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Abstract. 
Reprocessing of spent nuclear fuel with recycling of fissile isotopes is necessary to optimize 
energy extraction from actinide resources and to minimize waste product production. 
Conventional separation processing of actinides and fission products requires the use of 
hazardous organic solvents with relatively high disposal costs. However, novel separations 
processes using room temperature ionic liquids (RTIL’s) either alone or in combination with 
supercritical fluid CO2 (sc-CO2) are being developed. The RTIL can be reused and the sc-CO2 
phase recycled, after removal of radionuclides. The overall goal of the project described here is 
to clarify the fundamental molecular level interactions that underlie extractions of actinides and 
lanthanides into RTIL’S and sc-CO2. Understanding these chemical interactions will help 
researchers to better understand the extraction mechanisms at play in the RTIL/sc-CO2 system, 
and to more fully optimize extraction efficiencies as well as to develop new extraction 
techniques. I propose to use Raman and infrared spectroscopies to study how molecular 
interactions between RTIL’s and sc-CO2 affect actinide speciation and solvation in mixtures of 
those solvents under differing conditions of pressure, temperature, and complexing ligand.  
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Introduction. Reprocessing of spent nuclear fuel with recycling of fissile isotopes is necessary 
to optimize energy extraction from actinide resources and to minimize waste product production. 
Conventional separation processing of actinides and fission products requires the use of 
hazardous organic solvents with relatively high disposal costs. The United States will need to 
consider developing new energy sources in the next several years, and nuclear energy is likely to 
grow in importance. However, gaining public acceptance of nuclear technology will require the 
development of environmentally sustainable methods for nuclear fuel recycling and nuclear 
waste management. Emerging novel separations processes can safely and effectively separate the 
useful components of discharged nuclear fuel from the wastes, while dramatically reducing the 
volume and toxicity of the wastes. In one such process, radionuclides from aqueous wastes or 
solid waste forms are transferred to a room temperature ionic liquid (RTIL) phase, from which 
they are extracted into a supercritical CO2 (sc-CO2) phase. The RTIL phase can be reused and 
the sc-CO2 phase can also be recycled, after removal of radionuclides. The solvent properties of 
the sc-CO2 phase can be changed, or tuned, by changing pressure and temperature; thus, it is 
potentially possible to design selective extractions of lanthanides and actinides from the RTIL 
phase to the sc-CO2 phase.1 The chemistry of the actinide elements is extremely rich, and much 
of that chemistry as yet remains uncharted. One gap in our fundamental understanding of 
actinide chemistry relates to the largely unexplored chemical behavior of actinides in RTIL’s and 
sc-CO2. The overall goal of this project is to begin to fill that gap by examining the solvation and 
coordination chemistry of actinides and other f-elements in RTIL’s and sc-CO2. 
Objectives and Methods. While RTIL’s and sc-CO2 are promising solvents, information on the 
solvation and coordination chemistry of actinides and other f-elements in these liquids is lacking, 
and information obtained in standard solvent systems cannot with any certainty be applied to 
these alternative solvents. The chemical behavior of f-elements in RTIL’s and sc-CO2 has only 
begun to be elucidated.2-7 An in-depth understanding of actinide solvation and coordination 
chemistry is essential for a more full understanding of the extraction mechanisms at play in the 
RTIL/sc-CO2 system. It is also important for the optimization of extraction efficiencies, and the 
development of new extraction techniques. I propose to use Raman and infrared spectroscopies 
to study actinide solvation and coordination chemistry in RTIL’s and sc-CO2, as well as to 
determine how molecular interactions between RTIL’s and sc-CO2 affect actinide speciation and 
solvation in mixtures of those solvents under differing conditions of pressure, temperature, and 
complexing ligand. My specific objectives for the one year time-frame are as follows: 
1 Investigate the solvation chemistry and speciation of uranyl(VI) in sc-CO2, RTIL’s, and sc-

CO2/RTIL mixtures under differing conditions of pressure, temperature, and complexing 
ligand. Determine how changes in pressure and temperature affect the solvation chemistry 
and speciation of uranyl(VI) species in RTIL/sc-CO2 mixtures. Ligands may include those 
important in nuclear waste processing: tri-n-butylphosphate (TBP), tri-n-butylphosphine 
oxide (TBPO), trioctylphosphine oxide (TOPO), and triphenylphosphine oxide (TPPO). 
These compounds are chosen because they are soluble in sc-CO2 and show high extraction 
efficiencies for uranyl(VI).8  

2 Investigate the specific molecular-level interactions between sc-CO2 and RTIL’s, sc-CO2 and 
uranyl(VI) species and between RTIL’s and uranyl(VI) species under differing conditions of 
pressure and temperature. Determine the effect of pressure and temperature on these 
interactions.  
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I propose to use Raman spectroscopy and infrared spectroscopy for this research because 
vibrational modes are very sensitive indicators of changes in molecular environment, and can be 
used to elucidate the equilibrium distribution of actinides in various solvents. For example, I 
have previously used the Raman-active νs(UO2) (symmetric stretching) mode to study uranyl(VI) 
complexation with citric acid in aqueous solutions,9 and the infrared-active νas(UO2) (asymmetric 
stretching) mode to study uranyl(VI) complexation with nitrate in an RTIL.10 Raman and 
infrared spectroscopies can also be used to track changes in ligand vibrational modes upon 
complexation, and to examine the chemical interactions between sc-CO2 and RTIL’s under 
varying conditions of pressure, temperature, and solute (uranyl-ligand complex, for example). 
Raman and infrared spectroscopies can thus provide molecularly-specific information as to how 
changing solvent conditions affect the solvation chemistry and speciation of actinides in sc-CO2, 
RTIL’s, and sc-CO2/RTIL mixtures. The information I will obtain will enable me to understand 
the chemical basis underlying optimal and suboptimal extraction conditions for actinide metals in 
the RTIL/sc-CO2 system. 

Raman spectra of actinide species in RTIL’s will be acquired using standard Raman cells 
suitable for work at atmospheric pressure and a Renishaw Ramascope Raman microscope with a 
785 nm laser. Infrared spectra at atmospheric pressure will be acquired using an attenuated total 
reflectance (ATR) accessory and an FTIR spectrometer. Measurements in sc-CO2 and sc-
CO2/BMIM-Tf2N mixtures will be acquired using a high pressure supercritical fluid system, 
which will include a high-pressure flow-through Raman cell and a supercritical fluids pump and 
controller. The Renishaw Ramascope system, an ATR accessory for work at atmospheric 
pressure, a FTIR spectrometer, and a supercritical fluids pump and controller are available in my 
research laboratory. A high-pressure flow-through Raman cell will be constructed.  

Potential Impact and Expected Outcomes. Nuclear chemistry has played a vastly important 
role in United States history since the end of World War II, and the United States has long been 
recognized as a leader in this area of research. In recent years, however, the numbers of 
American universities offering a specialization in nuclear and/or radiochemistry has decreased, 
along with the numbers of active faculty in that field.11 However, there is still a great need for 
fundamental research in these areas because of the necessity of resolving issues related to nuclear 
waste disposal, nuclear weapons management, nuclear non proliferation, and the environmental 
remediation of contaminated sites. The knowledge gained in this study relates to nuclear waste 
disposal issues and will be disseminated through papers, meeting presentations, and other 
scholarly output. This information will be of interest to the nuclear chemistry community, and 
may be applied in a practical fashion to the reprocessing of nuclear fuels and wastes. In addition, 
the information gained in this study will be used to provide impetus for future proposals I intend 
to submit to the Department of Energy and the National Science Foundation. 

One of the most important broad impacts of this research involves the training of the next 
generation of U. S. nuclear chemists. One undergraduate student will be hired to assist with my 
research on this project. I am strongly committed to recruiting, mentoring, and training students 
with an interest in nuclear chemistry, as they are vital to the future of U.S. nuclear chemistry. 
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Abstract.


Reprocessing of spent nuclear fuel with recycling of fissile isotopes is necessary to optimize energy extraction from actinide resources and to minimize waste product production. Conventional separation processing of actinides and fission products requires the use of hazardous organic solvents with relatively high disposal costs. However, novel separations processes using room temperature ionic liquids (RTIL’s) either alone or in combination with supercritical fluid CO2 (sc-CO2) are being developed. The RTIL can be reused and the sc-CO2 phase recycled, after removal of radionuclides. The overall goal of the project described here is to clarify the fundamental molecular level interactions that underlie extractions of actinides and lanthanides into RTIL’S and sc-CO2. Understanding these chemical interactions will help researchers to better understand the extraction mechanisms at play in the RTIL/sc-CO2 system, and to more fully optimize extraction efficiencies as well as to develop new extraction techniques. I propose to use Raman and infrared spectroscopies to study how molecular interactions between RTIL’s and sc-CO2 affect actinide speciation and solvation in mixtures of those solvents under differing conditions of pressure, temperature, and complexing ligand. 

Introduction. Reprocessing of spent nuclear fuel with recycling of fissile isotopes is necessary to optimize energy extraction from actinide resources and to minimize waste product production. Conventional separation processing of actinides and fission products requires the use of hazardous organic solvents with relatively high disposal costs. The United States will need to consider developing new energy sources in the next several years, and nuclear energy is likely to grow in importance. However, gaining public acceptance of nuclear technology will require the development of environmentally sustainable methods for nuclear fuel recycling and nuclear waste management. Emerging novel separations processes can safely and effectively separate the useful components of discharged nuclear fuel from the wastes, while dramatically reducing the volume and toxicity of the wastes. In one such process, radionuclides from aqueous wastes or solid waste forms are transferred to a room temperature ionic liquid (RTIL) phase, from which they are extracted into a supercritical CO2 (sc-CO2) phase. The RTIL phase can be reused and the sc-CO2 phase can also be recycled, after removal of radionuclides. The solvent properties of the sc-CO2 phase can be changed, or tuned, by changing pressure and temperature; thus, it is potentially possible to design selective extractions of lanthanides and actinides from the RTIL phase to the sc-CO2 phase.
 ADDIN EN.CITE 
1
 The chemistry of the actinide elements is extremely rich, and much of that chemistry as yet remains uncharted. One gap in our fundamental understanding of actinide chemistry relates to the largely unexplored chemical behavior of actinides in RTIL’s and sc-CO2. The overall goal of this project is to begin to fill that gap by examining the solvation and coordination chemistry of actinides and other f-elements in RTIL’s and sc-CO2.

Objectives and Methods. While RTIL’s and sc-CO2 are promising solvents, information on the solvation and coordination chemistry of actinides and other f-elements in these liquids is lacking, and information obtained in standard solvent systems cannot with any certainty be applied to these alternative solvents. The chemical behavior of f-elements in RTIL’s and sc-CO2 has only begun to be elucidated.
 ADDIN EN.CITE 
2-7
 An in-depth understanding of actinide solvation and coordination chemistry is essential for a more full understanding of the extraction mechanisms at play in the RTIL/sc-CO2 system. It is also important for the optimization of extraction efficiencies, and the development of new extraction techniques. I propose to use Raman and infrared spectroscopies to study actinide solvation and coordination chemistry in RTIL’s and sc-CO2, as well as to determine how molecular interactions between RTIL’s and sc-CO2 affect actinide speciation and solvation in mixtures of those solvents under differing conditions of pressure, temperature, and complexing ligand. My specific objectives for the one year time-frame are as follows:

1
Investigate the solvation chemistry and speciation of uranyl(VI) in sc-CO2, RTIL’s, and sc-CO2/RTIL mixtures under differing conditions of pressure, temperature, and complexing ligand. Determine how changes in pressure and temperature affect the solvation chemistry and speciation of uranyl(VI) species in RTIL/sc-CO2 mixtures. Ligands may include those important in nuclear waste processing: tri-n-butylphosphate (TBP), tri-n-butylphosphine oxide (TBPO), trioctylphosphine oxide (TOPO), and triphenylphosphine oxide (TPPO). These compounds are chosen because they are soluble in sc-CO2 and show high extraction efficiencies for uranyl(VI).8 

2
Investigate the specific molecular-level interactions between sc-CO2 and RTIL’s, sc-CO2 and uranyl(VI) species and between RTIL’s and uranyl(VI) species under differing conditions of pressure and temperature. Determine the effect of pressure and temperature on these interactions. 

I propose to use Raman spectroscopy and infrared spectroscopy for this research because vibrational modes are very sensitive indicators of changes in molecular environment, and can be used to elucidate the equilibrium distribution of actinides in various solvents. For example, I have previously used the Raman-active νs(UO2) (symmetric stretching) mode to study uranyl(VI) complexation with citric acid in aqueous solutions,9 and the infrared-active νas(UO2) (asymmetric stretching) mode to study uranyl(VI) complexation with nitrate in an RTIL.10 Raman and infrared spectroscopies can also be used to track changes in ligand vibrational modes upon complexation, and to examine the chemical interactions between sc-CO2 and RTIL’s under varying conditions of pressure, temperature, and solute (uranyl-ligand complex, for example). Raman and infrared spectroscopies can thus provide molecularly-specific information as to how changing solvent conditions affect the solvation chemistry and speciation of actinides in sc-CO2, RTIL’s, and sc-CO2/RTIL mixtures. The information I will obtain will enable me to understand the chemical basis underlying optimal and suboptimal extraction conditions for actinide metals in the RTIL/sc-CO2 system.

Raman spectra of actinide species in RTIL’s will be acquired using standard Raman cells suitable for work at atmospheric pressure and a Renishaw Ramascope Raman microscope with a 785 nm laser. Infrared spectra at atmospheric pressure will be acquired using an attenuated total reflectance (ATR) accessory and an FTIR spectrometer. Measurements in sc-CO2 and sc-CO2/BMIM-Tf2N mixtures will be acquired using a high pressure supercritical fluid system, which will include a high-pressure flow-through Raman cell and a supercritical fluids pump and controller. The Renishaw Ramascope system, an ATR accessory for work at atmospheric pressure, a FTIR spectrometer, and a supercritical fluids pump and controller are available in my research laboratory. A high-pressure flow-through Raman cell will be constructed. 

Potential Impact and Expected Outcomes. Nuclear chemistry has played a vastly important role in United States history since the end of World War II, and the United States has long been recognized as a leader in this area of research. In recent years, however, the numbers of American universities offering a specialization in nuclear and/or radiochemistry has decreased, along with the numbers of active faculty in that field.11 However, there is still a great need for fundamental research in these areas because of the necessity of resolving issues related to nuclear waste disposal, nuclear weapons management, nuclear non proliferation, and the environmental remediation of contaminated sites. The knowledge gained in this study relates to nuclear waste disposal issues and will be disseminated through papers, meeting presentations, and other scholarly output. This information will be of interest to the nuclear chemistry community, and may be applied in a practical fashion to the reprocessing of nuclear fuels and wastes. In addition, the information gained in this study will be used to provide impetus for future proposals I intend to submit to the Department of Energy and the National Science Foundation.

One of the most important broad impacts of this research involves the training of the next generation of U. S. nuclear chemists. One undergraduate student will be hired to assist with my research on this project. I am strongly committed to recruiting, mentoring, and training students with an interest in nuclear chemistry, as they are vital to the future of U.S. nuclear chemistry.
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		Salaries (PI salary is limited to one summer month; partial support for undergraduate and/or graduate students is allowed)

(Describe)One undergraduate student will be hired for a summer research project



		$3,000



		Fringe Benefits (if applicable)

(Describe) 4% fring benefit for the above-mentioned undergraduate research student.



		$120



		Travel* (travel to field sites or other locations to perform research is permitted; travel to professional conferences is limited to $500)

(Describe) The PI and/or the undergraduate student will present the results of this research project at the 243rd ACS National Meeting & Exposition in March 2012.



		$500.00



		Other Expenses (e.g., field or lab supplies, software, etc)

(Describe)

1) Materials, chemicals,  and other supplies (est. $2,000)

2) Usage of the 500 MHz NMR in the Chemistry Department (est. $1,000)



		$3, 000



		Capital Outlay (e.g., field equipment, computers, etc)

(Describe)

1) A high pressure Raman Cell will be constructed (est. $5, 000)



		$5,000



		Trustee Benefits 
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		$0



		Total Requested

		$11,620





Budget Justification


1) Personnel



One undergraduate summer student will take part in this research. This student will be paid $10 per hour and will work ~20-25 hours/week for 14 weeks. This student will conduct an independent research project under my guidance. By the end of the summer he or she will be able to conduct literature searches, plan and carry out experiments, analyze and interpret the results, and write reports. I am requesting the following salaries and fringe benefits:


Year 
Personnel

Salary

Fringe Benefits
Total Requested


1       Undergrad.

$3000

    $120

   $3120


2) Fringe benefits


Fringe benefits have been included at a rate of 4% for undergraduate student summer salary.

3) Equipment


My laboratory includes a Renishaw Ramascope Raman microscope and a Nicolet Magna 760 FTIR spectrometer. Raman spectroscopy and FTIR spectroscopy will be used in the proposed research. The Nicolet Magna 760 FTIR spectrometer is at the end of its lifespan, and parts are no longer available. Therefore, I will contribute funds from my startup funds (~$27,000) to purchase an FTIR spectrometer from ThermoFisher Scientific. 


4) Travel


Funds are requested for domestic travel to enable myself and/or undergraduate student to attend a national scientific meeting and to present research results. Attending national meetings is important for dissemination of research results, for learning about recent scientific advances, and is essential professional preparation for students. If the student is able and willing to attend the 243rd ACS National Meeting & Exposition in March 2012 and present his/her research in the undergraduate poster session there, I will use my startup funds to fund my own travel to this conference.


5) Materials and supplies


Funds are requested to pay for materials and supplies for the project. This cost includes ordinary laboratory supplies, solvents, glassware, NMR tubes, fittings and tubing for high-pressure work, uranium compounds, gases, and the purchase or synthesis of the ionic liquids and other chemicals. I am requesting $2,000 for materials and supplies. Any other materials and supplies not covered by this amount will be paid for out of my startup funds.

6) NMR spectroscopy

Funds are requested to pay for usage of the 500 MHz NMR in the Chemistry Department. NMR spectroscopy will be used to check purity of synthesized compounds (ionic liquids) and to help elucidate the solvation chemistry of uranyl(VI) species in ionic liquids. Instrumentation costs are $4 per hour, and are capped at $5,000 per year. I estimate usage at ~250 hours per year, for at total of $1,000 dollars. Instrument time not covered by this amount will be paid for out of my startup funds. 

7) Raman cell


Funds are requested to build a Raman cell for supercritical fluid CO2 measurements. The body of the Raman cell will be constructed by the University of Idaho Scientific Instrument Maker at the UI Machine Shop. The estimated cost of the Raman cell is $5,000. We estimate that materials required to build the cell will cost with a breakdown as follows:

Materials for cell body:



$1000


Parts and fittings,


 high-pressure tubing, gaskets

$1000


Cell windows:




$1000

Labor (design and machining):


$2000


Costs not covered by this amount will be paid for out of my startup funds.

Facilities, Equipment and Other Resources


The PI’s laboratory is housed in the Chemistry Department. The PI currently has University authorization to use depleted and natural uranium and thorium in this laboratory space. Authorization for use of other radioactive compounds can be obtained as needed. The lab consists of two 900 sq. ft. rooms and is fully equipped for chemical research. Spectroscopic instrumentation includes an 11-year-old Nicolet Magna 760 FTIR spectrometer, and a Renishaw Ramascope Raman microscope. Though old, both of these are in excellent working order. Dry, CO2-free air for the FTIR is supplied by a purge generator . Accessories for the Magna 760 FTIR include a SplitPeaTM attenuated total reflectance (ATR) accessory with a silicon internal reflection element (Harrick Scientific Products, Inc.). The lab also contains a LCQ Deca XP plus ion trap mass spectrometer with an electrospray ion source. Nitrogen gas for the mass spectrometer is supplied by a Peak Scientific nitrogen generator. The lab has five computers, four interfaced to instrumentation and one available solely for student use. The lab also has three refrigerators, two flammable storage cabinets for storage of flammable solvents, two ovens, two ultrasonic baths, a centrifuge, and two large fume hoods. A large inventory of hand tools is also available. There is also ample bench and storage space and areas for placement of new equipment. Desks for students are also provided in the lab.
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system for spectroscopic measurements


Infrared spectroscopic measurements on ionic liquids will be carried out using the SplitPeaTM ATR accessory (Harrick Scientific) and either the Nicolet Magna 760 FTIR spectrometer or a new Thermo Scientific Nicolet 6700 FTIR spectrometer. Raman measurements will be made using the Renishaw Ramascope Raman microscope. Samples will be contained in standard Raman cells.


Experiments using supercritical (sc) CO2 will be carried out using the apparatus shown in Figure 1. A supercritical fluids pump is available and will be used to supply sc-CO2 to the system.. Raman measurements in sc-CO2 and sc-CO2/RTIL mixtures will be made using a high-pressure flow-through Raman cell (to be constructed).

Chemistry Department


Facilities in the Chemistry Department include a 500 MHz NMR spectrometer and an EPR spectrometer, supervised and maintained by Alex Blumenfeld, Ph. D., an NMR specialist. The NMR spectrometer can be used for both 1D and 2D NMR experiments for a small fee. Four probes are available for this instrument: a broadband 1H/X probe (X – from Ag to P), a broadband inverse probe with z-gradient 1H/X (X – from Ag to P), a triple-channel 1H/31P/19F probe, and a solid-state MAS probe. The first three probes are equipped with a temperature control system (-140oC - +120oC). A rotary evaporator, separation, purification, and characterization facilities necessary for synthesis, purification, and characterization of ionic liquids are also available, as are a Karl Fischer titrator and a UV-visible spectrophotometer.
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Proposals Submitted (past five years)

Grants Awarded


Northwest Sustainability Initiative Regional Faculty Fellows Program. Washington Campus Compact, $3,125, Sept. 1, 2010 to July 15, 2013. Sofie P. Pasilis.


Proposals under Review


Spectroscopic Investigation of Actinide Speciation in Ionic Liquids and Supercritical Fluids. Department of Energy Early Career Research Program, #DE-FOA-000395. 06/01/11 to 05/31/16. Sofie P. Pasilis (PI). $750,000. (preproposal was accepted)

Proposals and Preproposals Submitted but Declined


Actinide Speciation in Room Temperature Ionic Liquids and Supercritical Fluids. NSF, $415,448; 06/01/11 to 05/31/14. Sofie P. Pasilis (PI), Chien M. Wai (Co-PI).

Acquisition of a LTQ Orbitrap Mass Spectrometer for Structural Identification and Analysis of Low-Molecular-Weight Compounds. NSF:CRIF, $498,050; February, 2011 to February 2014. Ray von Wandruszka (PI), Sofie Pasilis (Co-PI), Patrick Hrdlicka (Co-PI), Armando McDonald (Co-PI), Andrzej Paszczynski (Co-PI), Jakob Magolan and Jean’ne Shreeve. (submitted 2010). 

Vibrational Spectroscopic Characterization of Uranyl(VI) Speciation and Uranyl(VI)-Ligand Interactions in Ionic Liquids and Supercritical Fluids. Sofie P. Pasilis (PI), Chien Wai (Co-PI), William F. Bauer. Full proposal for “Building EPSCoR-State-National Laboratory Partnerships, #DE-PS02-09ER09-11”, $272,000. (submitted 2009)

Mechanisms and Efficacy of Garcinia buchananii Bark Extract and its Potential for Use as an Effective and Affordable Anti-Diarrheal Natural Complementary Drug. Onesmo Balemba (PI), Sofie P. Pasilis (Co-PI). Basic and Preclinical Research on Complementary and Alternative Medicine, NIH, $1,362,541. (submitted 2009).

Seed Grants Awarded

none
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