility
limit being below the Raman’s detection limits or its solvated form being Raman inactive.
CV investigations into the SmOCI produced redox peaks that suggest current corrections
will be necessary for SmOCI when using CV for process monitoring and nuclear material

management purposes in the molten LiCI-KCl eutectic.
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Chapter 7 Other Relevant Results

7.1 Multi-Analyte Study

Preliminary studies using the SPEC system to analyze molten LiCI-KCl matrices with
multiple analytes solvated were commenced in order to evaluate electroanalytical and
Raman spectroscopic performance. The results from these multi-analyte studies provide
insights regarding avenues for further development of the system and potential
deployment scenarios of the SPEC system on an engineering scale for NMA. CV
investigations were conducted on the molten LiCI-KCl eutectic solvated with CeCls, EuCls,
and SmClIs, each at a concentration of 2.5 wt. %. This weight loading produced a total 7.5
wt. % lanthanide chloride concentrations solvated in the molten LiCI-KCl eutectic
maintained at 500 °C. The Randles-Sevcik peak current response versus the square root
of potential scan rate relationship was evaluated for each analyte. Raman spectroscopy
experiments compared individual SmCls and CeCls spectra solvated in the molten LiCI-KCl
eutectic with spectra obtained from the eutectic with both CeCl; and SmCl; solvated.

The CV study produced the expected electrochemical reaction responses from all
three analytes. As mentioned in Chapter 3, the CeCls reaction couple is a three-electron
transfer, converting the solvated Ce3* directly to its metallic state. The SmCls reaction
couple is a one-electron transfer, converting Sm3* to Sm?*. The reaction couple associated
with EuCls is identical to SmCls. However, EuCl; is known to spontaneously

disproportionate to its divalent state upon solvation, which will produce some
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uncertainty in trivalent concentration measurements [60, 100]. The CV curves measured

at various potential scan rates from this triple-analyte matrix are overlaid in Figure 60.

7.5 wt. % LnCl; (Ce, Sm, Eu): CV Curves
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Figure 60 Overlaid CV curves at various scan rates from the molten LiCI-KCl eutectic at 500 °C solvated
with CeCls, EuCls, and SmCls

The electrochemical responses associated with each solvated analyte do not overlap or
interfere with one another in terms of potential vs. Ag|AgCl in Figure 60. This sort of
spacing is ideal but will not necessarily be the case in processing conditions, especially in
the electrorefiner where SNM and fission products are present. Upon closer inspection of
the EuCls CV curves, the cathodic current response is less than the anodic current
response unlike the SmClz couple. This change in current response ratio is indicative of
the tendency for Eu* to spontaneously disproportionate to Eu?*. The peak anodic and
cathodic current responses versus the square root of potential scan rate are reported in

Figure 61 for each analyte.
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Figure 61 Peak anodic and cathodic current response versus square root of potential scan rate data for

molten LiCI-KCl eutectic solvated with CeCls, EuCls, and SmCls

All three analytes produced linear anodic and cathodic current responses with respect to

the square root of potential scan rate. This linearity suggests the electrochemical

reactions are at minimum quasi-reversible. Furthermore, as discussed in Chapter 5, at

concentrations above 5 wt. %, alternative diffusion mechanisms, like migration, and

resistance compensation begin to affect the reliability of electroanalytical results. The

total lanthanide concentration in this study was 7.5 wt. %. The three-electron transfer

associated with CeCls can affect the surface of the WE due to deposition and adsorption

effects, which will also negatively affect the reliability of electroanalytical results [46].

Consistent with the findings in Chapter 5, the mechanism associated with alternative

diffusion mechanisms and resistance compensation require further investigation to

increase the reliability of CV in multi-analyte process conditions.
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A comparison of Raman spectra obtained from the following sample matrices is

reported in Figure 62: CeCls-LiCI-KCl, SmCls-LiCI-KCl, CeCl3-SmCls-LiCI-KCI.

Raman Spectra: Effects of Mixing Lanthanide Chlorides

1.2

0.8

0.6

0.4

0.2

Normalized Intensity (A.U.)

2000 1800 1600 1400 1200 1000 800 600 400 200 0
Raman Shift (ecm™)

——Sm-LICI-KCI Parallel (VW) ——Ce-Lid-Kd Parallel (VV) ——Sm-Ce-LICLK Parallel (VV)

Figure 62 Comparison of individually solvated and mixed CeCl; and SmCl; Raman spectra in the molten
LiCI-KCl eutectic

The CeClz and SmClz Raman spectra solvated in the molten LiCI-KCl eutectic are nearly
identical. CeCls solvated in the molten LiCI-KCl does not produce a fluorescence feature
in the 800-1400 cm* region, while SmCl; clearly fluoresces. The mixed analyte spectra
exhibit a moderate level of fluorescence. The On Raman modes on top of one another in
the 0-400 cm™ region, requiring improvement of the signal-to-noise (STN) ratio associated
with the SPEC system before deconvolution methods can be developed. The development
of deconvolution protocols will be nontrivial as Raman mode manifestation is dependent

on analyte identity and concentration.
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7.2 LiCl-KCI-ZrCl, Raman Spectroscopy

Zirconium alloy is the most common fuel cladding material utilized in existing LWR
fleets worldwide [109, 110]. The cladding will be solvated in the molten LiCI-KCl eutectic
as part of the pyrochemical reprocessing scheme if LWR fuel is accommodated.
Understanding the nature of zirconium dissolution in the molten electrolyte is therefore
important, and a preliminary investigation into the nature of that solvation was
conducted using the SPEC system. Polarized (VV) and depolarized (HV) Raman spectra of

ZrCls solvated in the molten LiCI-KCl eutectic are overlaid in Figure 63.
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Figure 63 Polarized (VV) and depolarized (HV) in situ Raman spectra of ZrCl, solvated in the molten LiCl-
KCl eutectic

Assignment of Raman modes will require further coordination analysis. It has been
reported that Th* complexes predominantly as [ThClg]? but achieves equilibrium with an
alternative [ThCl7]* complex [111]. The [ThClg]> complex exhibits an On symmetry

consistent with the lanthanides reported in this dissertation. The [ThCl;]> complex forms
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a pentagonal bipyramid complex [111]. Whether or not ZrCls complexes and reaches
equilibrium in the same manner will require further investigation using coordination

analyses like XAFS.
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Chapter 8 Discussion of Results

8.1 Evaluation of Spectroelectrochemical System

The electroanalytical and spectroscopic components of the SPEC both produced
promising results that have the potential to augment NMA in high temperature molten
salt systems. The individual components of the SPEC system each offer their own
advantages and disadvantages in terms of deployment for NMA in molten salt systems.

The electroanalytical CV method has the potential to produce real-time
guantitative data concerning analyte concentration in molten salt for NMA. The
continued development of an accurate diffusion coefficient library remains the
prerequisite for deployment of CV for real-time NMA. The diffusion coefficient library
must continue to incorporate high concentration effects, mixed analyte scenarios, system
resistance, and alternative diffusion mechanisms. A drawback of CV is the need for
improved understanding of valence state speciation and dissolved analyte complex
formation before diffusion coefficients and migration contributions can be determined
with higher certainty. Furthermore, the reference electrodes used for CV require at least
five hours to equilibrate in the system, presenting a challenge to online, real-time
monitoring goals. The CV method presents a more promising and immediate path to
mixed-analyte application than the Raman spectroscopy unit as the standard reduction
potentials of dissolved analytes are more discernable than their respective Raman modes.

The Raman spectroscopy method produces qualitative data than elucidates the

complexation of analytes when solvated in molten salt. These insights can provide
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information regarding valence state which is important for both electrochemical
processing of nuclear material and may help elucidate the remaining questions associated
with CV disproportionation and migration. Solvated analytes are more difficult to
deconvolute using Raman spectroscopy compared to CV because the analytes’ respective
spectra are extremely similar. Peaks associated with the O, complex’s vibration modes
fall in the same area. The Raman unit requires the improvement of signal-to-noise ratio
before deconvolution protocols can be developed. Table 14 summarizes the advantages,

disadvantages, and synergies associated with the SPEC system’s components.

cv Synergies Raman
Quantitative Qualitative
concentration process
Pros profiles monitoring
Multi-analyte Speciation
resolution insights
Lack of clarity Multi-analyte,
. identical valence
Cons regarding state systems
—_— dissolved analyte e
. difficult to
speciation
analyze

Table 14 Summary of advantages, disadvantages, and synergies of the SPEC system's analytical
components

Table 14 illustrates the ways in which the SPEC system’s individual components can
maintain a synergistic relationship to address one another’s weaknesses. The
uncertainties associated with speciation during CV analysis may be addressed using
Raman spectroscopy. Similarly, the deconvolution and quantitative weaknesses of Raman

spectroscopy may be addressed by CV’s strengths.
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8.2 Nuclear Material Accountancy Applications

Chapter 6 introduces a brief and process specific application the SPEC system for
NMA in the pyrochemical reprocessing of UNF. The SPEC system was demonstrated to
produce information regarding solvent content and alternative chemistry formation in
the molten LiCI-KCl eutectic. There are a number of molten salt engineering-scale
applications that would benefit from the continued development of the SPEC system for
NMA. Fueled molten salt reactors will contain a molten salt matrix that serves as both the
heat transfer medium and nuclear fuel solvent [23]. Once fully developed, the SPEC
system has the potential to provide real-time data concerning fuel concentration in the
salt, formation of fission products, and burnup in real-time. This information would
ensure accurate NMA logs can be produced to record SNM concentrations and reactor
operation history. If a leak forms and SNM begins to leak from containment vessels or
heat exchanger loops, the SPEC system could potentially alert operators to such an event
and prevent the loss of SNM in substantial volume. Furthermore, if leaks introduce
moisture or oxygen impurities to the fueled salt, the SPEC system can detect the
formation of alternative chemistries in situ.

Alternative chemistry formation is a concern in the domestic nuclear weapons
complex as well. Oxide and oxychloride formation are common when reducing plutonium
in molten chloride electrolytes [18, 93, 106]. The formation of these alternative
chemistries affects process efficiency but can present a potential for SNM precipitation

and holdup in the refining vessels. The SPEC system has shown the capability to detect
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oxychlorides in situ, and the detection of alternative chemistry formation in real-time
would help account for holdup in these processes and improve the accuracy of NMA logs
associated with those processes.

There are many molten chemistries that may benefit from the SPEC system’s
deployment as an NMA technique. Plutonium electrorefining in molten CaCl, may benefit
from the voltammetry component so that plutonium concentration and americium decay
daughter buildup can be monitored in real-time. Uranium electrorefining in the LiCI-KCl
system may benefit in the same manner. Both of these electrorefining schemes are
essential unit operations in the United States’ nuclear weapons complex. The Raman
component of the SPEC system my help elucidate the coordination chemistry
characteristics of dissolved analytes in the same systems.

Since the SPEC system conducts analyses in a nondestructive manner, it can
greatly reduce the time and costs associated with NMA for the pyrochemical reprocessing
of UNF. Each unit operation of the pyrochemical reprocessing scheme is discrete. This
discreate nature means the products from one operation would most likely be removed
and individually transported to their next operation. Destructive analysis of these
transported samples would not only be time consuming, but also expose radiological
control technicians to substantial radiation dosage. A developed SPEC system could be
installed on the necessary unit operations and produce data in real-time. The
electroanalytical and spectroscopic components can both be operated in a remote
fashion using basic instrument controls, reducing both the time and dosage associated

with producing NMA logs in this processing scheme.
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Chapter 9 Conclusions and Future Work

9.1 Conclusions

An electroanalytical system for the analysis of high temperature LiCI-KCl molten
salt was constructed and tested using samarium and cerium as the solvated analytes of
interest. CV analysis produced relatively repeatable data over a broad concentration
range of dissolved analyte. The uncertainty associated with low concentrations was
attributed to the formation of oxychloride species that are quasi-soluble in nature. The
reported diffusion coefficients for trivalent samarium and cerium were relatively
consistent with the previously published literature and exhibited similar magnitudes of
variation.

Variation in electrochemical data was attributed to the many variables affecting
diffusion coefficient calculations: WE surface area, alternative diffusion mechanism, and
uncompensated resistance. Multi-analyte CV studies are promising in that they clearly
separate redox features associated with different analytes when their standard reduction
potential are relatively separated. Further evaluation is required to determine CV
effectiveness when analyte standard reduction potentials overlap.

A fiber-based Raman system was coupled to the electroanalytical apparatus to
produce a spectroelectrochemical (SPEC) suite. The SPEC system allows for simultaneous
electrochemical and Raman spectroscopic investigations to be conducted, and
preliminary engineering concerns regarding Raman objective working distance and

cooling were addressed. The SPEC system was employed for the study of samarium ion
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chemistry in molten LiCI-KCl eutectic. The trivalent complex symmetry and spectra were
indicative of octahedral SmCls* complexes. Chemical reduction experiments produced
spectra similar to those reported for divalent neodymium in the literature. To our
knowledge, this is the first Raman spectrum of divalent samarium in molten LiCI-KCl
eutectic. The divalent vibration modes disappeared one hour after their initial
manifestation, suggesting spontaneous reactions associated with Sm?* as the literature
suggests. Electrochemical reduction experiments produced Raman spectra dissimilar to
the chemically reduced spectra. This discrepancy is likely due to the variation in SmCls
concentration but remains unclear. Raman spectra of CeCls in molten LiCI-KCl was found
to be identical to that obtained from SmCls in molten LiCl-KCl except for the fluorescence
features. Spectra obtained from mixed analytes (mixture of Sm and Ce in molten LiCI-KCl)
showed that differentiating mixed analytes will require additional investment in lowering
the focal length of fiber probes and engineering high temperature cooling methods. The
location of vibration modes associated with different analytes are very similar and can
also be affected by Li* concentration due to its large polarizing power.

The coupled SPEC system was shown to have promising application for NMA in
high temperature molten salt, including the formation of alternative chemistries, such as
oxychloride compounds. The individual analytical components of the SPEC system each
presented their own advantages and disadvantages. However, the two analytical
methods (CV and Raman spectroscopy) form a synergistic relationship that accounts for
each other’s weaknesses and presents a promising path forward for chemical-based

sensing and NMA using the SPEC system.
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9.2 Future Work

Avenues for future work concerning this dissertation can be separated into two

major categories: electroanalytical and spectroscopic methodology.

1.) Electroanalytical methodology

The Randles-Sevcik relationship is a numerical solution to Fick’s 2" Law
that requires adjustment to account for the following phenomena:
cylindrical diffusion, migration, and convection.

Positive feedback (PF) resistance compensation must be implemented into
the experimental protocols. PF compensation is more effective than the
traditional ex post facto method as it will address any concerns that system
resistance is a function of analyte identity, analyte concentration, or
applied potential.

A WE with a fixed surface area must be engineered to reduce the

uncertainty associated with calculating current response density.

2.) Spectroscopic methodology

a.

The continued investigation of valence state implications on complexing
behavior of solvated analytes will help address uncertainties associated
with migration correction of electroanalytical results.

Improvements in signal-to-noise ratio must be made to establish a better
understanding of spectroscopic characteristics of species at electrode

surfaces during electrorefining operations. The continued development of
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these protocols will require working distances to decrease, probe heating

to be further mitigated, and higher resolution spectrometer

implementation.
Even with above improvements, the system may have challenges as the Raman features
from several analytes might look very similar (like Sm and Ce) and the effect of salt
concentration may be more (in terms of peak positions) than the peaks from various
analytes. However, future work avenues summarized above will allow for the continued
development of the SPEC system and consideration in deployment in engineering-scale
operations using high temperature molten salt for nuclear material processing or power

production purposes.
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Appendix

A.1 Oxychloride Synthesis Method
Day 1
1. Required materials:
a. 150 mL alumina crucible (vacuum baked)
b. Alumina stir rod
c. LiCI-KCl eutectic (baked, ~125 grams)
d. SmCls at desired concentration
e. LioCOs3in equimolar ratio to samarium
2. Fire alumina components overnight at 750°C.
a. Hot end of alumina rod will be used for stirring.
3. Melt eutectic at a temperature 550 — 600 °C.
a. Remove film from eutectic once molten.
4. Dissolve SmCls into eutectic once salt is molten, stirring with alumina rod.
a. Allow for melt to sit overnight and solvate samarium.
Day 2
5. Add equimolar amount of Li,CO3 in small increments.
a. Stir vigorously to manage CO; bubble formation.
6. Occasionally stir solution throughout day and cool down overnight.
a. If overflow occurred, remove crucible while hot to prevent immobilization.

7. Prepare EDTA-NaOH solution overnight while melt cools down.



a. 3x molar excess EDTA massed for complexation.
b. 4x molar excess NaOH to fully deprotonate EDTA.

Day 3

8. Add cooled crucible to complexing solution next morning.
a. Allow salt to dissolve throughout day.

9. Remove crucible and allow solution to stir overnight at end of day.

Day 4

10. Turn off agitation next morning and allow solution to settle for 24 hours.
a. Remove stir bar now.

Day 5

11. Decant EDTA-NaOH solution off of precipitate using plastic tubing.
a. Save to rinse beaker with during precipitate collection.

12. Collect precipitate into centrifuge tubes.
a. Use excess EDTA-NaOH solution to consolidate precipitate.
b. Limit centrifuge tube total to twelve.

13. Centrifuge samples for 6 hours at ~3000 rpm.

a. Pour solution into waste as deprotonated EDTA-NaOH.

b. Begin 2-day vacuum bake of clean alumina crucible for precipitate drying.

14. Dry open centrifuge in fume hood overnight.
a. Allow for adequate air flow over tubes.
Day 6

15. Consolidate precipitate into dried alumina crucible.
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a. Do notinclude any precipitate that is not white or beige in nature.
16. Bake precipitate under vacuum for 3 days.

a. Execute highest heat setting.
Day 7

17. Confirm SmOCI formation using X-ray diffraction (XRD).
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A.2 Technical Meeting Abstracts

Abstract #3441, PRIME 2016 23th ECS Meeting, © 2016 The Electrochemical Society

Characterization of the Electrochemical Behavior of a Li-Bi Reference Electrode for the Molten LiCLLi
William Phillips®. Augustus Merwin®, Vickram Singh®. Dev Chidambaram®
*University of Nevada Reno
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Electrochemical Behavior of Samarinm in Molten LiCI KC1
Vickram Singh®, Dev Chidambaram®™
"Umversity of Nevada Reno

The mass transport behavior of samariam was investizgated in molien eutectic LiCI-KCl in crder to develop real-time concentration
monitoring capabilities for the pyrochemacal reprocessimg of used onclear fuel. Pyvochenucal reprocessing relies on electrolyss in
molten LiCl-KC1 10 recycle fissale material from used noclear foel Without the capabalitaes 10 monilor concentrations of vasious
atimdes and Gwsion products, pyrochemical reprocessing cannot be commercialized due 10 strict material accountabality
requirements set by the Intemational Atomuc Energy Agency (LAEA) [1]. Therefore, pliysical electrochemical properties of these
species in molten salts s extramely important. Cychic voltammnetry was utibzed %0 investigate electrochenucal bebavior of
samarinm in LiCl-KCL By establishing valid relatioondups betwoen these parametens and the peak cwrent. the &ffusion coefficient
of samasivm i our system can be reported with confidence (2] Experiments were conducted i a high-panity argon atmosphere
glove box wsing a theee-clecurode cell contained in an alumisa crucible inside a reststive famace. A high-resolution transiation
stage oguipped with ceramec clectrode moumts was used 10 accumtely control electrode posdtions imsde the medt. Tungsten was
used as the counter and working electrodes, and a silver wire was used as a quasi-reference (AgiAgCl)). The vanation in peak
cugrent that resedied from changing the concenaration, scan rase and electrode surface area will be reported, along with caloulmed
diffinicn coefficient values for samarinm i molten LiCHKCI at S00°C. The effects of using molybdemam as a working electrode
will also be reported and compared 1o results obtained using hingsten. A comparison between reported diffusion coefficient values
obtained by separate research onganizatsons and resalts obtained m these stdies will also be discussed.

Acknowledgemants: This work was perfonued wmder the auspices of the Departmaent of Energy (DOE) under contracts DE-
NEOOOS262 and DE-NE0OOS236 as well as the US Nuclear Regulatory Commussson (USNRC) under contracts NRCHQ-11-G-38-
0039. Dr. Kentyy Osborne serves & the program manager for the DOE sward and Ms. Nascy Helvonrlsreal serves as the grants
progeam officer for the NRC awards,
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voltammetry mps Wtihred 89 an = 2y lechnague 1o Measre electrochemual reioonses, and mdutrvely
csupled plaams spbcal omanon ectiostgy was weed to determne lanthande concentrsbiors n the
melts. The dffuson coefoents of anthandes were determmed usng cyche veltammetry of varymg
cempostion and tempersture. The fndings of these expervments wil be waed 1o devebio » method for »
BOu MONtaning of vaNOuWl IPECHEE CONCEN MDONE Gurng the pyrochemcal regrocessng of used nucles
fuet



138

n01 , [gbyygyy 26 - Morch 2, 2017

146" Annual Meeting & Exhibition San D'fgo, (OII'OH‘HO, USA

THE WORLD COMES HERE.
—

About this Abstract
Mesting 2017 TMS Annual Mesting & Exhibition
Symposium High Temperature Electrochemistry 111
Presentation Title Electrochemical Technigques for Nudiear Safeguards in Molten Sait
Author(s) Vickram )it Singh, Dev Chidambaram
On-Site Speaker (Planned) Vickram Jit Singh

Abstract Scope Molten salt systems are expected to play & significant role In next generation nuchear
reactor designs and pyrechemical fuel reprocessing. Thus, nuciear safeguards
techrigues must continue to accommodate these new systems, Most safeguards
technigues currently In use were developed for agueous rather than for moRen sait
systems. The electrochemical tachnique of cycic voRammetry may offer an approach
to material monitoring in moiten sait systems. Electrochemical testing was conducted
on & eutectic UCI-KCI system containing lanthanide chiorides serving as actinide
surrogates. Since most assumptions associated with cyclic voitammatry and its
spplications were also developed for aquecus systems, some preliminary studies were
conducted to study the reversibiity and oxidation tendencies of the above moRen-salt
system before applying any mathematical relationships to the collected data.
Lanthanide surrogate testing was then conducted to evaluate our system and compare
resuls to the terature.
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NOMENCLATURE

A= axface aes of working ecvode
C'= concentrasoe of electroactive species
D = &Sxion coefiicient
F=Faaday's cosstant

3”

= pawber of elecyon Tansfers

2= el zas comsmant
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V. Singh (University of Nevada, Reno) and D. Chidambaram (University of Nevada, Reno. Nevada
Institute for Sustainabivty)

Moiten salt systems are under consideration for both energy generabon and usad fuel procassing as
part of the nudiear fuel cycle. Generation IV nuclear reactor designs use molen salts as both coolants
and fuel media. Advanced reprocessing lechnologees, such as the pyrochemical reprocessing of used
nuclear fuel, rely on molten chionde melts as the electrolyte dunng electrochemical processang of usad
nuciear fuel. Before any of these technologies can reach the indusinal scale, techniques for the
monitonng of nuclear material in a nondestructive and in Sifu mannes must be further developed for
moiten salt systems. Real-time monitonng of nuciear matenal alows for procass opbmizabon, along
with addressing nuclear security concemns associated with the diversion of actimde matenals In thes
study, we explore the use of Raman spectroscopy, employed using a fiber-coupled system, as a
method for the in sifu analysis of molten salt. We present the development of an automated, in sifu-
Raman system for analyss of electroactive species in mollen LICIKCE The Raman modes of
lanthanide chiornides, serving as actinide surrogates, were investgated in LICI-KCI eutectic at 500°C

and compared with the available Ilerature. This work was performed under the auspices of the US
Department of Energy (DOE) under contracts DE-NE0008262, DE-NEOO0B236 and DE-NEQOOSST2,
and the US Nuclear Regulatory Commission (NAC) under contract NRC-HQ-13.G-38-0027. Dr. Kenny
Osbome serves as the program manager for the DOE awards and Ms. Nancy Hebron-lIsreal serves as
the grants program officer for the NRC award
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NUCLEAR MATERIAL ACCOUNTANCY
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IAEA

Ietermaticnsl Alomic Energy Agency

Nuclear Security Regime

o |AEA Safeguards
Agreements and
Protocols [1]

Monitoring Techniques

o Destructive Assay (DA)

o Nondestructive Assay
(NDA)

o Well developed for
aqueous systems

o Require further
development for
advanced systems /

A Safe and Secure Future

Molten Salt Systems
o Next generation of

nuclear power and fuel

reprocessing [2]

From left (clockwise): China, the European Union,
United Arab Emirates, Russia and Saudi Arabia are
researching molten salt system deployment

o Level of international

ﬁyclic Voltammetry (CV)

Raman Spectroscopy
o Coupled system to
provide in situ, real-time
concentration profiles of
special nuclear material
(SNM)
o Remotely operated and
non-destructive

CV of SmCl, in Molten LiCI-KCI

Current (A)

interest poses security
risks /

0
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