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Abstract
The Dissolution and Recovery of Critical Materials (Li2CO3 and UFs) from lonic Liquid
By
Cassara Jolleen Higgins

Dr. David W Hatchett, Committee Chair
Associate Vice President of Research, Professor of Chemistry and Radiochemistry
University of Nevada, Las Vegas

Lithium and uranium are critical materials in both the energy industry and for national
security. Lithium is necessary for the next generation of batteries and °Li is valuable for the
production of tritium necessary for both fusion energy and to maintain our nuclear stockpiles.
Uranium is a fuel source or precursor fuel source for commercially operating nuclear fission
power. The monitoring of uranium hexafluoride (UFe) enrichment at foreign facilities is
important for the monitoring of nuclear safeguards and enforcement of non-proliferation treaties.

Recovery methods for lithium at the end of life of batteries are necessary to ensure
abundance of the element for commercial use. The ionic liquid (IL), 1-methyl-1-
propylpiperidinium bis(trifluoromethylsulfonyl)imide ([MPPi][TFSI]) has an electrochemical
window which encompasses the very negative (-3.04 V vs SHE) reduction potential of lithium.
Pathways for direct and indirect dissolution of Li2COs into [MPPi][TFSI] were developed. The
dissolved LIiTFSI species was evaluated electrochemically. Two methods for recovery were
explored. The first method consisted of holding the working electrode at one potential, and the
second method pulsed the potential of the working electrode. Deposition was exhibited on both
gold and several carbon electrodes. The recovered lithium was characterized using PXRD and

SEM imaging.



The f-elements also typically have negative reduction potentials that are difficult to
achieve in aqueous systems and the metals are often produced in traditional molten salts. ILs
have the potential to achieve recovery of f-elements without the need for molten salt systems
which require high quantities of thermal energy and are corrosive. The direct dissolution of UFg
into [MPPI][TFSI] was completed. The characterization and stability of the dissolved species
was evaluated. The UFs was found to be stable in inert atmosphere in the [MPPI][TFSI].
Characterization was done using XAFS, UV-Vis, FT-IR, and Raman. Three routes for recovery
of the uranium were completed. Two routes of recovery involved the precipitation of air and
water stable uranium fluoride compounds. It was shown that uranium oxides could be obtained
by heating the precipitates with available oxygen. The third route of recovery was
electrochemically driven. This method achieved deposits of lithium hydride but was a low
throughput method. Precipitates and deposits were evaluated through TGA, SEM-EDS, PXRD,
UV-Vis, FT-IR, and Raman. Ultimately it was shown ILs could be used to stabilize the volatile
UFs for conversion to stable waste forms. It was also shown that UFg in an IL could be shipped

to another facility for recovery of the uranium for isotopic evaluation.
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Chapter 1. Introduction

1.1 Motivation

The work presented in this dissertation explores the dissolution and recovery of
strategically important materials including lithium and uranium hexafluoride (UFg), into room
temperature ionic liquids (ILs). Specifically, the first part of the dissertation focuses on the
dissolution of Li.COs into 1-methyl-1-propylpiperidinium bis(trifluoromethylsulfonyl)imide
(IMPPI][TFSI]). This is followed by an evaluation of pathways for electrochemical recovery of
the lithium with different deposition techniques and electrode materials. The second part of the
dissertation examines the direct dissolution and characterization of UFs into [MPPIi][TFSI].
Several precipitation and electrochemical recovery methods were examined for the recovery of
the uranium after dissolution of UFe. The reactive dissolution of UFe via ILs is significant

impacting both the nuclear fuel cycle and nuclear safeguards for non-proliferation.

1.2 Lithium Demand and Traditional Recovery as a Critical Material

Industrial uses of lithium include ceramics, glass, lubrication greases, and batteries.
However, the development of portable consumer electronics of 1970’s necessitated the
development of small lithium batteries with manganese dioxide cathodes. Initially these were
single use batteries, but interest quickly transitioned to the rechargeable lithium-ion batteries
(L1Bs).? A recent study modeling lithium demand showed an increase from 25 kt Li/yr in 2008 to
400 kt Li/yr by 2050 and 857 kt Li/yr by 2200. The primary cause of increased demand stems
from the penetration of electric vehicles into the auto industry and the use of LIBs.®> Another
study expects increasing lithium demand for electric vehicles through 2042 before leveling out.

They predict a lithium inflow of 850 kt Li/yr by 2050, an increase from 32 kt Li/yr in 2012.* The



large-scale industrial use of Li is somewhat hindered by the fact that lithium abundance in the
carth’s crust is less than 0.01% by weight. Furthermore, the majority of lithium is currently
produced from natural brines and ore mining with less than 1% produced from recycled
materials.® In fact, the recycling of LIBs has primarily focused on the recovery of other materials
including cobalt, copper, and nickel.®

The increasing demand of Li suggests that recovery of Li from batteries will become
increasingly important in the supply chain as the production from mining becomes more
expensive. The use of lithium metal electrodes in LIBs will continue to focus on producing
batteries with the highest possible specific energy thereby increasing demand. The traditional use
of Li in LIBs involves the repetitive oxidation/reduction or cycling of lithium ion using LiCoO>
that can form small microstructures called dendrites on the electrode surface.” The specific
energy can only be maintained if the cycling of lithium is fully reversible and the formation of
dendrites is minimized.® Reducing dendrites allows the battery to more fully charge and
discharge over time increasing the lifetime. The development of next generation battery systems
such as Li-Sulfur and Li-Air battery systems are specifically concerned with controlling the
formation of dendrites.®° The aggregation of dendrites can also compromise the battery safety if
the deposits are sufficient such that an ohmic connection between the cathode and anode occurs
within the cell*!. Therefore, dendritic formations of lithium deposits are currently the main
limiting factor in the LIBs lifecycle.

The Toxco process is a traditional method that has been used for the commercial recovery
of lithium since 1993.5213 |n fact, the Toxco process was demonstrated with the Tesla Roadster
automotive pack recently.”® The Toxco process utilizes liquid nitrogen to reduce lithium

reactivity while the batteries are shredded to one-inch pieces. The lithium containing material is



reacted with an aqueous solution of LiOH at pH 10 in a reaction vessel. The water is then
evaporated to precipitate out LiCl, Li.COs, and LiSOs from the supersaturated solution. All of
the materials listed are collected and dissolved in dilute sulfuric acid in a container equipped
with an electrolytic membrane to separate the lithium ions from the various anions. Finally, the
Li ions are precipitated as LiOH and converted to Li,COs3* The Toxco process has been utilized
because it is a simple hydrometallurgical process with acceptable energy efficiency and high
metal recovery rates with reasonable purities. However, it does require corrosive reagents and it
produces a highly acidic waste stream which can limit the economic value.® For comparison,
pyrometallurgical processes melt spent LIBs, smelting and oxidizing the components to
polymetallic slags. These processes produce hazardous gas and liquid waste and have high rates
of loss of valuable materials. In addition, the molten process is energy expensive when compared
to the more traditional chemical methods.>16
1.3 History and Chemistry of Uranium Hexafluoride in the Nuclear Fuel Cycle

The nuclear fuel cycle is the process of taking mined natural uranium and processing it to
a material that can be used to produce usable electricity. The full cycle is shown in Figure 1. A
country can have an open or closed fuel cycle. In an opened fuel cycle, spent nuclear fuel is not
reprocessed, instead it is sent directly for disposal. In a closed fuel cycle, the spent nuclear fuel is
reprocessed and placed back into a nuclear power plant to be burned again. Commercial nuclear
power plants in the United States exclusively participate in the open nuclear fuel cycle. The open

fuel cycle necessitates the continuous enrichment of uranium to be used as fuel.
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Figure 1: The Nuclear Fuel Cyclet’

Natural Uranium is 99.28% and 0.0055% non-fissile 28U and 2**U respectively and
0.720% fissile 2*°U. Through an acid leaching process, uranium ore is converted and purified to
UO,. In order to use uranium as a fuel source for nuclear power it must be enriched to 3-5%
235,18 The historical and current enrichment processes rely on the inherent physical properties
(volatility) of UFs to achieve enrichment®. During the conversion step of the fuel cycle, the UO;

is converted to UFe utilizing the reactions in Equation 1 and Equation 2.

UO, + 4HF - UF, + 2H,0

Equation 1: Conversion UO2 to UF4



UF, + F, - UF,

Equation 2: Oxidation of UF4 to UFs

Evaluation of the phase diagram (Figure 2) suggests room temperature UFs is a colorless,
volatile solid. The solid can be liquefied at 64 °C with heating at reduced pressure. Finally, the
triple point at 65 °C allows for UFs to be sublimed to a gas.?® Thus, gaseous diffusion, gas
centrifuges, and laser separation techniques have all been used to exploit the physical properties
of UFs for enrichment. The single, naturally occurring isotope of fluorine, *°F, makes UFs an
ideal compound for isotopic separation by minimizing the total number of compound masses
possible.?r UCls has similar physical properties without the ability to produce HF gas.??
However, there are two naturally occurring isotopes of chlorine, *Cl and *'Cl, resulting in

multiple mass combinations, complicating the enrichment process. With UFs there are two

compound masses, 352 and 349 corresponding to 2*8U and 2*°U.
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Figure 2: Phase Diagram of UFe?®

Enrichment techniques utilize the volatility of UFes. The two main processes of
enrichment involve either gaseous diffusion or centrifugation. Within a gaseous diffusion cell,
the UFs molecules are in thermal equilibrium and all isotopes having the same kinetic energy.
The lighter 25UFs molecules travel at a higher velocity resulting in more collisions with the
porous diffusion barrier, thus increasing concentration of 23U within each sequential diffusion
cell. In gas centrifugation, the isotopes are spun in large cylinders with a feed inlet in the center.
Centrifugal force moves the heavier 28UFs preferentially to the outside and the lighter 2°U to
the inside. The separation factor is dependent on the peripheral speed and temperature of the gas.
Separate output lines collect the enriched and depleted gases. Additional centrifugations could be

completed until the desired level of enrichment was obtained.?



In 1999 the DOE produced a programmatic environmental impact statement (PEIS) that
evaluated impact and needs of the then 704,000 metric tons of depleted UFs (DUFs) waste found
at three DOE sites.”® The PEIS listed options for the waste ranging from doing nothing to
converting the waste to either metal or oxides to be stored as waste or for future use. The record
of decision (64 FR 43358) then stated the DOE decided to convert the DUFs, using as much as
possible and storing the rest for future use or disposal.?® Meanwhile, as of 2019, the world
capacity for synthesizing UFs was 62,000 metric tons of uranium per year (tU/yr), but only
utilized 34,500 tU. After enrichment, about 90% of the original UFs is DUFe. This stream is
stored primarily as UFs in 15 ton drums. As of 2007, only one fourth of the world’s 1.5 million
tons of DUFs had been converted back to uranium oxides or UFs%" The accumulation of DUFs
from enrichment has become more significant over time and the material must be stored safely.
After the PEIA decision, two reprocessing plants were decided on at the Paducah and
Portsmouth enrichment sites and projected to open in 2010.25 However over the past two decades
there have been several delays along with a safety related shutdown in 2015. As of 2018, four of
seven conversion lines have reopened. All seven lines are expected to be running at full capacity
by 2022.25 At full capacity it will take approximately 25 years to convert the current US DUFs
waste to an oxide form. 182526

While the phase diagram of UFs is advantageous for enrichment methods, it also creates
hazards for transporting and storing UFs. Typically, DUFe is stored in large cylinders as a solid.
If the UFe melts to a liquid, it expands by 40%. This can result in burst containment and cause
release of material. Once released, UFs is highly reactive with moisture in the air to produce HF
and a fine cloud of UO2F2.2¢ The hydrolysis of UFs is vigorous and exothermic (-211.3 kJ/mol)?

when exposed to water, producing UO2F, (Equation 3). The hydrolysis of UFe through inhalation



poses a severe risk where the in-situ formation of UO2F, and subsequent formation of HF could
occur in the lungs providing a long-term radiological dose. Moreover, the production of HF can
target Ca in bones forming CaF2 deposits in addition to the fact it is a known irritant to the eyes,
skin, and mucus membrane.?® The compounds UFs, UOzF2, and HF are all strong fluorinating
agents that will react with most oils, lubricants, and metals. The UFs must be contained with
fluorocarbons, chlorocarbons, nickel, aluminum or their alloys.?* The high volatility and possible
exposure risk for UFs if inhaled or ingested can be mitigated by safely converting the species to a
less reactive and volatile species to reduce the chemical hazards associated with storage and to
individuals.*

The current deconversion methods implemented at Paducah and Portsmouth enrichment
plants are shown in Equation 3 and Equation 4. The gaseous UFs is purposefully reacted with
water vapor to produce UOzF, and HF. While vaporized, the UO2F; is heated to 700 °C and

reacted further with water vapor and Hz to produce the black UsOs powder.3!

UF, + 2H,0 — UO,F, + 4HF

Equation 3: Conversion of UFs to UO2F>

3U0,F, + 2H,0 4+ H, — U304 + 6HF

Equation 4: Reduction of UO2F2 to UsOs (United States Method)

The compound U3Og has been produced at AREVA’s W plant in France, without the addition of
H> for several decades. Vapor UFg is reacted with water vapor with a N2 air stream. UzOg is then

collected (Equation 5). Typically UsOs is the oxide of choice for storage.®? When enriched UFs is



used for fuel it is further processed to UO> through reduction of UO2F, with H> gas (Equation

6).33

1
3U02F2 + 3H20 s U308 + 6HF + 502

Equation 5: Reduction of UO2F, to U3Og (French Method)

UO,F, + H, - UO, + 2HF

Equation 6: Reduction of UO2F; to UO>

1.3.1 Traditional Processing of Spent Nuclear Fuel in the Nuclear Fuel Cycle

After enrichment UO> can be used as fuel in light water reactors. After removal from the
reactor and spending several months in cooling pools, the spent nuclear fuel is processed to
separate the high and low activity waste products for disposal. Important fission products from
light water reactor plants are *’Cs, %Sr, and **Tc due to their long half-lives and mobility in the
environment. Also produced are trans-uranic actinides (TRUS) such as neptunium, plutonium,
americium, and curium. The 2*Pu isotope is particularly important due to its fissile nature and
ability to be used in nuclear weapons. For a separation method to be proliferation resistant,
plutonium should not be isolated. The actinides have a large range of potential oxidation states.
This characteristic causes their unique behaviors compared to all other elements and is exploited
in separating the actinides from other elements. Primarily separation is completed using aqueous
and organic extractions or pyrochemical processes.®*

One of the main processes completed is the Plutonium and Uranium Recovery by

Extraction (PUREX). In the first step of PUREX the irradiate fuel is dissolved in 7M HNOs. A



liquid/liquid extraction is completed with 30% tri-butyl phosphate (TBP) in odorless kerosene
(OK). The TBP complexes with the UO2?" and the Pu(IV), extracting them into the organic
phase, leaving the fission products and trivalent TRUs in the aqueous phase. From the organic
phase the Pu(lV) is reduced to Pu(lll) and back extracted into the aqueous phase. After the
removal of the Pu, uranium can be extracted from the organic phase with dilute HNO3.>® This
process does result in the separation of pure plutonium.®® The initial aqueous phase of the
PUREX process can be further processed with the transuranic extraction (TRUEX) process to
remove the TRUs. Either carbamoylmethyl-phosphineoxide (CMPQO) or carbamoylmethyl-
phosphate (CMP) is dissolved in a hydrocarbon solvent and selectively extracts the trivalent
transuranics.*

At current day the US does not reprocess but has investigated UREX process, extracting
uranium and technetium, leaving plutonium in the aqueous phase with the other transuranics and
fission products. The UREX process is proliferation-resistant since it does not separate the
plutonium. The plutonium is complexed by adding acetohydroxyl amine as a complexing agent
to the initial aqueous phase to prevent the extraction of the plutonium to the organic phase.
Additional processes can be added onto the back end of the UREX process to continue to
separate out specific TRUs or fission products to partitioned into separate waste streams or to be
used in other applications. Uranium and technetium are separated via ion exchange. TRUEX
after UREX can be used to separate the actinides and lanthanides from other fission products.
Finally the trivalent actinide lanthanide separation with phosphorus-reagent extraction from
aqueous komplexes (TALSPEAK) process can be completed to separate the lanthanides from the

remaining actinides.3®
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Aside from liquid-liquid separation techniques, there are nonagqueous processes for the
separations of spent nuclear fuel. In the 1960s it was explored if the hexafluorides of U, Pu, and
Np could be used to separate the three actinides from other spent fuel as all three were volatile.
After a route of fluorination was determined for the oxides, the separation factors were tested.
The process was successful for the stable UFg, but was less successful for the PuFes and NpFe.
The PuFs and NpFe tended to decompose and deposit as solid fluorides throughout the
equipment. It was concluded that fluoride volatility processing would only be practical for the
separation of uranium.®’

Molten salt systems are used in the pyrochemical processes, conducted at high
temperatures between 500 and 800 °C. These processes have high separation factors of elements
of the same chemical families. However, this process can be difficult and expensive due to the
requirement of the structural materials to withstand the high temperatures and corrosive nature of
the molten salts. The Integral Fast Reactor (IFR) fuel separation process has been developed at
Argonne National Lab. The IFR process selectively electrorefine U, Pu, and other TRUs in a
molten chloride salt using a molten cadmium solvent anode. Typically to prevent the isolation of
Pu, it is removed with the minor TRUs into the liquid anode at once but the process can be made
selective by making adjustments to the potential used.®*

Current methods for processing spent nuclear fuel primarily occur in volatile organic
compounds (VOCs) or in high temperature, corrosive molten salts. The VOCs can be detrimental
to our atmosphere, influencing regional photochemistry and having potential impact on global
warming. They are also potentially toxic and carcinogenic if released into the environment.® The
utilization of molten salts requires expensive alloys able to withstand the corrosive nature of

fluoride and chloride salts. Room temperature molten salts or ionic liquids have the potential to
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replace the organic solvents and extractants of liquid-liquid separations as well as perform as the

medium for electrochemical separation methods currently conducted in molten salts.

1.4 Overview of Room Temperature lonic Liquids:

Room temperature ionic liquids (ILs) are composed of often an organic cation and anion
with a melting point at or below 100 °C.% The much lower melting point differentiates ILs from
molten salts. Molten salts are inorganic salts with melting points between 150 to 1000°C and are
often corrosive in nature.*® Early ILs were aluminum halides with imidazolium or pyridinium
halides. The first electrochemical studies in ILs were reported in 1975 in a 2:1 ratio of aluminum
chloride to Ethylpyridinium bromide. These early ILs were very water sensitive, leading them to
be difficult to work with and require inert atmospheres.*? In the 1990’s modern ILs were
produced by replacing the haloaluminate analogs to tetrafluoroborate ([BF4]) or
hexafluorophosphate ([PFs]) anions. These new ILs were less sensitive to air and water, allowing
them to be produced and used outside of the glovebox.*?

lonic Liquids have several attractive qualities, giving rise to research in using them for
electrochemical studies. They have negligible vapor pressure and are nonflammable. They also
have high thermal stability up to 300 to 500 °C.*® The anion and cation pairs can be selected to
engineer solubility for either polar or nonpolar solutes. The ionic make-up of the ILs allows them
to be used without supporting electrolyte and have high conductivity. Their resilience to
reduction and oxidation gives rise to electrochemical windows larger than those of traditional
aqueous and organic solvents.** ILs are however not resistant to sonication and degrade over
time.*® The major drawback of ILs are their high viscosities and low metal solubility.*®

lonic Liquids have viscosities that are often one to three orders of magnitudes higher than

traditional aqueous and organic solvents. For any given cation, the viscosity of an IL is
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determined by the size and shape of the anion. Viscosity tends to be lower for large anions like
bis(trifluoromethylsulfonyl)imide ([TFSI]) and higher for non-planar, symmetrical anions like
[PFs]***" (Figure 3). The delocalization of electrons in the S-N-S backbone of the [TFSI] anion
assists in decreasing the strength of interactions between it and the cation.*® Other factors can
play into viscosity aside from shape and size including the anion’s ability to form hydrogen
bonds or increased van der Waal’s forces. The bulkier bis(perfluoroethylsulfonyl)imide anion
(IBETI]) has a viscosity about 100 mPa-s larger than the smaller [TFSI]. The increased number

of fluorides in the [BETI] increases the hydrogen bonding that occurs with the cations of the

”_.48
NN
F F NP F \\/\//F
\ - F N\ /7 F
FPCF o 3 )( N //74
F F = F F F
F F
[PF] [BETI] [TFSI]

Figure 3: Common IL anions, ordered by most viscous to least.

The make-up of the cation similarly plays a role in the viscosity of the IL. The longer
alkyl chained substituents produce stronger van der Waals interactions, increasing viscosity.*°
The branching of alkyl chains however, decreased viscosity.® A different study of 1-alkyl-3-
imidazolim  chloride  ([BMIm][CI]) and 1-alkyl-2,3-dimethyl-imidazolium  chloride
(IBMMIm][CI]) was completed (Figure 4). It was expected that the additional methyl group in
[BMMIm] would decrease the strength of the cation-anion interaction, therefor decreasing

viscosity. The results of the study however showed viscosity increasing in the [BMMIm][CI].
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Calculations of the cation-anion interactions do show decreased strength, showing other factors
increase the viscosity. The addition of the methyl group decreased the entropy of the IL,

restricting the number of ion-pair configurations and resulting in increased order in the IL.!

a_ o
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Figure 4: Structures of cations [BMMIm] and [BMIm].

Increasing temperature has been found to significantly decrease the viscosity of the ILs.
Viscosity of ILs followed either the Arrhenius-type relationship (Guzman-Andrade Law)
(Equation 7) or Vogel-Tamman-Fulcher (VTF) (Equation 8) equation.®

n=Aef/(RT)
Equation 7: Guzman-Andrade Law
rl:rlo_eB/(T—TO)

Equation 8: Vogel-Tamman-Fulcher equation

Where E is activation energy of viscous flow and no (mPa s), B (K), and To(K) are all constants.

ILs that followed the Arrhenius law contained asymmetrical cations with no functional groups on
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the alkyl chains. ILs that tended to follow the VTF equation tend to have small, symmetrical
cations.>?

With high viscosity solutions there are also slow diffusion rates of electroactive solutes.
Typical diffusion constants for ILs are on the order of 10”7 cm? s.53 This diffusion coefficient is
two orders of magnitude lower than typically displayed in organic or aqueous media.** The

Stokes-Einstein equation relates diffusion to viscosity,

D=(kT)/(cnnrs)

Equation 9: Stokes-Einstein Equation for Diffusion

Where k is Boltzmann’s constant, T is temperature (K), s is effective hydrodynamic radius, and
c is a constant. The constant is either 4 or 6. In the case of a large solute in a small solvent, c is 6.
As the ratio of solute to solvent size increases or viscosity increases, then ¢ decreases to 4.8

An advantage to ILs is their conductivity without the need for supporting electrolyte in
electrochemical studies. The typical range of conductivity for ILs is 0.1 to 20 mS cm?, with the
highest coming from imidazolium family.**#45% Conductivity of ILs are considerably lower than
those of concentrated aqueous solutions such as 29.4 wt% KOH solution with a conductivity of
540 mS cm™.* Conductivity is inversely proportional to viscosity, so the less viscous [TFSI]
containing ILs tend to have higher conductivities.>

Electrochemical windows of ILs are generally very wide compared to aqueous and other
nonaqueous mediums. ILs have been reported to typically have electrochemical windows with a
width of 4.5 to 5.0 V but windows of over 7.0 V have been reported.>® The limits of the
electrochemical window is the reduction of the cation and oxidation of the anion in the IL.4°%®

Comparisons of electrochemical windows of various ILs in literature is difficult due to
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differences in IL purity and types of counter, working, and reference electrodes.*® Figure 5 is a
comparison of voltammograms of a 0.1 M H204 aqueous solution in the dashed lines with
pristine  N-Trimethyl-butylammonium bis(trifluoromethylsulfonyl)imide ([MesNBuU][TFSI]).
There is also the comparison of platinum, gold, and glassy carbon working electrodes. Glassy
carbon has the largest electrochemical window due to lack of catalytic interactions with the

[MesNBU][TFSI] as compared to the metal.*
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Figure 5: Comparison of electrochemical windows of [MesNBu][TFSI] in the solid line with 0.1

M H204 solution in the dashed lines with different working electrodes.®’
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Modern ILs are typically air and moisture stable. Whiles hydrophobic, they are often
hygroscopic, resulting in water impurities in the IL from the atmosphere on the order of ~2%.%8-
60 Water impurities in ILs have been found to affect physical properties such as reducing
viscosities,>*®° increasing conductivity, and shrink the electrochemical window.®® There are also
electrochemical interferences with the oxidation and reduction of water within a sample. Oxygen
is also soluble in ILs, further interfering with electrochemical processes. Oxygen can be removed
through bubbling with argon before experiments are completed.®® These water and oxygen
impurities can be troubling impurities when attempting to reduce lithium and actinides to their

metallic states.

1.5 Room Temperature lonic Liquids in the Nuclear Fuel Cycle

Traditional methods for the separations of spent nuclear fuel such as SREX, CSEX,
PUREX, and REDOX use volatile or semi-volatile organic compounds. These solvents and
extractants introduce risk to the separation process due to their toxic and flammable natures. The
non-volatile and stable nature of ILs make them ideal solvents for the processing of spent nuclear
fuel.? Hundreds of studies thus far have looked at solvent extraction and electrochemical
separation of actinides and lanthanides utilizing ILs.3046:63

Traditional electrochemical reduction of actinides has been completed in molten salts
since 1904. Uranium and thorium metals were electrochemically obtained at scale in the 1930s
by the Westinghouse Electric Corporation. Potassium uranium pentafluoride or uranium
tetrafluoride was dissolved in molten solutions of 80% CaCl and 20% NaCl. The 900 °C bath
contained a graphite crucible anode and a molybdenum cathode with a current density of 150
Aldm?, Extensive wash and drying steps were needed to remove the salts from the reduced

uranium metal.®* In the 1980s, uranium chlorides were dissolved and electrochemically and
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spectroscopically examined in first generation chloro-aluminate 1Ls.%>® Reduction and recovery
of uranium metal was not successful in the first generation ILs due to their poor cathodic
stability.%® Electrochemical reduction of several actinides®’®® and lanthanides®®’® have been
investigated with second generation ILs, primarily with the [TFSI] anion. A more thorough

discussion of the electrochemical properties of actinides will be included in Chapters 4 and 5.

1.5.1 Radiolytic stability of ILs

To be used with spent nuclear fuel, ILs must have a high level of stability to radiative and
thermal damage. In most processes, ILs would be replacing the TBP and kerosene mixture. This
makes the TBP and kerosene the benchmark comparison for radiolysis for ILs. During spent
nuclear fuel processing, ILs would be exposed to high doses of alpha, beta, and gamma radiation.
In one comparative study, 1-butyl-3-methylimidazolium nitrate [BuMelm][NOz], 1-ethyl-3-
methylimidazolium chloride [EtMelm]CI, and 1-hexyl-3-mehtylimidazolium chloride
[HexMelm]CI were subjected to doses ranging from 2.0 to 400.0 kGy of gamma radiation. The
samples were evaluated before and after by *H and *C NMR. After irradiation there were no
changes in the NMR spectroscopy, indicating a less than 1% conversion. In previous studies TBP
and kerosene mixtures produced up to a 15% conversion after 400 kGy doses. Some damage was
observed with UV-Vis and pH measurements, through the indication of [NO2]" anions being
produced in the [BuMelm][NOs]. The study also concluded that radiolysis from beta and alpha
radiation was minimal.”* A later study looked radiolysis of at [BuMelm][PF4] and
[BuMelm][TFSI] at total radiation doses ranged from 100 to 600 kGy and 1200 kGy under both
argon and air. The conductivity of both [BuMelm][TFSI] and [BuMelm][PF.] decreased after
580 kGy of irradiation even though electrospray ionization mass spectrometry and NMR analysis

did not show the presence of degradation products. It was concluded that the degradation
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products were less than half of a mole percentage but was enough to increase the viscosity of the
ILs, decreasing the conductivity.”
1.6 Organization of Dissertation

The research performed in this dissertation explores the dissolution methods of Li,CO3
and UFs into 1-methyl-1-propylpiperidinium bis(trifluoromethylsulfonyl)imide ([MPPi][TFSI]).
After dissolution, methods for the electrochemical reduction and recovery of lithium. Similarly,
methods are developed for the recovery of uranium via precipitation and electrochemical
reduction of UFg dissolved in IL.

Chapter 2 outlines methods for the dissolution for the Li.CO3z and UFs into
[MPPI][TFSI]. It also presents the instruments and techniques utilized for characterization of
solutions and precipitates, methods of precipitation, electrochemical reduction, and
characterization of electrochemical deposits.

Chapter 3 examines and compares two different dissolution methods for LioCOsz into
[MPPI][TFSI] and two methods of electrochemical deposition on gold electrodes. The
composition and morphology of deposits was evaluated via PXRD and SEM. Finally, deposition
was examined and confirmed on several different types of carbon working electrodes.

Chapter 4 examines the dissolution of UFe into [MPPI][TFSI] and characterization of the
species in the ionic liquid solution. The oxidation state of U is evaluated via XAFS, UV-Vis,
Raman, and electrochemically to determine the mechanism and pathway for dissolution.

Chapter 5 demonstrates the recovery of uranium from the dissolved species through two
precipitation methods and electrochemically. The different routes of precipitation are presented
with the corresponding composition of the recovered species. These precipitates are

characterized by PXRD, TGA, UV-Vis, Raman, and FT-IR. Thermal analysis and heating of
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both precipitates are shown to produce uranium oxides. Electrochemical recovery of uranium is
also briefly explored.
Chapter 6 provides a summary and conclusion for the overall dissertation and the

discoveries made in the dissolution and recovery of Li and U species in IL.

20



Chapter 2. Experimental Methods

Chapter 2 presents the methods, instrumentation, and experimental of the following work.
Here the dissolutions of strategic materials, Li.COz and UFe¢ into [MPPi][TFSI] will be
presented. Followed by electrochemical techniques utilized in the experiments. Finally,
instrumentation and theory of techniques used for evaluation will be described.

2.1 Dissolution of Critical Materials into [MPPIi][TFSI]

2.1.1 Dissolution of Li2COs into [MPPi][TFSI]

Lithium carbonate and bis(trifluoromethylsulfonyl)imide acid 99% (HTFSI) were
purchased from Tokyo Chemical Industry and the 1-propyl-1-methylpiperidinium
bis(trifluoromethylsulfonyl)imide 99% ([MPPi][TFSI]) was purchased from loLiTec. Two
methods for dissolution were explored to introduce Li.COs into the [MPPI][TFSI].

2.1.1.1 Method 1

LioCOz and HTFSI with a 1:1 ratio of lithium to acid were directly added to
[MPPI][TFSI] in a 40 mL vial. A slight excess of Li.CO3 was used to minimize acid remaining
in solution. The mixture was sonicated for up to 4 hours until gas evolution ceased indicating the
reaction was complete. The solution was then rotary evaporated overnight at 45 mbar and 90 °C
to remove any water and CO> produced from the dissolution of Li.COs and the formation of

H>COz (Equation 10 and Equation 11).

Li,CO5 + 2HTFSI — 2LIiTFSI + H,COs

Equation 10: Conversion of Li,COs to LiTFSI

H,CO0; > H,0 + CO,

Equation 11: Side reaction of LiTFSI production
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The solution concentration was ~ 1M Li ion when completed. The maximum concentration
achieved from direct dissolution was ~7M. However, the viscosity increased dramatically and

the solution solidified at this high concentration.

2.1.1.2 Method 2

The LioCO3 was placed in an Erlenmeyer flask followed by 20 mL of 18.2 MQ water.
The HTFSI was added and the solution and stirred for an hour to allow complete reaction. The
solution was placed on a rotary evaporator overnight at 45 mbar and 55 °C to remove the water
added and produced during the reaction. A solid precipitate was recovered once the water was
removed. The resulting LiTFSI was placed directly into [MPPi][TFSI] and sonicated to assist in
dissolution. The solution was then placed on a rotary evaporator a second time to remove any
trace of water. The synthesized and purchased LiTFSI were compared and used in the
electrochemical recovery. There was no observed difference in voltammetric response or the

deposits obtained from the synthesized and purchased LiTFSI.

2.1.2 Dissolution of UFg into [MPPI][TFSI]

The route for dissolution for the UF¢ is a direct addition of the solid to the RTIL,
[MPPi][TFSI]. The 1-propyl-1-methylpiperidinium bis(trifluoromethylsulfonyl)imide 99%
([MPPi][TFSI]) purchased from IoLiTec. The UFs was natural uranium and supplied by
URENCO. The UFs was shipped and stored in a P10 tube with a bolted top (Figure 6). All work
was completed in an inert atmosphere in a VAC glovebox equipped with a cold well and cold
storage assay. The P10 tube is stored in a cold storage assay at -15 °C. Before dissolution, the P-
10 tube was cooled to liquid nitrogen temperatures using the cold well. In a scintillation vial, a

measured amount of room temperature [MPPi][TFSI] is added. The chilled P10 tube is opened
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and the UFg 1s scooped out with a metal spatula and added directly into the [MPPi][TFSI]. The
mass of the addition was measured by the mass changes of the vial. As the UFs warms, it
becomes waxy and is more difficult to remove from the P10 tube. When this occurs, temporarily
placing it back into the cold well to chill makes it easier to once again remove the UFs. The

freshly made solutions are stirred with a stir bar and magnetic stir plate overnight.

Figure 6: P10 tube of UFg shipped from URENCO

2.2 Electrochemical methods

Electrochemical methods can be used to characterize the system or they can be used to
reduce metal ions. The use of cyclic voltammetry can be used to characterize the oxidation state
of metals in a solution. Metals can be reduced and recovered from solution with the use of
steady-state voltammetry or differential-pulse voltammetry. These methods are discussed in the
following as well as issues addressed when applying these techniques in RTILs.

An electrochemical event occurs when an electron transfer occurs between an oxidized
species to a reduced species or vis versa. Both the oxidized and reduced species are stable and

soluble in an electrolytic medium. In an electrochemical cell, this reaction occurs at an electrode
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surface. Extending out from the electrode surface into the solution are three layers, the double
layer, diffusion layer and bulk solution (Figure 7). In the case of reducing metal ions to a
metallic state, the electrode provides an electron or electrons to the metal ion in solution,
resulting in the deposition of the metal atom. The exchange of an electron occurs within the
double layer. During reduction, the working electrode is negatively charged, resulting in the first
layer of positively charged ions. Following the double layer is the diffusion layer. Here the
charge distribution is not equal, with a higher concentration of positively charge ions present.

Once the solution returns to electro-neutrality, the bulk solution has been reached.”
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Figure 7: The electrode/solution interfaces when a negative potential is applied to the electrode.”

The transfer of electrons between the electrode surface and electroactive species creates a
current. This current is a measurement of the rate of reaction. Faraday’s law relates moles of ions

reduced, M, to the charge spent, Q, in Equation 12.
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Q=n*xF*+M

Equation 12: Faraday's Law

F is Faraday’s constant (96,485 C mol™). Current is the changes in charge over time. By taking
the derivative of Faraday’s law with respect to time, and normalizing for electrode surface,

Equation 13 is derived.

i=n*sFxAxv

Equation 13: Relation of current to reaction rate, v (mol sec’t m2).

Currents of chemical processes that obey Faraday’s Law in Equation 13 are faradaic currents. If
the current does not follow Faraday’s law, it is a non-faradaic current.” In order to measure a
current, multiple electrodes must be utilized in a contained system, or electrochemical cell.

In a two-electrode system there is a working electrode which facilitates the electron
transfer to the analyte of interest. The counter electrode exists to maintain the electro-neutrality
of the system. The difference in potential between the two electrodes is the cell potential. The
cell voltage is illustrated in Figure 8. Between the electrode surface and double layer there is a
sharp potential drop which are represented by the electrode potentials in Figure 8. There is
additional resistance that intrinsically exists in the solution, Rs. When a current flow through the
solution between the two electrodes a change in potential is experienced, which is called the

ohmic drop, iRs. This is simply derived from Ohm’s Law in Equation 14.73
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Figure 8: Potential profile of a two electrode cell between the interior of the working electrode

and counter electrode.”

V=ixR

Equation 14: Ohm's Law

The potential of the working electrode controls the electron transfer between the
electrode and electro active species must be controlled to conduct any experiment. However, it
becomes impossible to accurately control the potential of the working electrode unless the
potential of the counter electrode is invariant and the ohmic drop is negligible. A half-cell system
must be utilized that is unaffected by the current flow between the counter and working
electrode. The components of the half-cell reaction are present in relatively high concentrations.
The current therefore has a negligible effect on the concentrations of the reduced and oxidized

species, maintaining a constant potential. This half-cell system is a reference electrode.”
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The working, counter and reference electrodes make up a three-electrode system. The
counter electrode provides electro-neutrality to the system. The potential profile of the three-

electrode cell is illustrated in Figure 9.
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Figure 9: Potential profile in a three-electrode cell.”

Unfortunately, even in a three-electrode system, the ohmic drop cannot be eliminated
completely, but can be reduced by positioning the working and reference electrodes close to each
other. In Figure 9, Rnc is the non-compensated resistance of the solution. The ohmic drop is equal
to iRnc. In general the ohmic drop only becomes a problem for fast electrochemical techniques in
non-aqueous solvents.”® General resistances of imidazolium based RTILs on a 1 mm disk
electrode are in the 2.5 to 6 kQ"*, approximately one order of magnitude higher than
conventional media such as acetonitrile/BusNBF4.* For most RTILs, classical equipment can
compensate for these resistances as long as scan rates are below 50 V sec.** Some RTILs such
as [MesOctN][TFSI] have resistances of 28 kQ.”* In these cases the ohmic drop cannot be

overcome, making them less ideal for mechanistic studies.*®
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Cyclic voltammetry is a method for studying the oxidation and/or reduction of an
electroactive species in solution. During a cyclic voltammetry experiment a voltage is applied to
the working electrode. An initial potential, E; is applied to the electrode and then incrementally
changed to a potential Ex1. From this potential, the scan direction is reversed and returns to E; or
some other end point, Exo. When an electron transfer occurs between the working electrode and
an electroactive species, a current is produced. This current is plotted as a function of applied
potential, producing a cyclic voltammogram (CV). When the species in solution is reduced, a
current, ipc or peak cathodic current, is produced. The applied potential at the iy is the Epc or
peak cathodic potential. When scanning in the reverse and an oxidation occurs, a peak anodic

current is produced at the peak anodic potential.”
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Figure 10: A) a representation of applied potential over time. B) is current as a function of

applied potential applied over time.”

From a CV, the formal reduction potential, E*, for the redox couple can be estimated by
averaging Epc and Epa to produce Ei. Typically, Eip is closest to E* when the electron transfer
process is reversible and the diffusion coefficient for both species is the same. A system is

considered fully reversible when the peak separation, AE, is equal to 58/n mV, where n is the
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number of electrons transferred.” When the redox couple is reversible and the electron transfer
happens quickly the Nernst equation (Equation 15) in can be used to describe the cell potential.
RT  Yox , RT [0x] RT  [0x]

— E©° RT  apx _ ro — o’
E=E+ nFlnaRed =B+ nFlnyRed nF n[Red] = E"+ nFln[Red]

Equation 15: The Nernst Equation

Where R is the universal gas constant, T is temperature in Kelvin, n is number of electrons
transferred, F is Faraday’s constant, E° is the standard potential which takes into account the
thermodynamic activity of the two species and their concentrations. The formal reduction
potential, E* encapsulates the activities of the species. Overall the Nernst equation describes
how applying a potential at the working electrode will change the ratio of species in
solution.”®7>76

Cyclic voltammetry can also be used to investigate the diffusion rate of the electroactive
species in solution. This is important for room temperature ionic liquids as diffusion is often an

inhibiting factor. The Randles-Sevcik equation (Equation 16) relates peak current to scan rate, v.

1/2

. o (NFVD,
i, = 0.446nFAC ( )

RT

Equation 16: The Randles-Sevciks Equation

In the equation A (cm?) is area of the electrode surface, Do (cm? s) is diffusion coefficient, and
C% (mol cm™®) is concentration of bulk electroactive species. The Randles-Sevciks equations

describes freely diffusing species of fully reversible electron transfer. When i, is plotted as a
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function of v\, the trend should be linear. If the trend is not linear that would indicate the couple
is either quasi-reversible or the electron transfer may be occurring via surface-absorbed species.
Examining the change in peak separation can determine the cause. If the peak separation changes
with scan rate, it indicates the system is quasi-reversible. If no peak-to-peak separation is
observed, the non-linear species is caused by surface-absorbed species. Peak current for an
electrode- absorbed species is described with Equation 17. T (mol cm™) is the surface area
coverage of the absorbed species.”

n?F?

ip = 7 VAT

Equation 17: Equation relating peak current to scan-rate with an electrode absorbed species.

2.2.1 Electrochemical Cell and Reference electrode production
Non-aqueous reference electrode kits were purchased through Basi Part number MF-2062. These
kits were composed of glass tubes with porous CoralPor tips with a silver wire. A silver nitrate
solution was made following how it was prepared by A. Saheb, et. al. in their paper Reference
Electrode for lonic Liquids 7’. Silver nitrate is not soluble in most ionic liquids. The AgNO3 is
initially dissolved in acetonitrile to make a 1.0 M solution. Then 50 pL of the AgNO3 solution
was added to 450 pL of the RTIL. The solution was then placed into the reference electrodes and
they were closed. The electrodes were allowed to sit overnight to equilibrate. The reference
electrodes were tested with a 2.5 mM ferrocene solution in the same RTIL. The ferrocene does
not readily dissolve in an RTIL but will over the course of a day with stirring. Sonication can

also be used but the ferrocene tends to precipitate over the course of a few days. A CV was run
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between -0.7 V and 0.3 V to find the Fc/Fc* couple. From this point, all later CV’s can be

adjusted to any potential scale.
2.3 Instrumentation and Analytical Methods

2.3.1 Ultraviolet Visible Spectroscopy

Ultraviolet visible spectroscopy (UV-Vis) measures the transmission or absorption of
radiation from about 100 to 1800 nm. Traditional UV-Vis runs in the UV range from 100 to 380
nm and the visible range to 800 nm. Beyond 800 nm is the near infrared range (NIR). The
instrument used in the experiments presented in this dissertation were taken with a UV-Vis-NIR
spectrometer. A single wavelength of light is passed through a compound or solution of interest.
If that wavelength of light matches the excitation energy of an electron in the molecule, it can
excite electrons from the highest occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO), therefore the photon is absorbed and the transmission of light is less
than 100%. When a range of wavelengths is scanned through a compound or solution, a
characteristic spectrum can be obtained of the sample.

The characteristic spectra can give information on speciation, oxidation state, and
functional groups. Chromophores are covalently unsaturated compounds with electronic
transition energies in the UV-Vis range, responsible for giving a compound color. Covalently
saturated compounds do not absorb in the UV-Vis range but can influence the absorbance of
chromophores are called auxochromes. The changing of the environment of a chromophore can
change the wavelength and intensity of absorbance. Environmental changes such as temperature

and solvent can cause changes in the UV-Vis spectra.
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UV-Vis can be used to determine concentrations. Typically the highest peak, Amax is used
for concentration measurements. The Beer-Lambert law (Equation 18) describes the linear
relationship between concentration and absorbance.

I

1
A:logm?:loglOTO:E*b*C

Equation 18: Beer-Lambert Law

The A is absorbance and is determined from the inverse of transmission, T, of light through the
sample. Transmission is the change of intensity of light before the sample, o, and after the
sample, I. Absorbance is proportional to the molar absorptivity of the sample, €, the path length
of light through the sample, b, and concentration, C. By making several standards of a sample,
molar absorptivity can be calculated by the slope of the calibration curve. After making a
calibration curve, an unknown concentration can be calculated from A of the same wavelength.

In a UV-Vis spectrometer two light sources are typically utilized. A tungsten lamp is
used for the visible light range and a deuterium lamp is used for the UV-light range. A
monochromator is used to separate the individual wavelengths. A UV-Vis spectrometer typically
uses a beam splitter with two detectors. One beam goes through a sample (I) and the second
beam goes through a blank without a sample (lo). The intensities of the two beamlines are
measured by a photodetector. A spectrometer that measures the NIR range (1100 to 1800 nm)
will have a second detector for the longer wavelengths. The signals are sent to data processing
where transmission is determined by comparing the intensity of the two beams. Software for the

instrument can output either transmission or absorbance.”
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2.3.2FT-IR

Fourier transform infrared (FT-IR) spectroscopy excites vibrational modes of molecules
to produce a spectrum which can be used to for identification and structural analysis. The peaks
of an FT-IR spectrum correspond with various types of chemical bonds and functional groups.
Similar to UV-Vis, FT-IR can also be used to evaluate concentration based on comparison of
amount of infrared energy absorbed. The FT-IR was not used for quantitative analysis in this
dissertation.

As previously mentioned, FT-IR is primarily concerned with molecular vibrations in
liquid and solid samples. A non-linear molecule with N atoms has a total of 3N degrees of
freedom (DoF). Three of these DoF are the translational relative to the three axis, X, y, z. another
3 are related to the rotation of the molecule along the three axes, which can only be observed in
the gas phase. So 3N-6 DoF correspond to vibrational modes, describing bond stretching and
bending. There can be symmetric and asymmetric stretching in a molecule and four types of
bending, rocking, scissoring, wagging, and twisting (Figure 11). Because linear molecules cannot

rotate along their single axis, they have 3N-5 DoF.
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Figure 11: Types of stretching (A) and bending (B)"®

Not all vibrational modes are IR-active vibrations. To produce an infrared absorption
band, the excitation of the vibration must result in a change in the dipole moment. So
homonuclear diatomic molecules cannot be detected by FT-IR spectroscopy. Similarly, the
symmetric stretching of a symmetric linear molecule such as CO: is not IR-active.

Historically, infrared spectroscopy was dispersive IR, functioning similar to how the UV-
Vis works by scanning through multiple wavelengths and comparison of I/lo. In the 1970°s FT-
IR was developed. Modern day FT-IR utilizes a Michelson interferometer (Figure 12). The
interferometer consists of a beam splitter with a fixed and moving mirror. The beam is split and
hits both  mirrors before being reflected back onto each other, forming
constructive/deconstructive interference patterns. The beam then travels through the sample,

where certain wavelengths are selectively absorbed, and into the detector.
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Figure 12: Schematic diagram of a Michelson interferometer.”

The fluctuations in intensities of the beam at the detector give rise to an interferogram in
the time domain. The Fourier transformation is completed on the data to convert the data into the
frequency domain. Typically, the interferogram is plotted as intensity as a function of the path
distance between the two mirrors. After the computer completes the Fourier transformation, the
data is shown as intensity as a function of frequency in cm™. FT-IR is advantageous to dispersive
IR with decreased signal to noise ratio and the ability to collect a range of wavelengths very
quickly.

2.3.3 Raman Spectroscopy

Raman spectroscopy is completed by first irradiation a sample with a powerful visible or
near-IR laser source. While the laser is focused on the sample, scattered radiation perpendicular
to the laser source is measured. The laser used for excitation has energy hvex. The energy of the
molecule goes to a virtual state and then deexcites, emitting a photon. If the emitted photon is the

same energy as hvex then Rayleigh scattering occurred. If the molecule deexcites to a higher
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vibrational energy state, then the emitted photon is a lower energy or Stokes scattering. If the
excited molecule started in an excited energy state when it was hit by the laser and then deexcites
from the virtual level to the ground or a lower energy vibrational state, then an anti-Stokes
scattering occurred. The difference in energy from the Stokes or anti-Stokes scattering from the
Rayleigh scattering is plotted as the Raman shift from 0 cm™ which is Rayleigh scattering. A
visual example of these energy changes and the Raman shifts are shown in Figure 13. As shown
in the figure, the intensities of the Stokes scattering are typically larger than the anti-Stokes since
most molecules are likely to start in the ground energy state. At elevated temperatures these
intensities equilibrate. However, if florescence is an issue in a sample, it is beneficial to measure
the anti-Stokes scattering instead of the Stokes because the Stokes will be drowned out by
florescence.

Raman spectroscopy is similar to FT-IR in which both methods measure excitation in the
vibrational modes. However not all IR-active modes, as described in the previous section, are
Raman-active. IR-active modes involve a change in dipole moment but Raman-active modes
involves the polarizability of a molecule or a change in charge distribution with the excitation of

a molecule.
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Figure 13: Schematic of Rayleigh, Stokes, and anti-Stokes scattering and how they are plotted in

Raman spectroscopy.®°

The instrumentation involved in Raman spectroscopy is rather simple. The high-intensity
laser is focused into a sample with several sets of mirrors. Perpendicular to the sample is the
wavelength selector. The wavelength selector must be perpendicular to the sample to minimize
the radiation from the laser. The purpose of the wavelength selector is to narrow the range of
wavelengths examined. This is important to being able to find the weak Raman scattering lines

compared to the Rayleigh Scattering. These wavelength selectors were historically
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monochromators but have recently been upgraded to photodiode arrays. The signal then typically

go through some sort of amplification process and then into computer processing to an output.®!

2.3.4 Inductively Coupled Plasma- Atomic Emission Spectroscopy

Inductively coupled plasma- atomic emission spectrometry (ICP-AES) is a well-
established technique able to detect trace-elements down to a few parts per million and some
instruments to parts per billion and able to detect several different elements almost
simultaneously. ICP-AES is a destructive technique, often requiring dilution of samples to an

appropriate concentration of the element(s) of interest.
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Figure 14: Schematic of an ICP-AES®?
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The ICP portion of the instrument produces an argon plasma. A stream of argon at the
end of a quartz tube is wrapped with cylindrical induction coils. The coils produce a
radiofrequency magnetic field, causing the ignition of the argon plasma. Samples are diluted
with solutions of 1 to 5% HNOz. The solutions are fed into a nebulizer where they are aspirated.
An auxiliary argon gas stream delivers the aerosolized sample to the argon plasma. The argon
plasma is temperatures as high as 10,000 K. Here the sample is vaporized to individualized
atoms.

The AES portion of the instrument refers to the detection part of the instrument. In the
plasma, the outer electrons of the elements of interest are excited to higher energy states. When
they deexcite, a photon is emitted. Each element has a unique emission profile, dependent on the
quantized energy levels of their electrons. The photons are ejected from the plasma and
measured by a photodiode and read out by a computer. The number of photons emitted is
proportional to the concentration of the element of interest in the sample. The detector is often

set to measure certain wavelengths of interest for each sample to speed up data collection.®?

2.3.5 X-Ray Absorption Fine Structure Spectroscopy

X-Ray Absorption Fine Structure (XAFS) Spectroscopy utilizes the absorption of X-rays
by matter through the photoelectric effect. Absorbance of the x-ray are measured as an inner
shell electron to a higher energy state. This work utilized the U-Lz edge at 17.166 keV. The
absorbance of the incident x-rays is measured starting at 16.97 keV to 18.4 keV. The XAFS data
then gives rise to two regions of interest, X-Ray Absorption Near Edge Structure (XANES) and
Extended X-Ray Absorption Fine Structure (EXAFS). The two regions give different

information about the atom of interest and the environment it is found in. An example of these
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plots is shown in Figure 15. The XANES region can be used to compare a sample to standards to
get an idea of the oxidation state of the atom of interest. In the EXAFS range the outgoing
wavefunction is affected by the backscattering off neighboring atoms. So, the EXAFS oscillatory
pattern is a presentation of the interferogram of the atoms arranged around the atom of interest,
in this case uranium. This information can be fitted to determine the identity of distance of the

surrounding atoms.®
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Figure 15: Example readouts of raw XAFS, background subtracted XANES, and k3-weighted

EXAFS data.?®

The XAFS measurements were performed at the Advanced Photon Source at the
BESSRC-CAT 12 BM station at Argonne National Laboratory. The U samples (solid and
solution) were placed in an aluminum sample holder equipped with Kapton windows. These are
shown in Figure 16. These holders were then placed in a secondary containment system shown in

Figure 17 to ensure no leakage of radioactive materials.

41



Figure 16: Radioactive solution sample holder on the left and a solid sample holder on the right.

Figure 17: Secondary containment sample holders for liquid and solid samples.
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2.3.6 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

Scanning electron microscopy (SEM) provides the ability to examine the microstructure
morphology of the surface of a solid sample. An SEM consists of an electron gun which shoots
electrons at the surface of the sample. The electron interacts with the surface of the sample by
either elastic or inelastic scattering. In elastic scattering the electrons are deflected by the
specimen atomic nucleus or outer shell electrons with negligible energy loss. If the scattering
occurs at an angle greater than 90°, they are called backscattered electrons and can be used for
one type of imaging. Inelastic scattering occurs when incident electrons cause ionization of the
specimen and ejection of electrons. These electrons are called secondary electrons and have
energies less than 50 eV. Secondary electrons can be used to image or analyze the sample. The
JEOL-5610 SEM used in this work was equipped with both secondary and backscatter electron
detectors.

Secondary electrons can resolve surface structures down to 10 nm, providing a
visualization of surface texture and roughness. Secondary electrons that are unable to make it to
the detector cast a shadow on the image of the surface while more prominent feature appear
brighter. The number of backscattered electrons is much larger than that of secondary electrons,
resulting in less surface resolution than secondary electrons (approximately 1 um). However,
because of their higher energy they carry information about the features below the surface of the
sample.?

Coupled with the SEM is an energy-dispersive x-ray spectroscopy detector. This allows
for chemical mapping simultaneously with the imaging from the SEM. The electron beam used
in SEM simultaneously ejects and inner shell electron creating an electron hole. When an outer

shell electron drops down to the electron hole to fill it an x-ray of the energy difference is
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released. The energy of the x-ray is characteristic to the energy levels of specific elements. The
x-rays hit a Si(Li) detector and produce a signal. The number of x-rays of specific energies
correlates to the concentration of one element compared to other elements in the sample to create

ratios.®

2.3.7 Powder X-Ray Diffraction

Powder X-Ray Diffraction (PXRD) is utilized for qualitative identification of crystalline
solids and does not require a prefect crystal. A sample is ground further to produce a
homogenous powder and loaded onto a low background Si sample holder. The powders are
spread onto the surface thinly, often with the aid of an alcohol that is evaporated off. Radioactive
and air sensitive samples were capped with a dome to reduce the spread of materials. The sample
holder is placed onto a stage in the Bruker D8 Advance powder X-ray diffractometer and spun
continuously. A primary X-ray beam (in this work from a Ni-filtered Cu K (1.54059 A)) comes
out of the x-ray tube and hits the sample. Incident x-rays are diffracted and are detected by a
silicon strip detector (Lynxeye). A schematic of a PXRD system is shown in Figure 18.

Both the detector and sample stage change angles over time with an incident angle of 26.
The instrument measures the number of diffracted x-rays as humber of counts as a function of
20. The angles of the diffracted x-rays are dependent on the spacing between atom as described
by Bragg’s Law (Equation 19). The variables are the lattice interplanar spacing, d, the incident
angle, 6, an integer, n, and the wavelength of the characteristic x-ray, A. Two incident
wavelengths are in-phase they result in constructive interference or more counts at that angle,

which can be used to calculate the distances between the two atoms.8?

2d(sinf) = nA

Equation 19: Bragg’s Law
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The patterns collected in this work were analyzed initially in the software package EVA
v15 made for Bruker-AXS. EVA was used to compared the experimental patterns to patterns
available in the Inorganic Crystal Structure Database to identify compounds found in the sample.
The data was then fit in the Brucker TOPAS 4.2 software using Rietveld structure refinement on

CIF files of knowns compounds.
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Figure 18: Schematic of PXRD Instrumentation®

2.3.8 Thermal Gravimetric Analysis
Thermal gravimetric analysis (TGA) is a destructive method that is completed by heating

up a sample to a certain temperature and observing the change in mass. There instrument is
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comprised of a high precision balance that can measure masses down to the microgram. Sample
masses of about 20 to 30 mg are loaded into a Al2Os.

2.3.9 Karl-Fisher Titration

Water content of organic solutions can be determined with a Karl Fischer titration. The
chemical reaction that occurs during a Karl Fischer titration is the reaction of SO and I, with
water as shown in Equation 20. lodine is added to solution to excess, indicating the endpoint of

the titration. The amount of iodine added is a 1:1 molar ratio to water.

H,0 + SO, + I, & SO5 + 2HI

Equation 20: Chemical Reaction utilized in a Karl Fischer Titration

In modern day, the Karl Fischer Titration is completed by specialized titrators. In this work a
Mettler Toledo Karl Fischer DL32 Titrator was utilized to perform this titration. The titrator
completes a coulometric titration to determine the water concentration and can resolve down to
50 ppm of water. A schematic of the titration cell is shown in Figure 19. The reactions that occur
in a coulometric Karl Fischer titration differs from the historical titration. Two different solutions
are used within the titrator, the catholyte and anolyte. These are commercially available and
composition depends on the types of samples that will be measured for water content. In the
main anode chamber contains an anolyte composed of sulfur dioxide, imidazole, and iodide. The

reactions shown in Equation 21.
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Figure 19: Schematic of the Mettler Toledo D-32 Karl Fischer Titrator8®

(RNH) - SO3R + RN + I, + H,0 < (RNH) - SO,R + 2(RNH)I

Equation 21: Chemical reactions with the anolyte and water.

After the chemical reaction occurs the iodide ions is oxidized to iodine at the anode. The
catholyte contains an ammonium salt which is reduced at the cathode while the iodine is
oxidized. A current is required to produce the sulfate and iodine. This current is equivalent to the

amount of water that was present in the initial sample so 1 mg of water corresponds to 10.72 C.%
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Chapter 3. Dissolution and Recovery of Lithium from IL

In this chapter the dissolution of Li.COz into [MPPi][TFSI] was explored through two
methods. Both utilized the HTFSI acid to dissolve the Li* into the IL. The reaction was
completed either before in an aqueous solution or concurrently into the IL. After dissolution into
the [MPPI][TFSI], two methods for electrochemical recovery of the lithium were evaluated.

Both methods began by performing a 20-cycle cyclic voltammetry (CV) scan from 3.2 to
-4.0 V. This promotes the formation of nucleation sites. After the CV, two differing methods for
deposition were utilized. The first was traditional steady state deposition at -4 V. The second
used a differential pulse deposition method at -4 V for 5 seconds and then 1 V for 0.5 seconds.
The differential pulse method produced deposits that better adhered to the electrode and were
less dendritic. Both methods produced metallic colored deposits that appeared to be LiH with
PXRD analysis. Deposition was successful on gold sheet electrodes as well as several different

carbon electrodes.

3.1 Introduction

The nonflammable and nonreactive nature of ILs reduces the risk of thermal
decomposition or combustion in LIBs compared to traditional carbonate electrolytes.’ Initially,
the 1-ethyl-3-methylimidazolium cation ([EMIm]) was studied extensively for its reduced
viscosity relative to other ILs.28 However, the cathodic limit of the [EMIm] cation was not
sufficient for the highly negative reduction potential of lithium. The standard reduction potential
of Li is -3.0401 V vs SHE.® Studies focused next on quaternary ammonium-imide salts showing
that lithium could be deposited and stripped.®® From a cathodic stability standpoint, the
quaternary ammonium cations fared better than their aromatic counterparts. The six-membered

ring of the 1-methyl-1-propylpiperidinium ([MPPIi]) cation was resistant to reduction as well as
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achieving a higher coulombic efficiency than other quaternary ammonium ions.®* The [TFSI]
anion has been selected primarily for its high conductivity, low melting point, and low
viscosity.6192

New methods for recycling lithium from traditional LIBs utilize ILs for selective
extraction of Li from aqueous mixtures. The spent LIB cathode (LiNiosMng3C00202) was
dissolved in sulfuric acid with a pH of 3. With an organic phase of 80% TBP and 20%
carboxymethyl trimethylammonium bis(trifluoromethyl)sulfonimide), 96.8% of Li was extracted
after 5 stage extractions with only 7.0%, 4.2% and 13.6% of the Ni, Co, and Mn respectively
extracted. The lithium was recovered from the organic phase using a mixture of 0.5 M H2SO4
and 0.5 M Li2SO4 with a 99.6% recovery rate.*®

In contrast, next generation LIBs are looking at utilizing ILs as a solvent instead of
traditional carbonate-based solvents. ILs have been examined in an attempt to overcome or
minimize dendritic formations during lithium ion cycling in batteries.®* Two formations of
dendritic deposits have been observed during the lithium cycling, singular needle like structures
and 3D bush structures.®® ILs have been shown to be able to provide a solid electrolyte interface
(SEI) comparably to carbonate based solutions. The SEI is important to protecting the cathode
from damage throughout the cycling of a battery’s lifetime.%

Many studies have examined the efficiencies of using various ILs and electrodes for
LIBs. However, studies examining the reduction/deposition of lithium based on the ILs inherent
negative potential limit have been largely overshadowed by the focus of reducing dendritic loss
of efficiency in LIBs. Recovery of Li metal from Li>O has been exhibited in 2:1 molar ratios of
ethylene carbonate and chloroaluminate (EC):AlCls. Typically, metal oxides are insoluble in

ionic liquids, but in a chloroaluminate solution, it’s suspected at elevated temperatures AICI>"
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cation acts as a Lewis Acid to dissolve the Li»O readily. Because of the EC backbone of the ionic
liquid, the solution can withstand the applied voltage required for reduction of lithium metal. At -
3.1V (vs Al) Li metal was deposited on a high purity Al sheet.®’

The oxidation/reduction of lithium in various ionic liquids has been previously studied in
systems containing the [TFSI] anion.®%-101 While these studies have examined lithium
oxidation/reduction using cyclic voltammetry, they have not focused on the dissolution and
electrochemical recovery. This chapter focuses on the direct dissolution of Li.CO3 into IL and
the electrochemical recovery and characterization of the deposits. The process utilizes the
carbonate derivative for the dissolution and subsequent electrochemical reduction of lithium.
However, LiOH can also be utilized in the process through similar dissolution methods. The IL,
1-methyl-1-propylpiperidinium bis(trifluoromethylsulfonyl)imide ([MPPi][TFSI]) was selected
for this study based on the electrochemical stability; the [MPPI] cation is resistant to reduction
before -3.8 V vs Ag/AgCl with a glassy carbon working electrode.* The [TFSI] anion was
selected for its previous success in the literature'®® as well as the availability of the acidic form,
HTFSI. The goal was to overcome the primary obstacle of low metal solubility in the ionic liquid
using the acidic functionalilty.!®® The acidic version of the [TFSI] anion has been used to
dissolve the Li2COs into [MPPi][TFSI]. Li2COs was selected due to being the current chemical
form for Li from recycled traditional LIBs. The basic equation of conversion to LiTFSI is shown
in Equation 22 followed by the secondary reaction in Equation 23 to produce water and carbon

dioxide.

Li2,CO3z + 2HTFSI — 2LiTFSI + H2COs3

Equation 22: Synthesis of LiTFSI from Li2CO3
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H,CO3 — H>O + CO>

Equation 23: Evolution of carbon dioxide

This dissolution of Li can be achieved in the [MPPIi][TFSI] through direct dissolution of
Li>COs or through the dissolution of LiTFSI produced from an aqueous reaction, recovered, and
then dissolved in ionic liquid through a secondary reaction. The electrochemical recovery of Li
was examined on a gold foil and several carbon-based working electrodes after dissolution into
the [MPPI][TFSI]. The recovered materials were examined using powder X-ray diffraction and
SEM imaging. This work recognizes the use of ILs as solvents in LIBs and establishes the
potential use of ionic liquid solutions in the recovery of lithium as they reach end of life. This
chapter specifically provides pathways for the dissolution and recovery of Li that when
optimized may help reduce the reliance on mining/processing of lithium ores.

3.2 Methods and Materials

3.2.1 Chemicals and Solutions

Lithium carbonate and bis(trifluoromethylsulfonyl)imide acid 99% (HTFSI) were
purchased from Tokyo Chemical Industry. The  1-propyl-1-methylpiperidinium
bis(trifluoromethylsulfonyl)imide 99% ([MPPi][TFSI]) was purchased from loLiTec. Two
methods for dissolution were explored to introduce LioCOs into the [MPPI][TFSI].

3.2.2 Dissolution of Lithium

3.2.2.1 Method 1

LioCO3z and HTFSI with a 1:1 ratio of lithium to acid were directly added to

[MPPI][TFSI] in a 40 mL vial. A slight excess of Li.CO3 was used to minimize acid remaining

in solution. The mixture was sonicated for up to 4 hours until gas evolution ceased indicating the
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reaction was complete. The solution was then rotary evaporated overnight at 45 mbar and 90 °C
to remove CO; and most of the water produced from the dissolution of Li.CO3 and the formation
of H2COs. The solution concentration was ~ 1M Li ion when completed. The maximum
concentration achieved from direct dissolution was ~7M. However, the viscosity increased

dramatically and the solution solidified at this high concentration.

3.2.2.2 Method 2

The LioCOs was placed in an Erlenmeyer flask followed by 20 mL of 18.2 MQ water.
The HTFSI was added and the solution and stirred for an hour to allow complete reaction. The
solution was placed on a rotary evaporator overnight at 45 mbar and 55 °C to remove the solvent
water and the additional water produced in the reaction. A solid precipitate was recovered once
the water was removed. The resulting LIiTFSI was placed directly into [MPPIi][TFSI] and
sonicated to assist in dissolution. The solution was then rotovapped a second time to remove
water to a low level. The synthesized and purchased LiTFSI were compared and used in the
electrochemical recovery. There was no observed difference in voltammetric response or the

deposits obtained from the LiTFSI produced by the two methods.

3.2.3 Electrochemical Methods for Deposition

A non-aqueous reference electrode was constructed using a BASi (Part number MF-
2062) kit. The Ag wire electrode was combined with an internal silver nitrate solution prepared
as described by A. Saheb, et. AL7’ For the experiments, 4 mL of 0.5 M LiTFSI in [MPPi][TFSI]
were added to an electrochemical cell. The counter electrode was a platinum sheet. The working
electrode was gold. The CH Instruments Inc 600 series potentiostat with the corresponding CHI
software were used for all deposition studies. Studies were completed in a glovebox with an

argon atmosphere. The gold disc electrode used for cyclic voltammetry was 1.6 mm diameter
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(Part number MF-2014) purchased from BASI. The gold foil used for bulk deposition was
0.025mm thick 99.95% gold purchased from Alfa Aesar. A glassy carbon disc electrode (Part
number MF-2012) with a 3.0 mm diameter was used for the cyclic voltammetry data as well. The
carbon-based electrodes used for deposition were screen printed single working electrodes from
CH Instruments (part number SE 100), 0.10 mm thick vitreous carbon foil from Goodfellow, and
carbon fiber electrodes purchased from Carolina (Item number 211020).

Cyclic voltammetry (CV) was conducted before any deposition/recovery methods were
initiated. The electrode was cycled twenty times from 3.2 VV to -4.0 V at a scan rate of 0.1 V/sec.
Following the twenty cycles using CV the deposition/recovery process using steady-state and
differential pulse methods was conducted. The steady-state deposition was conducted without
stirring at a set potential for a given period of time. The typical deposition was conducted at a
potential of -4 V for 20 hours. In comparison, the differential pulse method was also used for the
deposition. For this technique the typical parameters utilized were Ei = 0 V, and E; = -4 V with
the time spent at E; set to 5 seconds. The pulse E2 was set at 1 V for 0.5 seconds. The number of
cycles was set to 13091 to be equivalent to 20 hours of run time. All voltages listed in the
experimental are those entered into the CHI software and not corrected with a ferrocene
standard. The potentials reported in the results and discussion are reported vs Ag/AgCl sat’d KC1
based on the measurement of a ferrocene standard in the same IL with the same reference

electrode.

3.2.4 Analysis Instrumentation
The SEM images of the lithium deposits were taken on a JEOL JSM6700F Field Emission
SEM instrument without any additional surface pretreatment. The magnification range of 35 to

1200 times was used. The imaging conditions used a 15 kV accelerating voltage and a working
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distance of 22 mm. The gold electrode with deposits was dipped in acetone before being placed
on the stage to remove the [MPPi][TFSI] from the electrode surface. The PXRD patterns were
collected using a Bruker D8 Advance powder x-ray diffractometer. The lithium deposits were

placed on a silicon low background stage.

3.3 Dissolution and Electrochemical Response of Lithium in IL

Both dissolution methods provided sufficient Li* concentrations in IL such that visible
deposits of LiH on Au electrodes were observed. The cyclic voltammetry for both methods for
the direct dissolution of LioCO3z and LiTFSI were identical indicating that Li* is the relevant
species in the IL. However, the dissolution LiTFSI typically produced a system with less water
or acid thereby reducing the impact of oxide formation at the Au electrode and hydrogen
evolution during the deposition of Li. However, all samples had residual water between 200 to
450 ppm as measured by Karl-Fisher titration. The direct dissolution of Li»CO3z using HTFSI was
more likely to produce visible hydrogen evolution at the working electrode from the excess acid
and water remaining in the [MPPIi][TFSI] solution. Excess LioCOs could be added to the
[MPPI][TFSI] to reduce the acid in solution or alternative additional methods to reduce the acid
and water in the IL can be utilized. However, the optimization of the processes was not
considered in the scope of this chapter. The focus was on developing pathways for the

dissolution and recovery of Li from Li.COs starting materials common in LIB recycling.
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Figure 20: Cyclic voltametric response of an Au electrode in a. IL without Li. b. 0.5 M LiTFSI.

and c. 0.7 M Li2COz dissolved directly into IL. The scan rate was 0.1 V/s.

The full CVs for an Au disc electrode in [MPPIi][TFSI], and IL containing dissolved Li
are provided in Figure 20. All CVs were collected using the same gold disc electrode that was
polished between experiments. The electrochemical response for both Li samples obtained from
both dissolution methods have the same electrochemical features in comparison to the
background of [MPPi][TFSI]. For samples containing Li*, the reduction is initiated at -2.37 V,
reaching a peak maximum at -3.33 V vs Ag/AgCl. The reverse scan results in the oxidation of Li

from the electrode surface reaching a maximum at -2.25 V vs Ag/AgCI. The presence of residual
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water is also apparent in the cyclic voltammetry despite using the rotary evaporator. Specifically,
the reduction of gold oxide is observed in all three solutions at +1.25 V vs Ag/AgCI consistent
with Equation 24'%. The oxidation/reduction of gold oxide involves both residual water and
proton species in the IL. Thus, hydrogen evolution occurs at -0.39 V vs Ag/AgCl consistent with

Equation 25%.

2Au + 3H20 — Aup03 + 6H" + 6€”

Equation 24: Oxidation of Gold

2H" + 2" — H>

Equation 25: Hydrogen Evolution

The reductive deposition of Li onto the electrode occurs at potentials more negative than -3.2 V
vs Ag/AgCIl. The CVs of the two methods for dissolution show either method is viable for
producing LiTFSI that readily dissolves in the IL.

After the deposition of lithium on gold electrodes, deposition was completed on several
carbon-based electrodes. In Figure 21 are the CVs of the same solution as in Figure 20 but with a
glassy carbon disc electrode. There are significantly less interactions between the glassy carbon
and the [MPPI][TFSI] as compared to the background [MPPi][TFSI] CV with the Au electrode
in Figure 20. The initial Li reduction peak is at -2.45 V vs Ag/AgCl for both of the method 1 and
2 solutions. This reduction is similar to the initial deposition peak at -2.37 V with the gold
electrode. When comparing the two dissolution methods, there is an additional reduction peak at

-0.4 V vs Ag/AgCl. This reduction peak is the reduction of the excess acid used for dissolution to

56



H> gas. This data further displays the lithium behaves the same in [MPPIi][TFSI] whether

dissolved using method 1 or method 2.
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Figure 21: Cyclic voltametric response of a glassy carbon electrode in a. IL without Li. b. 0.5 M

LiTFSI. and c. 0.5 M Li>COs dissolved directly into IL.

3.4 Deposition of Lithium on Gold Electrodes

Initially, the deposition of Li was achieved using a steady-state potential of -3.6 V vs
Ag/AgCI. Deposition potentials in the range from -2.0 and -3.0 V vs Ag/AgCl were also
attempted with less success. In addition, running twenty CVs before bulk deposition increased
the overall deposits visible on the surface of the electrode. Lithium deposited on the edge of the
electrode and grew dendritically when steady-state potential methods were utilized, Figure 22a.
In contrast, a more uniform deposit of Li was achieved using the differential pulse methods after
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CV conditioning, Figure 22b. The reduction pulse was -3.63 V vs Ag/AgCI for 5 seconds with
the positive pulse held at +1.38 V vs Ag/AgCI for 0.5 seconds. The deposition was run for 20
hours in a 0.5 M LiTFSI solution. Deposits produced with the steady-state method adhered to the
electrode poorly and delaminated from the electrode into the [MPPi][TFSI] when removed from
solution. For comparison, the pulsed potential method produced deposits that adhered to the
electrode surface with no observed delamination of deposits in the [MPPi][TFSI]. The recovery
of Li material from the constant potential deposition was achieved and is provided in Figure 22c.
The material was isolated from the IL and washed with acetone.

Bench top deposition produced deposits consistent with Figure 22 and provided the
electrode was not exposed to atmosphere LiH was obtained. However, when removed from the
IL the deposits rapidly converted to LiOH. The recovery of Li in inert atmosphere is necessary if
LiH is the targeted product. Similarly, the use of rotary evaporation to reduce water in the
[MPPI][TFSI] under decreased pressure significantly reduced visible hydrogen evolution during

the deposition of LiH.
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Figure 22: a. Li deposits obtained from steady state potential of -3.6 V vs. Ag/AgCI. b. Li
deposits obtained from differential pulse methods. c. dendritic deposits collected from constant

potential deposition. Solutions contained 0.5 M L.
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Figure 23: SEM images of a. Pristine Au electrode. b. Au electrode after 20 cycles between -3.6
V and +3.6 V vs. Ag/AgCI. c. Au electrode after the steady-state deposition method. d. Au

electrode after the differential pulse method.

The SEM images of a pristine Au electrode, an Au electrode after 20 voltametric cycles,
and electrodes after deposition of Li using both methods were obtained, Figure 23. The SEM
image of the surface of a clean working electrode at 10,000 magnifications is shown in Figure
23a. The gold electrode surface after 20 voltametric cycles in a 0.5 M LIiTFSI solution is
presented in Figure 23b at 10,000 magnifications. The electrodes for steady-state and differential
pulse methods are shown in Figure 23c and Figure 23d respectively at 1,000 times magnification.
The vast majority of the deposits obtained from the steady-state electrode delaminated during the

removal of the [MPPI][TFSI] with acetone washing. Therefore, only a few large dendritic
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deposits are observed on the Au surface. In contrast the majority of the deposits from differential
pulse method remained on the electrode during the removal of [MPPi][TFSI] with acetone.
Further characterization with energy dispersive x-ray spectroscopy was not possible with the
SEM system used. Therefore, the deposits were transferred to an inert cell and powder x-ray
diffraction was obtained.

The electrochemical results show that performing 20 complete voltametric cycles
produces Li nucleation sites. When the step was omitted from the deposition procedure,
significantly fewer deposits were obtained at the electrode surface. The nucleation sites are well
distributed on the electrode surface providing growth sites during subsequent reduction
processes. In the case of the constant potential methods the evolution of hydrogen impacts the
reduction of Li producing more dendritic deposits that do not adhere well. In contrast, deposition
using differential pulse methods occurs within a much shorter period of time reducing the impact
of hydrogen evolution at the negative potential limit. The continued replenishment of the double
layer and shortened time at negative potentials allows the impact of hydrogen evolution to be
diminished during Li reduction. Where holding the electrode at a constant potential that allows
both Li* and H* reduction to occur based on bulk concentrations of both species and the inherent
transport of species to the surface of the electrode. Thus, the SEM image of the steady-state
deposition in Figure 23c also shows the formation of dendritic deposits on the micron scale. For
comparison, the electrode from the differential pulse deposition (Figure 23d) has more uniform

deposits that coated the Au electrode with some raised deposits on the surface.
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Figure 24: Powder X-Ray Diffraction (PXRD) of Li deposits at a gold electrode. a. Raw data b.

Fit data for LiH, and c. the difference between raw data and the fit.

The powder x-ray diffraction was collected for the steady-state deposition, Figure 24.
There was not an observable difference in diffraction for the deposits obtained from the two
methods. Thus, only the steady-state response is presented. The raw diffraction pattern is
provided in Figure 24a. The deposition of was fitted to primarily LiH (95%) with a small
percentage of LiIOH (5%), Figure 24b. The differential pattern between the raw and fitted data is

also provided in Figure 24c. The pattern associated with LiH is obtained with PXRD when the
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samples are in an inert atmosphere. However, once exposed to air, the deposits rapidly turn from
grey metallic to black and the PXRD pattern is consistent with 100% LiOH (not shown). The
chemical composition associated with the deposits is consistent with the electrochemical
processes that are occurring at the gold electrode with hydrogen formation at -0.39 V and Li
reduction at more negative potential to form LiH.

As discussed, the pulsed deposition lacks the dendritic growths of the steady state. The
advantage to the pulse between the reduction potential of -3.63 V and 1.38 V is the
replenishment of the double and diffuse layers. As the Li* is reduced and deposited onto the
electrode surface, more of the species must diffuse into the double layer before it can be reduced.
The pulsed method minimizes the impact of viscosity on the diffusion rate of species in ILs
allowing the double and diffuse layer to be replenished. The irreversible nature of the lithium
reduction makes this technique viable in ILs as less lithium is oxidized at positive potentials
compared to the amount reduced during the negative potential pulse, Figure 20b and Figure 20c.
The pulsed deposition resulted in much more uniform deposits that remained adhered to the
electrode surface.

The discoloration of the [MPPi][TFSI] was also observed when utilizing steady state
negative potential which is likely due to the reduction of the MPPi cation and subsequent
degradation of the cation. Specifically, the [MPPi][TFSI] would turn a brown over the course of
the 20 hours. The pulsed deposition method minimized the impact and no discoloration was
observed after 20 hours. As noted in the background scan of the [MPPIi][TFSI] in Figure 20a, the
limit of the [MPPI][TFSI] is exceeded at -3.2 V vs Ag/AgCl and the MPPi and Li" are reduced.
The potentials employed for the pulsed potential method minimize the time the MPPi can be

reduced and subsequently allows the replenishment of both the Li and the cation with each cycle.
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The collection of a PXRD pattern indicated that the recovered species is predominantly
LiH. However, the reactive nature of the deposits gave rapid conversion to LiOH with exposure
to the atmosphere. In some cases, the dendritic deposits were amorphous and not crystalline and
the PXRD pattern was not easily obtained. The LiH patterns were collected by delaminating the
deposits from the electrode surface onto a silicon low background stage that was then covered to
maintain an inert atmosphere. In addition, the [MPPi][TFSI] can be left on the sample to provide
a temporary barrier between the deposits and ambient oxygen and water in the air. However,
over time as the sample remained exposed to air the conversion of LiH to LiOH was observed in

the PXRD pattern.

3.5 Deposition of Lithium on Carbon Electrodes

Typically, LIBs utilize graphite electrodes. To maximize the lifespan of the LIBs, steps
are taken to minimize the deposition of lithium during the cycling.!® In this work, it was
attempted to recover lithium on a macroscale with carbon electrodes. The same method of
deposition was completed on a glassy carbon electrode as with the gold electrode. The steady-
state deposition was completed after a 20 cycle CV. The electrode was held at -3.6 V for 44
hours in a 0.6 M LiTFSI solution in the glovebox. The resulting deposits are shown in Figure
25. These deposits are metallic in color and dendritic similar to those observed in the steady state
deposits on the gold foil in Figure 22a. The success of depositing lithium on the glassy carbon

disc electrode lead into experimenting with several other different forms of carbon.
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Figure 25: Deposits on glassy carbon electrode in glove box after 44 hours of deposition at -3.6

V inside the glove box.

Deposits were successfully demonstrated using the steady state method on grafoil, carbon
paste electrodes purchased from CH Instruments, and glassy carbon sheet electrode. Using the
differential pulse method deposits were also achieved on a carbon fiber electrode. Li deposits on
the grafoil are shown in Figure 26 after 20 hours at -3.6 V vs Ag/AgCI. Grafoil is a very cheap
electrode. However, it could not withstand the very negative potential required for lithium
reduction. The [MPPi][TFSI] solution after deposition on the grafoil electrode would be black
due to the degradation of the electrode. Carbon screen printed electrodes were attempted next.
Typically, this type of electrode is comprised of a carbon ink that has been screen printed onto a
cardboard or plastic base with binders. Metallic deposits were achieved on the screen-printed
electrode (Figure 27) after 42 hours at -3.6 V vs Ag/AgCI. This electrode caused minimal

discoloration of the solution but the depositions were difficult to replicate due to bubbles forming
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on the surface of the electrode. The bubbles were likely due to detrition of the binders, similar to

the breakdown of the grafoil.

Figure 26:

Figure 27: The screen-printed electrode after 42 hours of total deposition time on PXRD stage

before exposure to atmosphere.

Vitreous or glassy carbon is a form of graphite with glassy and ceramic properties. Glassy carbon
disc electrodes are often used to gather speciation and electrochemical behavior information
about electroactive species in solution as shown in section 3.3. Earlier in this section it was

proven deposition of lithium on the glassy carbon electrode was possible. The glassy carbon foil
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was used because it has a much larger surface area than the disc electrode so there is more area
for electron transfers to occur. The electrode was held at -3.6 VV Ag/AgCI for 24 hours. Deposits
were present as shown in Figure 28 but minimal on the electrode surface and there were no

deposits in the [MPPIi][TFSI] like when a gold foil is used.

Figure 29: Lithium deposits on carbon fiber electrode after 40 hours of pulsed deposition.
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The most successful of the carbon electrode Li deposits were achieved with the carbon
fiber electrode, shown in Figure 29. The [MPPI][TFSI] solution would absorb up the fibrous
electrode so a gold foil was used to insulate the carbon fiber from the alligator clips. The pulsed
deposition method was used for this electrode for a total of 40 hours. There was no discoloration
of the [MPPI][TFSI] solution after deposition and deposits adhered to the electrode. The deposits
were globular on the electrode surface despite the use of the differential pulsed deposition
method, likely due to the lack of a uniform surface on the electrode.

It was shown that it is possible to deposit lithium on carbon electrodes. These deposits in
the glove box were the same metallic color like the deposits on gold and are assumed to be LiH.
Aside from the grafoil electrodes, all other carbon electrodes resulted in no discoloration of the
solution even at longer run times, which always occurred with the gold electrodes after a 20-hour
steady state deposition. This could make carbon-based electrodes more valuable in a process that
would be reusing the [MPPIi][TFSI]. However, the deposits often visually appeared to be much
smaller than the deposits achieved with the gold electrodes. This is likely due to the poor
electron transfer kinetics of carbon vs gold. Overall carbon electrodes are likely not as scalable
as gold electrodes for the recovery of lithium from [MPPIi][TFSI], but it was shown in this work
that it is possible to recover lithium using a much cheaper, carbon-based electrode.

3.6 Conclusions

The direct dissolution of Lio,COs or LIiTFSI (obtained from Li.CO3) has been
demonstrated in [MPPIi][TFSI]. The solutions prepared from both chemical species are identical
in terms of their electrochemical responses indicating Li* is the relevant species dissolved in IL.
The production of nucleation sites using cyclic voltammetry was demonstrated and strongly

impacted the bulk deposition of lithium on a gold electrode. The deposition was achieved using
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both steady state and differential pulse potential methods. However, deposition using steady state
methods produces dendritic deposits that do not adhere well to the electrode surface. The pulsed
potential method produced more uniform and compact deposits that adhered to the electrode
surface. The damage associated with the reduction of MPPi was visibly reduced with the pulsed
potential deposition in comparison to the steady state potential method. PXRD of the lithium
deposits obtained from both the dissolution of Li>COs and LiTFSI are consistent with LiH.
Additional studies are necessary to evaluate the efficiency and optimize lithium recovery from
IL. However, the results suggest that pulsed potential methods could be a viable option for the

recovery of lithium from spent new generation LIBs in the form of LiH.
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Chapter 4. Dissolution and Characterization of UFs in [MPPi][TFSI]

The direct dissolution of UFs into [MPPi][TFSI] is presented in this chapter. The uranium
species in solution is characterized with XAFS, UV-Vis, FT-IR, Raman, and electrochemically.
The reductive dissolution of solid UFs from U(VI) to U(V) occurs spontaneously after addition
to the IL. It is proposed that the [TFSI] anion donates an electron to the uranium and becomes a

free radical as shown below:

UFs + TFSI — UFg" + TFSIe

The XAFS and UV-Visible spectroscopy indicates the uranium remains in an octahedral
conformation with 6 F. The UV-Vis and Raman spectroscopies show the electronic transitions
for the U(V) oxidation state. The isolation of the U(V)/U(IV) redox couple is used to help verify

the initial oxidation state of the dissolved uranium species.

4.1 Introduction

The enrichment of uranium was performed to separate a sufficient quantity of highly-
enriched U-235 to produce the first atomic bomb. The historical and current enrichment
processes rely on the inherent physical properties (volatility) of uranium hexafluoride (UFeg) to
achieve enrichment.’® The phase diagram indicates that UFs is a volatile solid at room
temperature that can be liquefied at 64 °C with heating and reduced pressure. Finally, the
volatility of UFs allows for the sublimation of the species to form gas at the triple point, 65 °C.%°
Using the volatility of UFe, gaseous diffusion, gas centrifuges, and calutron techniques have all
been used to exploit the physical properties of UFs for enrichment. The single, naturally

occurring isotope of fluorine, 1°F, makes UFs an ideal compound for isotopic separation by

70



minimizing the total number of compound masses possible.?* Although UCls does not produce
HF gas?, it has similar physical properties. However, there are two stable isotopes of chlorine,
3Cl and *'Cl, resulting in multiple mass combinations, which complicates the enrichment
process. UFs has two compound masses, 352 and 349 corresponding to 23U and 2*U. Natural
uranium is 99.3% 23U and 0.7% 2°U, with trace amounts of 2*U. The enrichment of 2*U must
be on the order of 3 to 5% to be useful for most current commercial nuclear power plants
worldwide.?

The two main historical processes of uranium enrichment involve gaseous diffusion or
centrifugation. For gaseous diffusion, the UFs molecules are in thermal equilibrium and all
isotopes having the same kinetic energy. The lighter 2°UFs molecules travel at a higher velocity
resulting in more collisions with a porous diffusion barrier, thus increasing concentration of 2°U
within each sequential diffusion cell. In gas centrifugation, the isotopes are spun in large
cylinders with a feed inlet in the center. Centrifugal force moves the heavier 28UFs preferentially
to the outside and the lighter 2°UFs to the inside. The separation factor is dependent on the
peripheral speed and temperature of the gas. Separate output lines collected the enriched and
depleted gases. Additional states of centrifugation are used until the desired level of enrichment
is obtained.?* The gas centrifuge method has displaced the gaseous diffusion method for all
commercial uranium enrichment worldwide. As of 2019, the world capacity for UFe production
was 62,000 metric tons of uranium per year (tU/yr). However, the actual amount of UFg
produced was only 34,500 tU at approximately half the total capacity. After enrichment, about
90% of the original UFe is depleted uranium (DUFs). This stream is stored primarily as UFs in 15
ton drums. As of 2007, only one fourth of the world’s 1.5 million tons of DUFe¢ had been

converted back to uranium oxides or UFs?" resulting is a large stockpile of material. The
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accumulation of DUFg from enrichment has become more significant over time and there are
environmental concerns associated with the safe storage of this highly reactive and volatile
material.

As stated previously the hydrolysis of UFs is vigorous and exothermic (-211.3 kJ/mol)?2
when exposed to water, producing UO2F,, Equation 26. The reactivity poses considerable risk to
storage, transportation, neutralization and recovery of useful materials from the UFs. Likewise,
the hydrolysis of UFs through inhalation poses a severe exposure risk where the in-situ formation
of UO2F; and subsequent formation of HF could occur in the lungs providing a long-term
radiological dose. Moreover, the production of HF can target Ca in bones forming CaF. deposits
in addition to the fact it is a known irritant to the eyes, skin, and mucus membrane?®. The high
volatility and possible exposure risk for UFe if inhaled or ingested can be mitigated by safely
converting the species to a less reactive and volatile species to reduce the chemical hazards
associated with long term storage and individuals.*

Current methods for conversion of UFs vapor utilize hydrolysis to form uranyl cation UO,?*

which can then be converted to UO; or UsOs, Equation 27 and Equation 28.

UFs + 2H20 — UO2F; + 4HF
Equation 26: Reaction of UFe with water
3UO2F; + 3H20 — U3z0s + 6HF + 120>
Equation 27: Reaction to covert uranyl fluoride to UzOsg
UO2F2 + H, — UO2 + 2HF

Equation 28: Reaction to covert uranyl fluoride to UO-
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The addition of H to the reactants of Equation 27 produces UO; instead of U3Og* The
species UFe is a strong fluorinating agents that will react with many oils, lubricants, and metals.
The storage or containment of UFs is possible with fluorocarbons, chlorocarbons, nickel,
aluminum or their alloys.?* All of these factors make the storage, transport, and the conversion of
UFs to more stable species difficult. Therefore, the use of alternative systems that eliminate
water and volatility of UFs are desired to provide conversion pathways.

The ILs provide a unique chemical environment that has minimal water to limit the
hydrolysis reaction with UFe. In addition, the cation/anion pairs associated with ILs can be
chosen to provide high stability to minimize reactivity. They typically have relatively high
viscosity when compared to aqueous systems, low volatility, and remain liquid at temperatures
below 100 °C. Finally, ionic liquids have unique chemical properties including sufficient
conductivity to allow the controlled electrochemical oxidation/reduction of chemical species that
can be exploited in redox reactions. In addition, the stability of the cation and anion pairs is
important are they are can be reasonably resistant to radiative damage.’>'% Investigation of
uranium in room temperature ionic liquids (ILs) began in the 1980s with the investigation of the
U(IV)/U(II) redox couple and U(IV) to U(V) oxidation of uranium in AICI; + N-(n-
butypyridinium ([BPy]) chloride.®®> However, the reactivity of AICI3 based ILs with water
required inert atmospheres to be useful. More recently the high stability of second generation ILs
that utilize a variety of organic cations and anions have provided alternatives to water sensitive
AICl3 based ionic liquids.®* However, the vast majority of second generation ILs suffer from low
metal solubility and do not readily dissolve a variety of species.*®

Several studies have examined the dissolution and characterization of uranium oxides in

ILs.%31%7 These studies are often focused on utilizing ILs for electrochemical recovery of
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uranium®% or extraction of uranium from spent nuclear fuel.'*° In addition, the behavior of
uranium halides in ILs has been explored. For example, UCls was dissolved into an acidic
mixture of AICIz and N-(n-butyl)pyridinium chloride and electrochemically oxidized to U(V),
confirmed by near-IR compared to previous work in molten salts.% In recent years, interest in
ILs has increased as new techniques for dissolution of lanthanide and actinides have been
developed.*®

The dissolution of uranium oxides has benefited from the development of acid functional cations
in ILs. Dissolution of UO3z was achieved using a 1:2 ratio with N,N-methylacetamidium [TFSI]
in 1-ethyl-3-methylimidazolium [TFSI].}% Dissolution of the carbonate species of f-orbital
elements has easily been achieved with addition of the acidic anion of the IL.}! This improves
on the previously used acidic AICI3 mixtures by minimizing contaminants in the IL. In the
example of uranyl carbonate the reaction in Equation 29 occurs to dissolve the uranyl and
eventually off gases CO, and produces water that can be mostly removed via rotary

evaporation.'*?

UO,CO3 + 2HTFSI — UOz?* + 2TFSI" + 2H,CO3 — H20 1 + CO, 1

Equation 29: Dissolution of UO>CO3 with HTFSI

Additional methods utilized a mixture of carboxyl-functionalized ionic liquid and iron
containing IL to improve the dissolution Kinetics in dissolving UO..1** A new method for
dissolution of f-orbital oxides utilizes an ozone stream through the IL to promote dissolution.t!*
Similarly, chorine gas bubbled through 1-butyl-3-methylimidazolium ([BMIm]) [TFSI] resulted

in the oxidation of UO, to form UO,Cl,.1*°
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Dissolution has also been studied with tetra, penta, and hexavalent uranium halides. The
U(IV) complexes of [EMIm].UBrs and [EMIm].UCls ([EMIm] is 1-ethyl-3-methylimidazolium)
were synthesized by adding uranium metal to their corresponding hydrogen halide with an
excess of the ionic liquid of the [EMIm]X (X = Br or Cl). These compounds were successfully
dissolved in both basic and acidic corresponding halide-aluminates.'® Similarly synthesized
[BMIm]ANCIs (An = U, Np, Pu) and [MeBusN]UCls ([MeBusN] is tri-n-butylmethylammonium)
have been successfully dissolved into [BMIm][TFSI] and [MeBusN][TFSI] respectively.5”
Several UFg salts were synthesized through the reduction of UFs with [Cation](FH)nF resulting
in green liquids of [Cation]UFe (Cations were [EMIm], [BMIm], [BPy], 1-butyl-1-
methylpyrrolidinium ([BMPyr])).!” The [BMIm][UF¢] salt was later dissolved directly into
[BMIM][TFSI] and evaluated electrochemically.!'8

The current studies examine the direct dissolution of UFs to help stabilize the volatile
species. The goal is to provide a chemical matrix that can be used for U recovery, waste storage
and/or safe transportation. A secondary goal is to develop pathways for capturing, transporting
and analyzing forensic samples of UFs important in nonproliferation. As a non-volatile, non-
reactive, and relatively temperature and radiation stable solvent, room temperature ionic liquids
are a unique non-aqueous solvents for this task. This work demonstrates the direct dissolution of
UFs into 1-methyl-1-propyl-piperidinium bis(trifluoromethylsulfonyl)imide ([MPPi][TFSI]). The
characterization of dissolved UFs in the IL using spectroscopy including EXAFS and UV-Vis is

examined and compared to literature. Finally, the dissolution mechanism will be presented.
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4.2 Methods and Materials

4.2.1 Chemicals and Solutions

The dissolution of UFs is achieved through the direct addition of the solid to the IL,
[MPPI][TFSI]. The 1-propyl-1-methylpiperidinium bis(trifluoromethylsulfonyl)imide 99%
(IMPPI][TFSI]) was purchased from loLiTec. The UFs was depleted and supplied by URENCO.

The UFs was shipped and stored in a P10 tube with a bolted top.

4.2.2 Dissolution of UFs

All work was completed in an inert atmosphere in a VAC glovebox equipped with a cold
well and cold storage assay. The P10 tube is stored in a cold storage assay at -15 °C. Before
dissolution, the P-10 tube was cooled to liquid nitrogen temperatures using the cold well. In a
scintillation vial, a measured amount of room temperature [MPPi][TFSI] is added. The chilled
P10 tube is opened and the UFg is removed with a metal spatula and added directly into the
[MPPI][TFSI]. The mass of the addition was measured by the mass changes of the vial. As the
UFs warms, it becomes waxy and is more difficult to remove from the P10 tube. When this
occurs, temporarily placing it back into the cold well to chill makes it easier to transfer once

again. The freshly made solutions are stirred with a stir bar and magnetic stir plate overnight.

4.2.3 XAFS Studies

The XAFS measurements were performed at the Advanced Photon Source at the
BESSRC-CAT 12 BM station at Argonne National Laboratory. The U samples (solid and
solution) were placed in an aluminum sample holder equipped with Kapton windows. XAFS
spectra were recorded at the U-Ls edge (17,166 eV) in transmission mode (solution) and
fluorescence mode (solid) at room temperature using a 13-element germanium detector. A

double crystal of Si [1 1 1] was used as a monochromator. Energy calibration was performed
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using a Zr foil (K edge = 17,998 eV). Several XAFS spectra were recorded over the k range [ 0—
18 A]** and averaged. The background contribution was removed using Athena software and data
analysis performed using WINXAS. For the fitting procedure, scatterings wave functions were
calculated by FEFF8.2; the input files were generated by ATOMS. The adjustments of EXAFS
spectra were performed under the constraints S¢? = 0.9, a single value of energy shift AEo was
used for all scattering. The uncertainty on the coordination number (C.N) is 20%, the uncertainty

on the distance (R) is 20%. Samples were taken twice for XAFS measurements.

4.2.4 UV-Vis, FTIR, and Raman Spectroscopy

UV-Vis spectra were obtained at room temperature in a 1 cm sealed quartz cell under
argon. The measurements were taken with a Cary 6000i double beam spectrometer. The UV-Vis
of the UFe containing solutions was background subtracted with the [MPPi][TFSI].

The FT-IR spectra were collected on a Varian 3100 FT-IR Excalibur series spectrometer
with the Varian Resolutions Pro, version 5.04.009 software. lonic liquid solutions were measured
by placing a small amount directly on the sample stage. Samples were disposed of afterwards
due to their exposure to atmosphere.

Raman spectroscopy was completed in an inhouse sample holder with a sapphire
window. The samples were sealed in inert atmosphere. The measurements were completed using
514.5 nm excitation line. The data was collected on a Princeton Instruments SP2750i
spectrometer with a 1800 groove/mm holographic grating and a P1XIS 400 camera.

4.2.5 Electrochemical Studies

A non-aqueous reference electrode was constructed using a BASi (Part number MF-
2062) kit. The Ag wire electrode was combined with an internal silver nitrate solution prepared

as described by A. Saheb, et. al’”’. For the experiments, approximately 4 mL of UFs in

77



[MPPI][TFSI] were added to an electrochemical cell. The counter electrode was a platinum
sheet. The working electrode was gold or glassy carbon. A CH Instruments Inc 600 series
potentiostat with the corresponding CHI software were used for all electrochemical studies.
Studies were completed in a glovebox with an argon atmosphere. A glassy carbon disc electrode
(Part number MF-2012) with a 3.0 mm diameter was used for the cyclic voltammetry data as
well. The CV was conducted at various scan rates and potential ranges. All voltages listed in the
experimental are those entered into the CHI software and not corrected with a ferrocene
standard. The potentials reported in the results and discussion is reported vs Ag/AgCl Sat’d KCl
based on the measurement of a ferrocene standard in the same IL with the same reference

electrode.

4.3 Dissolution of UFg in IL

The handling and measurement of solid UFe held at liquid nitrogen temperature is relatively
straight forward in an inert atmosphere glovebox equipped with an analytical balance. The white
solid is measured directly into the IL on a balance to provide accurate mass. The dissolution
occurred rapidly after addition to [MPPi][TFSI] with a visible change of the white solid to
yellow, Figure 30a. The initial color change is followed by rapidly dissolution to form a
turquoise solution within minutes, Figure 30b. At lower concentrations (< 0.5 M), dissolution is
completed with stirring as the color of the solution gradually changes from turquoise to green
over a few hours. At higher concentrations (> 0.5 M), dissolution happens rapidly with
exothermic heating. The increase in temperature is responsible for the increased rate of
dissolution at higher concentrations. The exothermic nature of the reaction is consistent with the
spontaneous direct dissolution of UFe in the IL to form the green solution observed in Figure

30c. The evolution of gas was observed in the IL at higher concentrations suggesting some
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degradation of the IL or formation of gaseous UFs occurs. The dissolution vial was capped after

addition of UFg to minimize any possible emission of UFg into the glovebox.

A) e

Figure 30: A 0.1 M solution A) as addition occurred, B) after shaking C) two days later

4.4 Characterization with XAFS Studies

The coordination of UFs in IL was examined and the fitted k3-EXAFS spectra and
Fourier transform of k3-EXAFS spectra of 0.1 M UFs in [MPPi][TFSI] at 10 days after
preparation are presented in Figure 31. For reference, the spectra provided in Figure 31 could not
be obtained for UFs dissolved in IL earlier as the samples had to be produced at University of
Nevada, Las Vegas, packaged and shipped to the ATLAS beamline at Argonne National Lab in
Chicago, Illinois. The fitted data indicates that the uranium remains bonded to all six fluorides.

The U-F bond length is 2.02 + 0.02 A. The normalized XANES spectra of the U_L3 edge of the

0.1 M 1 week sample, a 0.1 M six-month-old sample and 0.7 M six-month-old sample are
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presented in Figure 32. The absorption edges and maximum (white-line) energies listed in Table
1. The absorbance edges of the 0.1 M 1 week and 6-month samples were 17166.2 eV and
17166.1 eV and the 0.7 M 6 month sample was 17164.0 eV. The maximum of the XANES for
the three samples were 17174.0, 17173.6 eV, and 17174.2 eV respectively. The consistency in all
of these data points indicates the stability of the oxidation state of the U in the [MPPi][TFSI].
XANES of solid UFs and UO2(NOz3)> and Ulz in 1-butyl-1-methylpiperidium [TFSI] were
collected as U(1V), U(VI), and U(11I) reference materials. The comparison graph of the reference
materials and UFs samples is included in Figure 33. The reference materials are in different
environments from the UFe dissolved in [MPPi][TFSI] and therefore cannot be directly
compared. However, the white line energies differ (> 2 eV) from the dissolved UFs, suggesting
the U of the dissolved species is in the +5 state. Specifically, the initial dissolved species for UFe
is the UFs™ species in the IL solution. The bond lengths and coordinated atoms derived from the
EXAFS data are provided in Table 2. The data includes samples of a 0.1 M solution at 1 week, 1
month, and 13 months and the 0.7 M sample at 6 months and 13 months. All samples were only
found to be coordinated with 6 F atoms within the error associated with the measurements. The
1-month-old 0.1 M sample with 7.5 + 1.5 U-F bonds is the only outlier observed. However, the
value of 6 F is still within the error of the measurement. The bond lengths are consistent ranging

from 2.04 t0 2.06 £ 0.2 A.
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Figure 31: Fitted k3-EXAFS spectra (bottom) and Fourier Transform (top) of k3-EXAFS spectra
of 0.1 M UF6 in [MPPIi][TFSI] at 10 days old. Adjustment between k = [2.4-12.5] A-1. Residual
=3.27%. Experimental data in black and fit in orange. Fitted for 6.2 + 1.2 U-F bonds at 2.05 +
0.02 A
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Figure 32: Normalized XANES spectra at the U_L 3 edge of (a.) 1 week 100mM UFe¢ (b.) 6

month old 100mM UFs and (c.) 6 month old 700mM UFg

Table 1: Absorption edge and white-line at the U_L3 edge of samples in Figure 32.

Sample Edge (eV) White line (eV)
0.1 M UFs 1 Week 17166.2 17174.0
0.1 M UFe¢ 6 Month 17166.1 17173.6
0.7 M UF¢ 6 Month 17164.0 17174.2
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Figure 33: Normalized XANES spectra at the U_L3 edge of the same samples with standards.

Table 2: Structural parameters obtained from the adjustment of the k3-EXAFS spectra of the

solution samples at various ages and concentration.

Solution Sample C.N R (A) o (A% | ABoev) | R (%)
0.1 M UFs 1 week U-F 6.2+1.2 2.05(2) 0.003 -0.68 3.27
0.1 M UFs 1 month U-F 75415 2.04(2) 0.003 -4.91 6.40
0.1 M UFs 13 months U-F 5.7+1.1 2.04(2) 0.003 -2.70 6.82
0.7 M UFs 6 months U-F 6.5+1.3 2.06(2) 0.003 -8.22 4.19
0.7 M UFs 13 months U-F 6.1+1.2 2.05(2) 0.003 -1.38 2.94

4.5 UV-Vis Transition Assignments and other Spectral Data
The UV-Vis data for a 0.1 M UF¢ in [MPPi][TFSI] sample at 4 hours, 1 and 8 days is

provided in Figure 34. The spectra are background subtracted for [MPPi][TFSI]. The spectra are
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only presented at wavelengths longer than 500 nm due to the strong absorption at shorter
wavelengths for the IL and specifically the TFSI anion. There are several characteristic peaks in
this UV-Vis spectra that are associated with U(V). Specifically, bands in the 600 to 800 nm
range including peaks at 621, 639, 706, 758 nm are assigned to the I'7 - I's transition. The peak
at 980 nm is assigned to the I'7 - TI's" transition. Finally the characteristic bands at 1262, 1322

1328, 1352, and 1371 nm are assigned to the I’; - T’ transition.!!°

Absorbance (A.U.)

500 600 700 800 900 1000 1100 1200 1300 1400 1500

Wavelength (nm)

Figure 34: UV-Vis over time of 0.1 M UFe in [MPPi][TFSI]. The bottom spectrum was 4 hours,

24 hours and the top being 8 days. The 24 hour and 8 day spectra are shifted up for comparison.
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There have been several studies of U(V) compounds with similar UV-Vis characteristics.
Asprey and Penneman?® reported the UV-Vis of 5 M U(V) in a 24% HF solution. They
observed the solution to be blue for the U(V) compounds consistent with the initial turquoise
color of the IL solutions with dissolved UFs. In addition, bands for the I'7 - I's and I'7 - T'¢’
transitions are present in their spectrum. They also observe the I'; - I'7'transition for the U(V)
species which is consistent with the spectra for the dissolution of UFs in IL. Finally, four
different peak shapes are presented for the I'7 - I'7" transition indicating that the cation interacts
with the UFs” complex in solution, 120121

In a review of uranium (V) chemistry, Selbin and Ortego comprised the first few studies
of U(V) compounds. U(V) is unique due to its 5f electronic configuration. Most of the f-f
transitions can be observed because of the singular 5f electron associated with U(V) compounds.
The term symbol of the system is 2Fs;2,72. The initial splitting of the ?Fs2 and 2F72 energy levels
is due to spin-orbit interactions. The O crystal field of the U further splits the 2Fs into the
doubly degenerate T'7 and quadruple degenerate T's. For comparison, the 2F7 is split into the
doubly degenerate T'7and TI's and quadruple degenerate I's".*'® The presence of all three
transitions within the UV-Vis spectra of solutions from the dissolution of UFs in the IL also
further supports that the uranium remains in an octahedral configuration coordinated with six
fluorides as observed in the XAFS data.

The IR spectrum of the [MPPi][TFSI] with and without UFs is shown in Figure 35 over
the course of a week. In the short term there are few changes in the IR spectra. The spectra of the
[MPPI][TFSI] with and without UFe are almost identical. In order to better see the changes in the
two, the [MPPI][TFSI] spectra are subtracted from the UFs containing spectra in Figure 36.

There are approximately three peaks that increase in intensity at 1326, 1162, and 1027 cm™ and
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four that decrease at 1440, 1237, 1120, and 874 cm™. These changes are all less than 5
%Transmission. Uranium (V) and (IV) fluoride vibration bands in the IR range all occur at
wavenumbers below 500 cm™ which could not be observed by our instrumentation. The changes

that occur in the UFs containing IR spectra are a result of interactions between the cation and the

UFs anion.
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Figure 35: IR Spectra of 0.1 M UFg in [MPPI][TFSI] over the course of a week.
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Figure 36: The difference in the spectra after subtracting the [MPPi][TFSI] from the aged UFs

solutions.

In Figure 37 is the Raman spectra of pristine [MPPi][TFSI] and 0.5 M UFs in
[MPPI][TFSI] at 1 week old. The solutions were sealed and collected under inert atmosphere.
There are three new peaks between the two samples all in the 100 to 700 cm™ range as shown in
Figure 38. Two of these are the Raman active v and vs vibrations of UFs at 610 and 197 cm™
respectively.!"11® There is a third peak at 418 cm™ that differs from the [MPPi][TFSI]. Based on
literature assignments, the peaks at 399 and 406 cm™ are due to wagging of the SO, in the
[TFSI].122224 Later in this chapter the mechanism for the reduction of the uranium is discussed.
It is theorized the [TFSI] anion donates an electron and becomes a free radical. In the literature it

is shown a fragmentation of TFSIe occurs to give CF3SOze (Equation 30).12>126 The author
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proposes this new peak at 418 cm™ in the Raman may be a change in the wag of the SOz due to

the fragmentation of the [TFSI] radical.

TFSle — CF3SO2¢ + CF3SO2N-

Equation 30: Possible fragmentation of TFSIe radical?®
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Figure 37: Raman spectra of [MPPi][TFSI] and 0.5 M UFg in [MPPI][TFSI] at 1 week old.
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Figure 38: Raman Spectra with labeled U(V) vibrations

4.6 Electrochemical Characterization

Brief electrochemical studies have been completed with the UFe in [MPPI][TFSI]. In
Figure 39 is the CV of the 0.096 M UF¢ in [MPPI][TFSI] on a glassy carbon disc electrode. In
the first scan there is one minor reduction peak at -1.21 V vs Ag/AgCl. Also shown in Figure 39
is the final scan of a 20 cycle CV. The reduction peaks are more distinct in the final scan. The

ingrowth of the peak at -2.45 V vs Ag/AgCI is possibly the bulk deposition of the U(IV)
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compound. This will be further discussed in Chapter 5. The peak at -1.02 V vs Ag/AgClI grows in

over subsequent cycles along with a very small more positive peak at -0.58 V vs Ag/AgCl.

———20th UF6 Scan

Initial UF6 Scan

Current (amps)

Pristine MPPITFSI

V (vs Ag/AgCl)

Figure 39: Cyclic voltammetry of the 0.096 M UFs in [MPPi][TFSI] with a glassy carbon

electrode.

Attempts were made to isolate the various reduction peaks. The only peaks that was
successfully isolated is the suspected U(V) to U(IV) in Figure 40. In order to achieve this peak,
larger electrochemical windows needed to first be scanned. If a fresh solution was just scanned
from -0.02 to -1.62 V vs Ag/AgCl, no peaks were observed. More positive scans as shown in the
blue scan in Figure 40 were needed to be completed first. In the blue scan there is a reduction

peak at -0.35 V vs Ag/AgCl. Based on the previous evidence from XAFS and UV-Vis the initial

90



solution is all U(V). It is possible while scanning to more positive potentials some of the U(V) is
oxidized back to U(VI). This -0.35 V vs Ag/AgCI peak is then the reduction of U(VI) to U(V).

The resolved couple in red is the U(V)/U(IV) redox couple.

Current

? Z
0.5 0 -0.5 -1 -1.5 -2
Potential (V vs Ag/AgCl sat'd)

Figure 40: Isolated U(V) /U(IV) redox couple (in red) and coupled with the U(IV) to U(V) peak

(in blue).

A scan rate study was completed from 5 mV/s to 100 mV/s in Figure 41. At the slower 5
and 10 mV/s scan rates the reduction peak at -0.35 V is still visible. In Figure 42 the cathodic
peak current, ipc, and anodic peak currents, ipa are graphed as a function of the square root of scan
rate. These relate back to the Randles-Sevcik equation for a fully reversible system at room
temperature is shown in Equation 31 and quasi-reversible or irreversible system in Equation 32.%2
As shown in Figure 42, both the ipc and ipa OVer the various scan rates are relatively linear. This
mean the system follows the Randles-Sevcik equation and it can be used to determine the
diffusion coefficient of the species of interest. By applying the Randles-Sevcik equation to

Figure 42, the diffusion coefficient for the electroactive species can be calculated.
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Figure 41: Scan rate study of U(V)/U(IV) couple with glassy carbon disc electrode.

1 1 1
i, = 2.69 * 10%(nzADzCv?)
Equation 31: Randles-Sevcik equation for a fully reversible system.

1 1

3 1
ip = 2.99 % 10°(nzazADzCv?
Equation 32: Randles-Sevcik equation for a quasi-reversible or irreversible system.

Where:

n= number of e transferred
A= Area of the electrode (cm?)
D= diffusion coefficient (cm?/s)

C= Concentration (mols/cm?)

v=scan rate (V/s)

a= correction factor dependent on Ep and Epp.
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Figure 42: Peak currents graphed as a function of the square root of scan rate.

Table 3: Data from Scan Rate Study

Scan Rate | Epc (V vs Epa (V Vs AEp E” (V vs
(mV/s) Ag/AgCI) | ipc (A) Ag/AgCI) | ipa (A) ipc/ ipa | (V) Ag/AgCl)
5 -0.88 | 1.09E-06 -0.56 | -2.51E-07 4.36 0.32 -0.72
10 -0.90 | 1.83E-06 -0.57 | -6.54E-07 2.79 0.33 -0.73
25 -0.92 | 2.92E-06 -0.54 | -1.33E-06 2.19 0.38 -0.73
50 -0.94 | 4.22E-06 -0.54 | -2.13E-06 1.98 0.40 -0.74
75 -0.95 | 5.70E-06 -0.54 | -2.65E-06 2.15 0.41 -0.74
100 -0.96 | 7.21E-06 -0.54 | -3.46E-06 2.09 0.42 -0.75

In Table 3 are the Ep and iy for each scan rate along with the peak ratios, ipc/ipa, the peak

separation, AE, and formal reduction potential, E”. At all scan rates ipc/ipa is much greater than 1.

The AEp is also between 0.32 V and 0.42 V. It would be expected the ipc/ipa ratio was close to 1

and the AEp is 0.059 V for a fully reversible system. With the utilization of the irreversible
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Randles-Sevcik in Equation 32, the diffusion coefficient was calculated for the 50, 75 and 100
mV scan rate trials. The overall average diffusion coefficient was calculated to be 2.4 * 10! +
0.5 * 10! cm?/s.

The formal reduction potential is average between Epc and Epa. In this system it was
found to be -0.74 + 0.01 V vs Ag/AgCl. In Table 4 are the standard reduction potentials for
uranium as listed in the CRC as V vs SHE and vs Ag/AgCl to simplify the comparison to this
data. The standard reduction potential for the U(IV)/U(I11) couple is -0.774 V vs Ag/AgCl.%
However, this is unlikely the resolved couple as these reduction potentials are completed in
aqueous solutions. In an electrochemical study of a UFs anion in [BMIm][TFSI] found the
reduction to occur at -1.2 V vs Ag*/Ag and showed spectroscopically the ingrowth of U(IV).118

This further shows the resolved couple in this work is the U(V)/U(1V) redox couple.

Table 4: Standard Uranium Reduction Potentials®

Reaction E° (V vs SHE) | E° (V vs Ag/AgCl) | U Oxidation Change
UO2* +4H* + e > U* +2H,0 | 0.39 0.193 U(V) < U1v)
UO2%* + 4H" + e « U* +0.273 0.076 U(VI) « U(1V)
2H,0

UO% + e UO" 0.16 -0.181 U(VI) & U(V)

U+ e o U -0.577 -0.774 U(IV) — U(III)

U+ e o U -1.125 -1.322 U — U(0)
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4.7 Proposed Mechanism for Reduction of U(V1) to U(V)

The reduction of U(VI1) to U(V) during the dissolution of UFe into the [MPPIi][TFSI] is
evident through the presented XAFS and UV-Vis data. The author proposes the mechanism for
this reduction is through the oxidation of the [TFSI] anion to a free radical. Previous work with
CeCle* in 1-butyl-1-methylpyrrolidinium [TFSI] showed it was possible to electrochemically
produce CeClg® but the Ce(1V) was not stable in the 1L.*27 Other studies have shown that the
pulsed radiolysis of [MeBusN] [TFSI] with an accelerator resulted in solvated electrons through
the formation of the TFSI- radical. The TFSI+ was did not readily recombine with the solvated
electron but would often fragment further, allowing the solvated electron to be scavenged by
other solutes in solution.*?® It has been theorized that radiolysis from spent nuclear fuel could
result in solvated electrons from radicalized TFSI or cation, MeBusN?*e which could be further
scavenged by dissolved species.!?® Finally, the oxidation of TFSI to form the radical TFSI» was
also demonstrated electrochemically using a Pt electrode at 0.85 to 1.4 V vs Pt/Pt?*. However,
the exact potential was not determined using an internal standard for the quasi reference of
Pt/Pt?*. The study showed the radical TFSIs was relatively stable in the IL and that the system
could be continued to be used for catalysis in its presence.**

The current dissolution studies of UFg in ILs containing the [TFSI] anion further confirm
the species can be readily oxidized. It’s proposed that the UFe is dissolved into neat
[MPPI][TFSI] in inert atmosphere through the reduction of U(VI) to U(V) by [TFSI] to form the
TFSle. The data suggests that the limiting factor for dissolution will be based on the
concentration of the [TFSI] anion present in the IL. However, the stability of the radical may be
sufficient to allow the system to be utilized further. The mechanism for the direct dissolution of

UFs into IL to form the pentavalent UFe species is provided in Equation 33.
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UFs + TFSI" — UFg + TFSIe

Equation 33: Proposed Mechanism for the Dissolution and Reduction of UFs

4.7 Conclusions

This study is the first to evaluate the direct dissolution of UFe into an IL using the anion
as a reducing agent. The dissolution occurs quickly through the reduction of the U(VI) to U(V)
as UFe dissolves and forms UFs". The UV-Vis and Raman prove the uranium is in the +5 state.
The XAFS and UV-Vis data shows the U remains coordinated to six fluorides which is
consistent with the formation of UFe". The XAFS data shows the dissolved UF¢™ to be stable in

the [MPPI][TFSI] for up to 13 months.
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Chapter 5. Recovery of Uranium Species from the IL

In the previous chapter the dissolution of UFs into [MPPi][TFSI] was examined and the
resulting products characterized. This chapter explores three different methods for recovery of
the uranium species from the [MPPi][TFSI]. Recovery of the species through precipitation and
electrochemical reduction are demonstrated. The dissolved uranium hexafluoride is precipitated
from the [MPPI][TFSI] over time as a salt of the UFs* dianion that results from a second
reduction of the initially produced UFs". The following equations outline the direct precipitation
through reaction and coordination with the IL cation. Specifically, the two-electron reduction of

UFs and coordination with two cations occurs as the TFSI is oxidized to form the radical.

UFs + [MPPI][TFSI] — UFs + [MPPi]* + TFSIe
UFs + [MPPIi][TFSI] — UFe®> + [MPPi]* + TFSIe
Or

UFs + 2 [MPPi][TFSI] — UF¢* + 2 [MPPi]* +2 TFSIe — [MPPi]oUFs |

The precipitation of uranium can also be accelerated with the addition of water and
formation of hydrated uranium tetrafluoride. The processes is facilitated through the removal of
two F into the aqueous phase which results in the precipitation and phase separation of the
aqueous/solid/IL phases. These precipitates were characterized with PXRD and TGA. The
heating of both of these precipitates in air results in the formation of uranium oxides.

The third method for recovery was electrochemical reduction of uranium to either metal
or UF4 depending on the IL utilized. This work was completed on a gold electrode. The deposits

were examined by SEM-EDS.
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5.1 Introduction

As mentioned previously in chapter 1, current methods for converting uranium
hexafluoride to uranium oxides include the reaction of gaseous UFs with water vapor and H> to
ultimately produce UzOs and HF gas. In chapter 4, the dissolution and speciation of UFs
dissolved in [MPPI][TFSI] was characterized. Chapter 5 will examine the recovery of the
uranium species from IL and previous literature for the same.

Several studies have shown ILs as effective extractants of uranium from aqueous
solutions using traditional liquid-liquid extraction methods. In one study uranium was extracted
from nitric acid solutions using 1-alkyl-3methylimidazolium [TFSI] ([Comim][TFSI] where n =
5-10.) with TBP. It was found that at low acid concentrations (<0.1 M) [Csmim][TFSI] had a
better distribution ratio, Dy = [Ulorg/[U]agq, by almost two orders of magnitude over
[C1omim][TFSI]. At high acid concentrations (>1 M) the two ILs behaved similarly. This shows
the neutral UO2(NO3)2(TBP). complex is easily extracted into the [Cnmim][TFSI] regardless of
alkyl length at high acid concentrations. However, the shorter alkyl chains make it easier for the
ionic UO(TBP)2?* complex to be extracted into the IL at low acid concentrations with
corresponding transfer of [Csmim]* into the aqueous phase.!3! Trihexyl(tetradecyl)phosphonium
chloride was used for extracting UO,(COs).* from feed solutions of 1:5 UO2(NO3) to Na2COs
with a pH of 9.58. The uranium could then be stripped from the IL phase with 1M NaOH to
produce a yellow precipitate.’*> Another study compared the extraction of UOyNOs), from a
nitric acid solution with the previously studied 1-butyl-3-methylimidazolium [TFSI]
(IBMIm][TFSI]) and 1.1 M TBP. They successfully extracted uranium into the organic phase
and then completed electrodeposition of the uranium as UO: from the TBP/[BMIm][TFSI]

mixture on a platinum electrode. This is possible because the TBP does not change the
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electrochemical nature of the 1L.*33134 A majority of work with uranium in ILs has been directed
toward the potential use for the extraction of uranium oxides from spent nuclear fuel. Studies
with uranium halides in ILs are limited.

Most of the work on uranium halide chemistry in ILs has been completed with UF4 or
UClx analogs. The fluorinated IL, [BMIm][PFe], has been used to convert UO2 to UF4. The
fluorination was completed by mixing 40 mg of UO2 in 2 mL of [BMIm][PFe] in a Teflon
reaction cell and heating to 150 °C for 24 hours, This method could be used to replace the need
for HF in the fluorination of uranium oxides, however, the oxidation state of uranium remains
unchanged in this study.’®® The [BMIm][CI] has been examined for use to decontaminate
stainless steel used in UFs production. Initially UFs was dissolved in heated [BMIm][CI]. UV-
Vis showed the formation of UO,Cls%, indicating the oxidation of the U(IV) to U(VI) by O
present in the atmosphere. A stainless-steel sample was then exposed to the [BMIm][CI] at 100
°C for three hours. XPS spectra showed UF4, FeFs and Fe;Oz on the surface up to 25 pm of depth
before treatment. After treatment the UFs and FeFz were no longer on the surface. In the
dissolved solution the ratio of Fe* to F~ was 1:3 indicating only the fluorinated iron was
dissolved. ILs could be an option for cleaning material contaminated with uranium fluorides and
reduce the secondary waste stream produced in dissolving transition metals compared to acid
treatments.**® These studies did not outline a route for recovery of the uranium.

A handful of studies have been done with UXe? salts where X is Cl or F. The
[Cation].UCle salts were made with both the [BMIm] and [MeBuN] cations. These complexes
were made by dissolving U metal in 10 M HCI with a slight excess of [cation][CI] and the
uranium salt was precipitated. The salts were dissolved in their corresponding [cation][TFSI]

ionic liquid. Spectroscopic data showed the stability of the U(IV) complex in their respective
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ILs. With a glassy carbon working electrode both the oxidation and reduction of the U(IV)
complex to the U(V) and U(I11) were observed electrochemically.58137

In recent work, several [Cation][UFe] ILs were synthesized ([EMIm], [BMIm], [BPy],
and [BMPyr]). These were made by reacting an excess of anhydrous HF with [Cation][CI] and
removing the resulting HCI and excess HF with a vacuum. The resulting [cation](FH)nF was
reacted with B-UFs in a T-shaped PFA reactor. These reactions produced the green liquids
identified as [Cation][UFe] with the uranium in the +5 oxidation state. These compounds were
characterized with Raman, FT-IR, electrochemically with cyclic voltammetry, and
TGA/DSC.1"118 The initial step for the formation of these ILs was the production of the
[Cation](FH)nF ionic liquid. In more recent work the previously developed [EMIm][F(HF)2.3]
was tested for dissolution of UO2 and UOs. The dissolution was successful and initially ESI-MS
and APCI-MS indicate the dissolved species to be UFs’, suggesting the dissolved species to be
U(V). Overtime the formation of UO2F is identified, likely due to oxygen slowly dissolving into
the IL over time and oxidizing the UFs anion.**

Finally, some work has been done with the dissolution of uranium halides in ILs but not
on the recovery of uranium halides from [L.68116137.13% | the previous chapter the dissolution of
ure In the IL was studied and the initial product characterized. In this chapter the recovery of
uranium is carried out using three different methods of precipitation and electrochemically. The

precipitates are characterized in this chapter.

5.2 Methods and Materials

5.2.1 Chemicals and Solutions
The 1-propyl-1-methylpiperidinium bis(trifluoromethylsulfonyl)imide 99%

(IMPPI][TFSI]) purchased from loLiTec. The UFs was natural uranium and supplied by
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URENCO. Solutions were prepared utilizing the dissolution method outlined in Chapter 4. Water
utilized during the precipitation was about 18.2 MQ from a Barnstead E-Pure water filtration
system.

5.2.2 Time Dependent Precipitation

The first recovery method was the time-dependent precipitation of a UFe salt. Higher
concentration samples (>0.7 M UFs) precipitated over a period of weeks. Lower concentration
samples (<0.2 M UFs) would precipitate over the course of several months. These samples were
then collected through filtration using a simple paper filter, vacuum funnel, and filtration flask.
The IL was collected from the flask and the precipitates were rinsed several times with acetone

to remove the IL. The precipitates were then dried under vacuum in a desiccator overnight.

5.2.3 Water Driven Precipitation

The second recovery method was water-initiated precipitation. Approximately 3 mL of a
0.1 M UFe¢ in [MPPIi][TFSI] was placed in a 15 mL centrifuge vial. Then 3 mL of DI water was
added to the centrifuge vial. The vial was capped and wrapped in parafilm. The vials were placed
on a shaker table for 90 minutes to fully mix. They then were centrifuged for 5 minutes at 5000
RPM. Some precipitates were retained between the aqueous and IL phases and some were at the
bottom of the IL. The aqueous and IL phases were removed separately using disposable pipettes.

The remaining precipitates were filtered and rinsed with acetone as described previously.

5.2.4 Electrochemical Recovery

The electrochemical reduction was completed using a 760C Potentiostat by CH
Instruments, Inc. Electrochemical deposition was completed with solutions of about 0.1 M UFe.
The counter electrode was a platinum sheet and the reference electrode was as described in

chapter 2. The working electrode was a gold foil electrode. All electrochemical studies were
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completed in a double wide MBraun glove box in dry inert atmosphere. The electrode was first
cycled 20 times from 2 to -4 V at 100 mV/sec. This step is intended to create nucleation sites for

deposits. Then deposition was competed by holding the electrode at -3.5 V for 20 to 40 hours.

5.2.5 Analysis Instrumentation

The SEM images of the uranium deposits were taken on a JEOL JSM6700F Field
Emission SEM instrument without any additional surface pretreatment. The magnification range
of 35 to 1200 times was imaged. The imaging conditions used a 15 kV accelerating voltage and a
working distance of 22 mm. The gold electrode with deposits was dipped in acetone before being
placed on the stage to remove the [MPPIi][TFSI] from the electrode surface.

The PXRD patterns were collected using a Bruker D8 Advance powder Xx-ray
diffractometer. The samples were ground using a mortar and pestle. Then sample was placed on
a silicon low background stage. Sample was dispersed and adhered to the stage using methanol.
The sample was then domed to prevent loss of loose material.

Thermal gravimetric data was collected with a Netzsch F1 Jupiter 43 simultaneous
Thermogravimetric analysis and Differential Scanning Calorimetry (TGA/DSC) instrument.
TGA was run on the precipitate from 20 to 1300 °C at 5 °C /min. There was also an Ar stream
over the sample. The rate was reduced to a flow of 20 mL/min due to the precipitate being a
powder. Measurements were carried out in an Al.O3 crucible with a lid. Sample masses were
typically between 15 and 30 mg. The powders were placed into the crucibles and then were
pressed into the bottom of the crucible to create a flat, packed sample.

UV-Vis spectra were obtained at room temperature with a Cary 6000i double beam

spectrometer. The solid precipitates were mixed with mineral oil in a mortar and pestle.
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FT-IR spectra were collected on a Varian 3100 FT-IR Excalibur series spectrometer with
the Varian Resolutions Pro, version 5.04.009 software. IL solutions were measured by placing a
small amount directly on the sample stage. Samples were disposed of afterwards due to their
exposure to atmosphere.

Raman spectroscopy was completed in an inhouse sample holder with a sapphire
window. The samples were sealed in inert atmosphere. The measurements were completed using
5145 nm excitation line. The data was collected on a Princeton Instruments SP2750i

spectrometer with a 1800 groove/mm holographic grating and a PIXIS 400 camera.

5.3 Time Dependent Precipitation of Uranium from IL

A 1 M high concentration solution was made to test the solubility limits of UFs into the
[MPPI][TFSI]. It was noticed over time that dark precipitates were forming on the bottom of the
vial which can be noted in Figure 43. UV-Vis of the same 0.1 M UFg solution presented in
chapter 4 was taken at 156 days shown in
Figure 44. Over a short period of time as examined in chapter 4, the changes in the UV-Vis
bands were minimal. However over extended periods the UV-Vis changes extensively over a
broad spectral range. In the first week there were minimal changes, the maximum of the 1350 nm
peak decreases over time. The shoulder of the absorption in the ultraviolet region shifts. The
peak that at 600 to 800 nm remains relatively unchanged over the course of a week but changes
greatly in intensity and peak shape over the course of months. The peak at 980 nm remains
unchanged in the short term, but a new peak at 1110 nm grows over months. These changes
indicate the likely change of oxidation state of the uranium from V tolV and the formation over

time of the solid [MPPi]o[UFs].
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Figure 43: A 0.95 M UFg in IL freshly made, after 1 day, 8 days, and 49 days.
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Figure 44: Changes in UV-Vis of 0.1 M UFg in [MPPI][TFSI] over extended time.
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Additionally, FT-IR was completed on solutions of various ages (Figure 45). In the short
term of a week the FT-IR spectrum of a 0.1 M UFe solution looks similar to that of pristine
[MPPI][TFSI]. When a 136-day 0.6 M UFs solution is measured there are two significant
changes in peak shapes. A FT-IR peak around 1500 cm™ corresponds to the C-H stretch in
piperazine, a six-member ring with two NH groups in the 1 and 4 position. The peak at about
1475 cm is likely the CH2 groups adjacent to the N in the [MPPi] cation. The peak at 900 cm™
corresponds to the rocking of the methyl group attached to nitrogen. These changes are
consistent with the slow precipitation of the UFs with the cation in solution. The results suggest
that precipitation occurs slowly as the second reduction occurs forming [MPPi]2[UF].
[MPPI][TFSI] absorbs heavily in the UV range. The coordination results in the shift of the UV

shoulder in the UV-Vis consistent with the interaction between the UF¢"™ and [MPPI][TFSI].
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Figure 45: Changes in the FT-IR of a 0.1 M UFg solution over a week and a 0.6 M UFg solution

at 138 days.
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The long-term changes in the UV-Vis and FT-IR are indications of interactions between
the UFs™ anion and [MPPI][TFSI] over time. These interactions are kinetically very slow, likely
due to the bulkiness and asymmetry of the [MPPIi] cation and the viscosity of the solution. In
chapter 4 the mechanism for a single electron transfer is shown. The following evidence shows a
second electron transfer occurs to reduce the U(V) to U(IV). As the cations and the UFs>
interact, the bulky ionic compound precipitates out of solution. Allowing it to be filtered out and
rinsed with acetone to remove the remain [MPPIi][TFSI]. The dried precipitates are shown in

Figure 46.

-

Figure 46: Solid precipitates collected from a 0.7 M UFs solution.

The first method of characterization completed with these precipitates was PXRD. The
pattern has several peaks, but counts were very low, indicating the precipitates were not
crystalline. Further analysis was completed using TGA (Figure 48). There are two major mass
losses at 400 °C and 1100 °C. The initial mass loss at 400 °C was 42 to 44% for the samples.

This corresponds to the loss of the 2 [MPPI] cations equivalents to 44.7% mass loss. The second
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mass loss at 1100 °C is 56 to 59% for the samples. The loss correlates with the removal of 6
fluorides and the addition of Oz which has a mass equivalent to 57.6%. After running TGA/DSC,
the sample was a black powder. PXRD of the powder shows it to be primarily UO2 with some
UOS as shown in Figure 49. In a tube furnace, larger samples have been heated with an argon
stream to 1100 °C. Pure UO> has been collected from these samples and confirmed with PXRD

(Figure 50).
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Figure 47: PXRD of UFg precipitate. In blue is the pattern for UF4(H20)2
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Figure 48: TGA of three separate samples of the precipitates that form over time.
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Figure 49: PXRD of time dependent precipitate after running TGA/DSC
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Figure 50: PXRD of sample after heating time dependent precipitate in tube furnace.

5.4 Water Driven Precipitation of Uranium from IL

It was discovered adding water to a low concentration UFs solution accelerated the

formation of a precipitate. In a 15 mL centrifuge vial, 5.6 mL of the 0.0386 M UF¢ solution was

combined with 4.4 mL of DI H2O. The centrifuge was placed on a microplate genie and mixed

for 1 hour. The mixture was then centrifuged for 15 minutes at 5500 rpm. A green solid

precipitate was observed primarily at the bottom of the vial. There was a small amount of

precipitate stuck in the layer between the water and [MPPIi][TFSI]. The centrifuge tube before

and after certification is shown in Figure 51.
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Figure 51: 5.6 mL of 0.04 M solution of UFgin [MPPIi][TFSI] with 4.4 mL of DI H2O shaken by

hand, centrifuged, solid filtered from solution.

The water layer and a majority of the [MPPi][TFSI] was decanted from the precipitate at
the bottom. The precipitate between the water and [MPPi][TFSI] layers was lost. The precipitate
was rinsed twice with hexane to remove the bulk of the [MPPi][TFSI]. Then the solid was mixed
thoroughly with acetone and centrifuged three times to further remove any remaining
[MPPI][TFSI]. The vial was placed overnight in the fume hood to dry. The mass of recovered
precipitate was 0.2582 g. The vial and precipitate were further dried under vacuum in a
desiccator, reducing the precipitate mass to 0.1183 g. The precipitate changed from a dark green

to light green color when dried as shown in Figure 51.
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The PXRD of the green precipitate shows the solid to be UFs - 1.5 H2O (Figure 52).
Using the initial solution concentration and volume there should have been 0.00022 mols of U
available for recovery. Using the 0.1183 g and molar mass of UF4 - 1.5 H2O, it was calculated
that 0.00035 mols of U was recovered. Since this is 160% recovery, there is likely [MPPi][TFSI]
remaining in the precipitate. This will be shown later to be likely true through the Raman and

FT-IR data of the two solid precipitates.
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Figure 52: PXRD of UFg water driven precipitates fitted to UF4 * 1.5(H20)

The TGA was completed on the water driven precipitates and is presented in Figure 53.
The time precipitates experienced a total mass loss of about 55%. The water precipitates only
experience a mass loss of about 24.5% over the same temperature range. As presented earlier in
this chapter the time dependent precipitates’ mass loss was equivalent to the loss of two of the

[MPPi]* cations from the [MPPI][TFSI] at 400 °C and the exchange of 6 F with 2 O at 1100 °C.
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The PXRD of the water driven precipitates after TGA resulted in the production of UzOs (Figure

54) instead of UO.. A more in-depth analysis of the TGA is present in section 5.5.
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Figure 54: PXRD of water driven precipitates after running TGA/DSC
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5.4.1 Mass Balance Studies for Uranium Recovery Utilizing Water

A mass balance was completed with two concentrations of solution, a lower 0.08 M and
higher 0.26 M solution. Water extractions were also completed at 4 hours and 1 week after
dissolution. The two concentrations and time periods were completed in duplicate. These time
points were selected to see if the uranium could be recovered immediately after dissolution and
at later dates if a sample was to be shipped and extracted at a different location. The longer aged
solutions have more opportunity for the UFe cation to be reduced and form a solid with the
[MPPI][TFSI].

The extraction was completed using 3 mL of UFe solution in [MPPi][TFSI] and 3 mL of
water. The mixture was shaken by hand vigorously for 2 minutes and then centrifuged. A
majority of the IL and water was removed from the precipitate using a pipette. The aqueous
phase was further diluted for ICP-AES analysis. The water phase changed to a yellow tint as
previously reported. The UV-Vis was completed on one of the aqueous phases and presented the
characteristic UO2?* five peak signature (Figure 55). The most likely species is UO2F,2).

A second extraction was completed with water and the IL to evaluate U remaining in IL.
A 3 mL sample of water was added to the 1.5 to 2 mL of IL that was separated using the pipette.
The two phases were mixed on a shaker table for 90 minutes to complete the second extraction.

This water was collected and evaluated on ICP-AES.
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Figure 55: UV-Vis of aqueous phase after extraction of uranium

Table 5: Mass Work Up for Uranium Recovery for 0.26 M and 0.08 M Uranium at 4 hours and 1

week after addition to the [MPPIi][TFSI].

% Uin % U Solid
Sample Aqueous Phase | % U in IL Precipitate
A) 0.26 M UFs 4 hours 23.7% 0.2% 76.1%
B) 0.26 M UF¢ 4 hours 25.4% 0.1% 74.4%
C) 0.26 M UFs 1 week 28.7% 0.4% 70.9%
D) 0.26 M UFs 1 week 26.3% 0.2% 73.5%
E) 0.08 M UFs 4 hours 23.8% 0.2% 76.1%
F) 0.08 M UF¢ 4 hours 26.8% 0.2% 73.0%
G) 0.08 M UFg 1 week 27.9% 0.2% 71.9%
H) 0.08 M UFs 1 week 28.0% 0.3% 71.7%

The results of the extraction in the phases are shown in
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Table 5. It was found across all samples that about a quarter of the uranium was dissolved
into the water during the extraction. There was little difference between the samples in
concentration or in age of the sample. The aged 1-week samples had slightly higher percentages
of U lost to the aqueous phase, 27.7 £ 1.0% vs 24.9+ 1.5%. The small sample sets overall make
this a rather insignificant difference. It was also found that very little of the U (< 0.5%)remains
in the [MPPI][TFSI] after extraction but there were trace amounts found.

This study was repeated with 4 samples of 0.1 M solution aged 4 days after dissolution.
In this set up about 3.5 mL of UFe solution was mixed with 4 mL of DI H>O. The same
procedure for mixing was repeated. The secondary extraction was not completed on the
[MPPI][TFSI] because it was shown to be < 0.4% U remained in the [MPPi][TFSI]. This study
presented similar results to the previous shown in Table 6. Similarly, about 25.3 + 2.6 % of the

uranium was lost to the aqueous phase.

Table 6: Uranium Recovery for 0.11 M UFe at 4 days after addition to the [MPPi][TFSI].

% Uin % U Solid
Sample Agueous Phase | Precipitate
I 24.6% 75.4%
J 23.2% 76.8%
K 24.2% 75.8%
L 29.0% 71.0%
Average 25.3% 74.7%
Standard
Deviation 2.6% 2.6%

The most likely chemical reaction for the water driven precipitation is shown in Equation
34. However, this reaction would produce a 1:1 ratio of uranium in the aqueous phase and the
precipitate. Since we know this ratio is more heavily leaned toward the precipitate, the reduction
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of the precipitated uranium is shared between the oxidation of the uranyl uranium and electrons

further donated by the [TFSI] anion.

2UF6- + 2H20 — UOZFZ(aq) + 4HF(aq) + 2F-(aq) + UF4l

Equation 34: Chemical reaction for the water driven precipitation.

5.4.2 Optimization Study for Uranium Recovery Utilizing Water

In previous studies the volume of water and solutions were a similar 1:1 ratio with
solutions varying from concentration of 0.07 to 0.26 M UFe. It was investigated if the amount of
water used to perform the precipitation could be minimized to reduce the amount of uranium lost
to the aqueous phase (previous reported to be about 25%). In this study water spikes of volumes
of 3 uL, 30 puL and 300 puL were added to 3 mL of 0.23 M UFe in [MPPI][TFSI] in duplicates.
The samples were on a shaker plate for 90 minutes and then centrifuged. All samples have
precipitates (Figure 56), but the 3 and 30 uL spikes had a green tinge remaining in the

[MPPI][TFSI].
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Figure 56: The two tubes on the left received a 3 pL spike of water, the middle two received a 30

uL spike of water and the right two received a 300 pL spike of water.

The [MPPI][TFSI] was removed from the precipitate and rinsed with acetone, a gelatinous
material remained instead of a powder (Figure 57). The gel also appeared to be slightly soluble
in acetone as the color of the filtrate was green. Once dried overnight in a desiccator under
vacuum the gel turned to a dark green color and is more solid. These vials are shown to the left

side of the photo in Figure 58.
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Figure 57: Gelatinous material produced from 3 and 30 pL spikes. Pictured is a 3 uL sample.

Figure 58: On the left are the vials of dried gel from the two 3 pL (top) and two 30 pL (bottom).
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A secondary extraction was completed on the [MPPIi][TFSI] phase removed from the
precipitate. In this extraction 3 mL of DI H20 were added to each sample. The samples were
mixed on the shaker table for an additional 90 minutes and then centrifuged. The resulting
samples are shown in Figure 59. There was a small amount of additional precipitate in the
bottom of the 3 and 30 pL spiked samples and no additional precipitate in the 300 pL sample.
The water of the first two sets of samples were also a yellow/green color. The extraction method
for uranium from [MPPI][TFSI] up to at least 0.23 M UFg can be completed with a 1:100 ratio of
volumes of aqueous to IL phase. However, ratios at 1:100 and below are not sufficient for fully

converting the UFs™ to UF4.

Figure 59: On the right are the [MPPi][TFSI] samples after the secondary 3 mL water extraction

with the samples from top to bottom in sets of two, 3 uL, 30 uL, and 300 pL initial water spikes.
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5.5 Spectral Characterization of Precipitates

UV-Vis of the two precipitates were taken in mineral oil. The samples were placed
between two quartz slides and loaded into the solid sample holder. UV-Vis of [MPPIi][CI] was
also taken as reference for the [MPPi].UFe. The UV-Vis of all three are shown in Figure 60. The
cation has no significant absorbance bands between 300 and 1800 nm. All absorbance bands
from the precipitates are from the uranium. The water driven precipitates, hydrated UF4, has
more defined absorbance bands than those of the [MPPi].UFs, but they have the same peaks. The
main peaks are at 421, 475, 536, 637, 660, 806, 1060, 1106, and 1455 nm. The absorbances in
the 421 to 660 nm range are from the 5f% — 5f'6d' excitations.!*%4! The lower energy
transitions are the excitations from the *Ha ground state to excited states.*! Based on literature
assignments for UXe? (X=Cl, Br, I) these include the I'7 — TI's at 806 nm, I'’ — I's’ at 1060 and
1106 nm, and the I'7 — I'7 at 1455 nm. The splitting of the '’ — TI'g" is an indication of the
deviation from octahedral conformation.**? Because the hydrated UF4 ranges from 1.5 to 2 H.0

per U it makes sense that this sample exhibits more splitting than the ionic [MPPi].UFs complex.
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Figure 60: UV-Vis of the time dependent, water driven precipitates and [MPPIi][Cl].

In Figure 61 is the FT-IR spectra of the two precipitates and [MPPIi][CI]. Both
precipitates have a peak at 3300 and 1600 cm™ indicating both precipitates are hydrated.'*®
Compared to literature of UCls> complexes with several common IL cations, the signature
between 2600 to 3000 cm™ is from the piperidinium ring.**” This signature region is found in
both precipitates, indicating some of the IL remains as an impurity in the water driven
precipitates. All vibrational frequencies for uranium in UFs® are below the limits of the FT-IR
used in this work.!* In Table 5 is a comparison of the highest intensity peaks from the
precipitates with [MPPi][CI] and HTFSI. The peaks of interests are also labeled in Figure 61.
The resolution of the instrument was 4 cm™ to improve signal when collecting the spectra. Only

the doublet D in the precipitates may be present in the HTFSI spectra. The separation between
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these two peaks in the precipitate is 50 cm™ and in HTFSI it is 85 cm™. With the 4 cm™
resolution the only significant peak shifts for the vibrations labeled B and F. At vibration B both
precipitates were at 1465.9 cm™ while [MPPi][CI] was at 1456.3 cm™. This peak is likely a
contribution of the C-H adjacent to the nitrogen of the piperidinium ring as shown to change in
the solution FT-IR in section 5.3. The doublet at F had one peak at 943.2 cm™ for the precipitates
and 939.3 cm™ which is within the resolution of the instrument. The second peak is at 968.3 cm™
for the time dependent precipitates, 964.4 cm™ for the water driven precipitates, and 977.9 cm*
for [MPPI][CI]. These vibrations are likely from the methyl group off the nitrogen of the
piperidinium, similar to the changes noted in the solution FT-IR. Because these shifts happen in
both the time dependent and water driven precipitates, there is likely some [MPPIi] associated

with the uranium in the water precipitates as well as UF4 present.
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Figure 61: FT-IR Spectra of HTFSI, [MPPi][CI], time dependent and water driven precipitates.
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Table 7: Comparison of FT-IR peaks marked in red in Figure 61. All peaks are in cm™.

Instrument resolution was 4 cm™.

Peak HTFSI  [MPPI][CI] Time Precip  Water Precip
A - 2920.2 2922.1 2920.2
B - 1456.3 1465.9 1465.9
C - 1352.1 1350.2 1350.2
D 1201.6 - 1184.3 1182.4

1116.8 - 1134.1 1136
E - 1057 1055.1 1055.1
E - 977.9 968.3 964.4
- 939.3 943.2 943.2

G - - 788.9 788.9
H - - 738.7 740.7

Raman of the solid time dependent and water driven precipitates were collected from 100
to 1500 cm™ (Figure 62). The solids were loaded into the sample holder as the solutions in
chapter 4. There was no mineral oil added. Also plotted on Figure 62 is the [MPPi][TFSI]
normalized to the 740 nm peak of the [MPPi][TFSI] with the 742 peaks of the time dependent
and water driven precipitates. There are three main features in the precipitates that are not in the
[MPPI][TFSI] at 188, 248, and doublet at 858 and 872 cm™ for the time dependent precipitates
and 181, 248, 858 and 872 cm™. The Raman active vibrations for UCls? has been reported for
Cs2UCls and [(CH3)2aN]2UCls.2* These are listed in Table 8. The 188/181 cm™ peak is tentatively
assigned to the v mode and the 248 cm™ peak is assigned to the vi mode. The 858 and 872 cm'?
doublet was not identified in the literature. In another study, the larger Br compound had a higher
vibrational frequency than the Cl compound.** Therefore it can be inferred that the even smaller
F compound would have an even lower vibrational frequency. The vs mode was not observed in

this work possibly because Raman data was not collected below 100 cm™.
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Figure 62: Raman of the time dependent and water driven precipitates with [MPPi][TFSI].

Table 8: Possible vibrational frequency assignments for the time and water driven precipitates

compared to UCls? compounds in literature. All values are in cm™.

Designation CsUCI65 | [(CH3)aN]UCIgH s UCIe? 144 UBre> 4 | Time Precip | Water Precip
A% 308 296 404 371 248 248
V2 230 230 308 188 181
Vs 126 124 162 170

The FT-IR and Raman data suggest there is remaining cation in the water driven

precipitate as well as likely some TFSI anion. It was also shown that both samples contain water.
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Here we go into a more in-depth analysis of the TGA after knowing this data. In Figure 63 the
average TGA of the two precipitates. The time dependent precipitates are shifted down by 10%
on the y-axis to separate the two sets of data. Different temperature ranges are listed for each
dataset. The final mols of U were calculated for each dataset using the final masses and the

compound formulas of UOS for the time precipitates and UsOg for the water precipitates.
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Figure 63: Averaged TGA mass losses for the time and water precipitates with labeled

temperature ranges.

The first mass loss in the time precipitates is 4.05 % over the range of 23 to 240 °C,

marked as region A. This is attributed to water and results in a 1:1.56 U to H>O ratio. The mass

loss from 240 to 470 °C shown as range B is 38.71 % with a U:[MPPi] ratio of 1.89. A mass loss
of 1.88 % continues to occur from 470 to 925 °C. The last major mass loss in range D is 14.12
%. The melting point of UF4 is 1036 °C. When the melting occurs is likely when the F to O

exchange occurred. In the PXRD of the post TGA samples showed UOS with S from likely
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remaining TFSI. When completed in a flowing air system of the clam furnace, UO, was
produced. Based on the moles of U calculated in the final mass and original mass, a mass loss of
9.46 % would be expected in range D. This value is considerably less than 14.12 % mass loss.
More work is necessary in cleaning up the precipitates and determination of impurities.

A mass loss of 4.47% over range X of the water precipitates from 23 to 220 °C is
contributed to the water in the sample. This calculated out to a 1:0.92 ratio of U:H2O for these
samples. The mass loss of 12.23 % over range Y to 440 °C is attributed to any remaining cation
or [MPPI][TFSI] remaining in sample. This is inferred since [MPPi][TFSI] was reported by lo-
Li-Tec that thermal degradation occurs over 250 °C. The mass loss of 7.85 % over range Z is the
conversion of UF4 to UsOg. Based on the final mols of U in the samples it was calculated this
mass loss would be 8.96 %. The actual change was less than that of the calculated change. This
could be explained it some of the water precipitates were still [MPPi]2[UF¢] instead of hydrated

UF4 or a mixture of F and [MPPI].

5.6 Electrochemical Recovery of Uranium from IL

In previous sections it was shown that the precipitates collected could be easily converted
to uranium oxides by heating in air. A possible route for recovery of uranium metal is through
the reduction of the uranium electrochemically. In chapter 4 the UFs in [MPPIi][TFSI] was
evaluated using a glassy carbon disc electrode to reduce the interactions between the electrode
and the [MPPI][TFSI]. A gold foil electrode was used during the deposition due to the improved
electron transfer kinetics between the electrode and uranium species.

Deposition exhibited here was of a 1-week-old 0.082M UFe in the [MPPI][TFSI]. The CV
from 2 to -4 V on gold foil prior to deposition is shown below in Figure 64. Several peaks grow

in overtime as observed on the glassy carbon electrode in chapter 4. After running CV,
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deposition was run at -3.5 V for a total of 40 hours. Before and after photos of the cell are shown
in Figure 65. There is a clear view of darker deposits forming during the deposition and in the

final photos of deposition at 40 hours.
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Figure 64: Cyclic voltammetry of the 0.082 M UF¢ in [MPPi][TFSI] on gold foil electrode.

Figure 65: A) A photo of the cell before deposition began, B) after 20 hours of deposition, and

C) is after the final 40 hours of deposition at -3.5 V.
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B)
Figure 66: A) the electrode after being removed from the IL. B) the solution remaining in the cell

with the deposits.

Following the deposition, the electrode was removed to complete SEM-EDS to look for
U-metal deposits. A bulk of the deposits were not adhered well to the gold foil and remained in
the IL once the cell was removed from the stand as shown in Figure 66. SEM images were
initially taken of the gold electrode with IL on the electrode but the IL made it difficult to take
images as it tended to move under the electron beam. The electrode was dipped in acetone four
times and allowed to dry. Figure 67 are some of the images collected on the electrode after being
dipped at 1500x magnification. In Figure 68 is an image of a site on the electrode where point
EDS was completed to identify the deposits. The x-ray emissions indicate the presence of
uranium, fluoride, and some sulfur. The sulfur, and potentially some fluoride, is likely from
residual IL on the electrode. Atomic percentage of F:U was compared from the four point EDS
spectra in Figure 68 and was found to be 4.8 + 1.3. If spectrum 2 was excluded it was found to be
4.2 £ 0.5 F per U. Accounting for residual [MPPIi][TFSI] on the electrode as shown with the S

present in the spectra, this ratio would indicate the deposition of UF4 and not uranium metal.
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Figure 67: SEM images of gold electrode after UFs deposition.
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Figure 68: SEM image where point EDS was completed showing the deposits to be uranium. The

EDS for spectrum 1 and 2 are shown below.
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Initially it was thought that there was water in the IL that was causing the deposition of
UF4 rather than U-metal. These depositions were repeated several times after drying the
[MPPI][TFSI] before dissolutions, but similar results were achieved with the deposition of what
appears to be UF4. In previous work by Katherine Lubke, uranium deposits were achieved out of
UFe in 1-butyl-1-methylpiperidinium [TFSI] ([BMPi][TFSI]) on gold foil in atmosphere. These
deposits appeared to be uranium metal from their geometric crystalline shape on the electrode
surface. The EDS mapping also indicated the deposits as uranium with no correlation to
fluoride.*® It is possible that the change in cation resulted in the difference in the deposits
produced. It could also be the change in atmosphere. As shown with the water driven
precipitates, the addition of water to the IL changes the precipitation of the uranium. It’s possible
the few hundred of ppms of water scavenged by the IL when exposed to atmosphere facilitates
the reduction of the U from U(VI) to U(lll) to U(0) through the collection of the F~ as the

uranium is reduced.

5.7 Conclusions

In this chapter three routes for the recovery of uranium were explored. Over time high
concentration solutions result in the precipitation of [MPPi].UFe as shown by TGA. UV-Vis
further shows the time dependent precipitates are from a second reduction of the uranium, from
U(V) in the dissolved species to U(1V) in the precipitated species. After the second reduction the
uranium precipitates with two [MPPI] cations.

The second and accelerated route for recovery is the water driven precipitates. These are
produced by a minimum 1:10 ratio of aqueous to IL to minimize the loss of uranium to the
aqueous phase. These precipitates are primarily hydrated UFs as shown by PXRD and TGA.

However, there’s likely some residual [MPPi][TFSI] in the solid based on the Raman and IR
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spectra. This system could be optimized further to reduce the loss of uranium to the aqueous
phase. The gel-like precipitates from the 1:100 and 1:1000 aqueous to IL phase ratios still needs
to be evaluated.

The final route to recovery is the electrochemical reduction. As previously shown in
chapter 4, the reduction of U(V) to U(IV) is achieved relatively easily. However, in this system
the reduction of U(IV) to U(111) and ultimately U(0) was not achieved. Based on SEM-EDS, it
was shown that UFs was deposited on the gold electrodes. It was previously shown that U metal
deposits were achieved in a closely related IL on the bench top. Further investigation is needed
to evaluate whether the IL or the atmospheric environment is the reason for the difference in

deposits.
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Chapter 6. Conclusions and Future Work
6.1 Conclusions:

Recovery of critical material materials such as lithium and uranium are a matter of
national importance. As our vehicles and power grids increasingly use LIBs, the demand for
lithium will continue to increase. It is necessary to recover lithium from LIBs at their end of life
to reduce our dependence on lithium mining in foreign states and the environmental impact of
lithium mining. Depleted uranium (DU) is a valuable resource for military and commercial
applications. Depleted uranium can be added to concrete mixture to produce high density
concrete which can be used in spent fuel storage silos. It can be used as shielding material for
tanks when mixed with molten polyethylene. In terms of spent nuclear fuel waste storage, the
DU can be used as a backfill component in a repository or as package fills in waste packages of
spent or high-level waste. If in the future fast reactors are utilized in the U.S., DU can be used as
a fuel source as well and there will be no need to further mine uranium ore.4’

In chapter 3 two pathways for dissolution of lithium in ILs was demonstrated. In this
study Li2COs was dissolved directly or indirectly into the [MPPi][TFSI]. LiH was shown to be
recovered in inert atmospheres and LiOH was recovered on bench top. In theory, the dissolution
on LiOH into [MPPIi][TFSI] could easily be facilitated with HTFSI in the same manner. Direct
dissolution of LiOH into an IL would close the lifecycle loop for lithium in LIBs.

Two methods for electrochemical recovery were exhibited with steady state and
differential pulse deposition. Both methods achieved macroscale deposition. However, the
differential pulse deposition produced deposits that adhered to the electrode and reduced the
discoloration of the [MPPi][TFSI] that is indicative of damage to the IL. It was also shown that

the initial CV cycle was imperative to the adherence of deposits to the electrode. Deposition was
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also exhibited on both gold and carbon electrodes. Gold electrodes typically visually produced
more deposits than the carbon electrodes, but graphite electrodes are significantly cheaper and
will likely be the electrodes utilized in batteries.

In chapter 4 the direct dissolution of UFs into [MPPIi][TFSI] was studied. The dissolution
was exothermic as indicated by the observation that high concentration solutions were warm to
the touch even through the glovebox gloves. The UFe readily dissolved into the [MPPIi][TFSI].
Characterization of the solution via XAFS showed that 6 fluorides remained coordinated to the
uranium. UV-Vis spectroscopy and XFAS bond lengths show the uranium to be reduced from
U(VI) to U(V). It was concluded that the mechanism for the dissolution and reduction was due to
the donation of an electron from the [TFSI] anion to produce TFSle. The U(V)/U(IV) redox
couple was isolated electrochemically. The couple was primarily irreversible to the reduction of
u(Iv).

After the dissolution, three routes for recovery were explored. In high concentration
solutions, precipitation of uranium was observed over time. Heating these time induced
precipitates to 1400 °C in the TGA resulted in UO.. The mass loss was indicative of the time
induced precipitates being [MPPi].UFe. This would indicate that a second electron transfer from
a [TFSI] anion to the dissolved UFs species occurs. The UFg? can then form a solid precipitate
with two of the [MPPI] cations. This second electron transfer is kinetically much slower than the
first. In low concentration solutions (< 0.1 M) uranium was shown to remain primarily in the
U(V) state when examined after one year by XAFS.

A second precipitation route was identified by adding water to the UFs solution. This
prompted the immediate precipitation of hydrated UF4 as shown with PXRD and TGA. When

using 1:1 ratio of UFs solution to aqueous phase, about one fourth of the uranium was lost to the
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aqueous phase in the likely form UO,F,? complexes based on the five band signiture of uranyl
in UV-Vis.

The final method for recovery was electrochemically driven. It was shown deposits of
likely UF4 were achieved using the same steady state method as used in chapter 3 with the
lithium. SEM-EDS was completed on the electrode showing small deposits on the electrode
surface. Most of the deposits did not adhere to the electrode and remained in the IL once the
electrode was removed from the solution.

While not presented in this work, a sample of both the time induced [MPPi].UFs and the
water induced hydrated UF4 were sent to Los Alamos National Lab (LANL). At LANL the solids
were dissolved in nitric acid and analyzed using a Thermal lonization Mass Spectrometer
(TIMS) to measure the isotopic ratios of the uranium. The original UFe was natural uranium. The
resulting 2°U/?®U from the TIMS measurements were very close to those of the natural
uranium. This is promising initial evidence that the methods presented here could be developed
into an important technique for IAEA inspectors to use in the field for validation of non-
proliferation treaties.

6.2 Future Work:

The lithium work has resulted in an international patent.**® The next steps for this work
would be in the scale up from bench top to industrial scale. The reusability and efficiency of
deposition was not evaluated or the percent recovery of lithium. These are all aspects requiring
evaluations before the technology could be used in industry. This work does exhibit the proof of
principle for the lithium recovery from ILs by electrochemical means.

More work needs to be done to optimize the recovery of uranium from IL. It was shown

reduced volumes of water could be used to precipitate the uranium but evaluation is not complete
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in determining the amount of uranium lost to the aqueous phase. The precipitated UF4 also
appears to have IL that is not completely removed based on FTIR and Raman measurements of
the two solids. In previous work on uranium recovery from a similar but different IL SEM
images showed geometric uranium crystals on a gold foil electrode. With EDS analysis and due
to the crystalline shape, it was assumed those deposits were metallic. Metallic deposits were not
achieved in this work. It could be due to the IL used or potentially some water in solution is
necessary to facilitate the deposition of U metal since this previous work was completed on the
bench top.

Future studies will investigate the mechanism and possible pathways for the regeneration
of the oxidized the [TFSI] anion in the IL using electrochemical methods. The vast majority of
studies examining the TFSI anion and radical have utilized shifts in the *F NMR spectra. We are
currently unable to perform these measurements to validate the reductive dissolution of UFs and
the reduction of the TFSI radical. Future studies are also underway to identify pathways for the
recovery of uranium from the dissolution of UF¢ in IL. The goal would be to identify pathways
for recovery that could result in a high throughput process for converting UFs to more useful

uranium materials without using H> or producing gaseous HF.
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