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Project Summary

The purpose of this project is to evaluate dissolution and coordination environments of
uranium and lanthanides in ionic liquid (IL) and to develop methods for their separation using
ionic liquid and supercritical fluid coupled extraction techniques. Both ionic liquids and
supercritical fluid carbon dioxide (sc-CO,) are considered green solvents for treatment of nuclear
wastes. An ionic liquid-supercritical CO, hyphenated dissolution, extraction and separation
process may provide an environmentally sustainable method for nuclear waste management.

Direct dissolution of uranium dioxide in a hydrophobic ionic liquid, 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([Bmim][T.N]), with
TBP(HNO3)1 8(H20)06 and subsequent extraction of the dissolved uranyl species into sc-CO,
have been demonstrated by this project. The dissolution rate of uranium dioxide (UO,) in the IL
follows pseudo-first order kinetics. Raman spectroscopy is used to characterize the coordination
environment of the uranyl species in the IL. The uranyl species extracted into sc-CO, phase is
identified to be UO,(NO3)2(TBP),. The ionic liquid used in the dissolution/extraction process
can be recycled for repeated use.

The rates of dissolution of UO, and neodymium sesquioxide (Nd,O3) in [Bmim][Tf,N]
with TBP(HNO3), g(H20)o 6 increase with temperature. The rate of Nd,O3 dissolution is faster
than that of UO, probably because dissolution of the latter requires oxidation of U(1V) to U(VI).
The activation energy (E,), enthalpy (AH*), and entropy (AS*) of activation of the dissolution
processes have been calculated. The dissolution rate of UO; in the IL with
TBP(HNO3)1.8(H20)0 is about a factor of 2 faster than that reported for the dissolution or UO,
in 8 M nitric acid.

Supercritical CO, extraction and separation of UO,(NO3),(TBP), and Nd(NO3)3(TBP)3 in
IL can be achieved by means of ligand exchange with diglycolamide. Tetrabutyldiglycolamide
(TBDGA) in [Bmim][Tf,N] is capable of replacing TBP coordinated with the metal ions forming
TBDGA complexes which are not soluble in sc-CO,. The TBDGA complex with Nd(NO3)s is
more stable than with UO,(NO3),. In the presence of a proper amount of TBDGA in
[Bmim][Tf,N] with UO2(NOs3),(TBP), and Nd(NO3)3(TBP)3, uranium could be extracted by sc-
CO, without co-extraction of neodymium. The fraction of uranium extracted by sc-CO, depends

on the relative amount of the two metals and the amount of TBDGA added to the IL phase.



This study also demonstrates that Fourier Transform Infrared (FTIR) spectroscopy is a
useful tool for characterizing uranyl species in ionic liquids. The asymmetric vibrational mode
of uranyl (O=U=0)*" observed in FTIR varies with different nitrate coordination. The IR bands
of UO,(NO3)", UO,(NO3); and UO,(NOs)s™ in ionic liquids have been identified and used as an
example to illustrate the distribution of these species in IL containing uranyl and different
concentrations of nitrate ions. The partitioning of americium (Am*") and trivalent lanthanides
(Ln**) between nitric acid and ionic liquid solution using TBDGA as a ligand has also been
investigated. The separation factor of Eu/Am is not large enough for practical application but
group separation of lanthanides may be achieved utilizing this extraction system. Finally, a
simple method for recycling ionic liquids for repeated use is described at the end of the report.

In summary, this project has produced some basic information for understanding direct
dissolution of uranium dioxide and lanthanide sesquioxide in ionic liquid and their subsequent
extraction and separation by supercritical fluid CO,. This knowledge is essential for developing
ionic liquid and supercritical fluid-based techniques for potential nuclear waste management

applications.
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Chapter I. Introduction

Supercritical fluid carbon dioxide (sc-CO;) and ionic liquids (ILs) are considered green
solvents for chemical reactions and separations.* Carbon dioxide is widely used in supercritical
fluid studies because of its moderate critical constants (T, = 31 °C and P, = 73 atm),
nonflammable nature, chemical inertness, and low cost. Supercritical CO, has mechanical
properties like a gas and yet has solvation strength like a liquid. Therefore, sc-CO; is capable of
penetrating into small pores of solids and dissolving organic compounds in the solid matrix.
After sc-CO, extraction, the fluid phase can be converted to CO; gas by reduction of pressure
causing rapid precipitation of the extracted solutes. One application of the sc-CO, extraction
technology is in the field of nuclear waste management because the technology does not require
conventional liquid solvents. Since carbon dioxide is a linear triatomic molecule with no dipole
moment, sc-CO, is a good solvent for non-polar compounds but is ineffective for dissolving
highly polar compounds or metal ions. The extraction strategy for metal species is to use a CO,-
soluble chelating agent or ligand which would bind to the target metal ions to form CO,-soluble
metal chelates (or metal complexes) which could be removed from the system by sc-CO,. A
number of CO,-soluble chelating agents and ligands including fluorinated B-diketones and
phosphorus-containing ligands such as tri-n-butylphosphate (TBP) have been studied for
supercritical fluid extraction of lanthanides and actinides. The dissolution of uranium oxides in
sc-CO; with a CO,-soluble TBP-nitric acid complex of the formula TBP(HNO3)1 g(H20)0 is of
particular interest to nuclear waste treatment.? This reagent, basically a Lewis acid-Lewis base
complex, is easily prepared in the lab by shaking TBP with an equal volume of the concentrated
nitric acid (15.5 M). In the mixing process, HNO3 and a small amount of H,O molecules will
migrate to the organic phase via hydrogen bonding with the P=0 group of TBP leaving the
majority of the water behind in the aqueous phase. Because TBP is highly soluble in sc-COy, it
serves as a carrier for dissolution and dispersion of HNOj in the sc-CO, phase. Dissolution of
uranium oxides in sc-CO; using TBP-nitric acid complexes to form UO,(NO3),(TBP), has been
reported. The solubility of UO,(NO3),(TBP), in sc-CO; is very high, reaching 0.45 moles per
liter at 40 °C and 200 atm, which is comparable to the concentration of UO,(NO3),(TBP), used in
the traditional PUREX process.’

lonic liquids (ILs) are low temperature molten salts composed of an organic cation and an

anion of various forms. lonic liquids have unique properties including non-flammable nature,



near zero vapor pressure and high solubilities for a variety of compounds. These properties
make ILs attractive for replacing volatile organic solvents traditionally used in liquid-liquid
extraction processes. One type of room temperature ionic liquids (RTIL) based on 1-alkyl-3-
methylimidazolium cation [Bmin] with a fluorinated anion is immiscible with water
(hydrophoblic). The RTIL composed of [Bmin] with bis(trifluoromethylsulfonyl)imide anion
[Tf,N] is of particular interest for extraction of metal ions due to its water stability, relative low
viscosity, high conductivity, good electrochemical and thermal stability.* The chemical structure
of [Bmin][Tf;N] is shown in Figure I-1. Extractions of trivalent lanthanides and uranyl ions
from nitric acid into IL with p-diketones, TBP and CMPO are known in the literature.*> After
extraction, recovery of the dissolved metal complexes could be accomplished by back-extraction
with an organic solvent or using electrochemical methods. Both ILs and sc-CO, show good
radiation stability, an attractive property for their utilization as media for processing radioactive
materials.

It was reported recently that a hyphenated ionic liquid-supercritical fluid extraction
system can effectively transfer trivalent lanthanide ions and uranyl ions from nitric acid solutions
to the [bmin][Tf,N] phase with B-diketone or TBP and finally transfer to the sc-CO, phase as
illustrated by the two-loop three phases extraction system shown in Figure 1-1.° The IL-sc-CO,
coupled extraction is based on the fact that sc-CO, dissolves effectively in IL and the solubility
of IL in sc-COy, is negligible. The advantages of this new IL-sc-CO, coupled extraction
technique include: (1) radionuclides from the aqueous wastes can be transferred to and
concentrated in an ionic liquid under ambient temperature and pressure, (2) no loss of the 1L
occurs in the sc-CO; back-extraction process and no organic solvent is introduced into the ionic
liquid phase, and (3) after the back-extraction step, the IL may be reused and the CO; also

recycled after precipitation of the solutes by pressure reduction.
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Figure I-1. lonic liquid and sc-CO; coupled extraction of uranyl from nitric acid solution.



For treating UO; containing wastes, the three-phases extraction system shown in Figure
I-1 requires dissolution of solid UO, in nitric acid first followed by extraction of uranyl-nitrate
species from the acid solution into the ionic liquid phase containing TBP. Aqueous acid waste is
still produced from such a process. If UO; and Ln,O; (lanthanide oxides) can be dissolved
directly in an ionic liquid with a TBP-nitric acid complex (Figure 1-2), then the acid dissolution
step and associated aqueous acid waste may be avoided. One objective of this project is to
investigate the dissolution of UO, and Ln,Og3 directly in [Bmim][Tf,N] using
TBP(HNO3)18(H20)06 as a complexing agent. Knowledge on the kinetics of the dissolution
process and the coordination environment of the dissolved metal species in the ionic liquid phase
is essential for understanding the dissolution process. Methods of Separating dissolved uranium
and lanthanides from the ionic liquid phase into supercritical fluid CO, are also needed for
recovering uranium using the IL-sc-CO; coupled dissolution/separation process. Experimental
studies on dissolution, solvation, complexation and distribution of lanthanides and actinides in
ionic liquid and in supercritical fluid should provide basic knowledge for developing new
extraction/separation techniques which could significantly reduce liquid waste generation in
nuclear waste management. The knowledge may also be useful for better understanding the
solvation and complexation behaviors of lanthanides and actinides in molten salt systems and in

conventional solvent extraction processes.
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Figure I-2. Direct dissolution of UO; in ionic liquid followed by supercritical CO, extraction.



Chapter Il. Uranium Dioxide in lonic Liquid with a TBP-HNO3; Complex — Dissolution

and Coordination Environment

Direct dissolution of UO; in ionic liquids using concentrated nitric acid has been reported
by several researchers.” The uranyl species dissolved in [BMIM][Tf,N] with nitric acid are not
extractable by sc-CO,. In this project, a method of dissolving UO, directly in [BMIM][Tf,;N] at
room temperature using TBP(HNO3)1 s(H20)06 as a complexing agent is developed. The
dissolved uranyl species is extractable by sc-CO,. We have also used Raman spectroscopy to
evaluate coordination environment of uranium species dissolved in the IL phase. Uranyl
(O=U=0)*" is a linear triatomic ion. The symmetric vibrational mode of uranyl ion (O=U=0)**
is Raman active and the asymmetric vibrational mode is IR (infrared) active. Coordination of
uranyl with different ligands would shift its vibrational modes. Thus, Raman or IR spectroscopy
provides a good tool for studying the coordination environment of uranyl ions dissolved in the IL
system. Using vibrational spectroscopy (FTIR) to characterize uranyl nitrate complexes in ionic
liquid is given in one of the publications derived from this study.® This section describes our
approach of utilizing Raman spectroscopy to evaluate coordination environment of uranyl-
nitrate-TBP species in ionic liquid and in supercritical CO,. An interesting observation from our
Raman study is that the dissolved uranyl species is coordinated with two molecules of TBP
indicating that it probably exists as a mixture of the form UO,(TBP),(NOj3)y in the IL system
where x may be 1, 2, and 3. The rate of dissolution of UO, in the IL and transfer of the dissolved
uranyl species to sc-CO, are also described. After supercritical fluid extraction, the IL can be
reused for UO, dissolution. This IL/sc-CO, hyphenated process, which enables continuous
dissolution of uranium in the IL with subsequent transfer to sc-CO, without formation of an
aqueous phase, may provide a new green technique for recycling uranium from solid wastes.
I1-1. Dissolution of UO; in lonic Liquid with TBP(HNO3)1.8(H20)06

The TBP(HNO3)1.8(H20)06 complex is miscible with [BMIM][Tf,N], forming one
homogeneous liquid phase at the volume ratio (1:5). With 26.2 mg of solid UO, added to 3.6
mL of the [BMIM][Tf,N] solution, the ratios of [TBP]/[U], [HNO3]/[U], and [H,O]/[U] in the IL
phase were about 16, 28, and 11, respectively. With stirring, the black UO, powder gradually
dissolved in the [BMIM][Tf,N] solution, turning the color of the IL phase to bright yellow. The

dissolution process was monitored by acquiring UV/Vis spectra of the IL phase at different times
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as shown in Figure Il-1a. About 81% of the UO,(s) dissolved in the IL phase at room
temperature in the first hour and 8% more dissolved in the second hour. The absorbances of the
peaks at 372, 388, 437, and 452 nm with respect to dissolution time are shown in Figure I1-1b.
The intensities of the peaks at 437, and 452 nm increased rapidly with time in the first 60 min
and reached a plateau in about 120 min. However, the peaks at 372 and 388 nm reached a
maximum absorption at 66 min and then decreased after that. This observation was similar to a
previous report in which the dissolution of UO; in [BMIM][Tf;N] containing aqueous nitric acid
was studied at room temperature by UV/Vis spectroscopy at a [HNOs]/[U] ratio of 16 and
[H,0]/[U] ratio of 33.” The absorption peaks at wavelengths above 400 nm were reported to
increase from 0 to 66 min and then remain practically constant for up to 900 min. But, the peaks
at wavelengths below 400 nm were found to increase in the first 66 min, followed by a decrease
in absorbance after that. The cause of the fluctuations in absorption for the peaks below 400 nm
was attributed to the formation of transient absorbing species during the dissolution process
which involves oxidation of U(IV) to U(VI) via NO3/NO," reduction and changes in background

absorption.”’
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Figure 11-1. Rate of dissolution of UO,(s) in [BMIM][Tf,N] with TBP(HNO3);5(H20)06
(16.7% by volume) at room temperature: (a) UV/Vis spectra between 320 and 500 nm; (b)
absorbance versus dissolution time (min) for peaks at 372, 388, 437, and 452 nm.

The rate of dissolution of UO, in [BMIM][Tf;N] with TBP(HNO3)1.5(H20)06 at room
temperature (23 °C) depends on the stirring speed of the magnetic stirrer. Between 900 and 1200
rpm, the dissolution rate of UO; in this IL system reaches near a constant under our experimental
conditions. Therefore, all UO, dissolution experiments in this study were carried out at a stirring

speed of 1200+10 rpm. The stirring speed was checked by a tachometer. Stirring is always
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required in conventional nitric acid dissolution of UO, powder but the speed is usually much
lower compared with our IL dissolution process due to the high viscosity of IL.

The initial rate of dissolution of UO; in the IL (Figure 11-1b) increases exponentially and
resembles first order kinetics. A plot of In[(A.—A)/A,] versus time is shown in Figure 11-2,
where A is the absorbance at time t and A., is taken as the absorbance at 900 min. The
absorption data at 437 nm and at 452 nm are used in this plot and both absorption peaks give the
same result. The initial dissolution appears to follow pseudo first-order kinetics as demonstrated
by the linear relationship between In[(A.—A)/A.] and t shown in Figure 11-2. The slope of the
line is about 0.028 min™ (or t, = 24.7 min), which may be regarded as the rate constant of the
initial pseudo first-order dissolution process for UO, in [BMIM][Tf,N] with
TBP(HNO3)18(H20)06.

y=-0.028x+0.030
R?=0.992

In[{A.~A)A.]

-2 F +437 nm

A4527 nm

0 20 40 60 80 100 120
Time (min)

Figure 11-2. Plot of In[(A.—A)/A.] versus time for the dissolution of UO; in [BMIM][Tf,;N]
containing TBP(HNO3)1 8(H20)06

The dissolution process can be envisioned to involve a number of steps including diffusion
of TBP(HNO3); 5(H,0)06to the UO, surface, oxidation of UO, to uranyl on the UO; surface, and
diffusion of uranyl species from the solid surface to the IL phase. Diffusion of the uranyl species
from the UO, surface to the IL phase is probably a main factor controlling the rate of dissolution
of UO,. Deviation from the linear relationship occurs after 60 min indicating occurrence of other
processes which would affect the steady diffusion of uranyl at higher uranium concentrations in

the IL phase.

To evaluate the maximum amount of UO, dissolution in the [BMIM][Tf,N]/
TBP(HNO3)1.8(H20)06 System, different amounts of UO, were added to the IL phase repeatedly
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every two hours. After each addition, the IL phase was stirred for two hours and then analyzed
by UV/Vis spectroscopy (Figure 11-3a). The absorption peaks at 437, 452, and 468 nm increase
linearly with increasing amounts of dissolved UO,. After addition of 234.9 mg (0.24 M) of UOs,
the absorbances of the peaks at wavelengths below 437 nm begin to fluctuate. Figure 11-3b
shows the absorbance for peaks at 437, 452, and 468 nm with respect to increasing amount of
UO; dissolved in the IL phase. Generally speaking, the absorbance increases close to a linear
fashion with the amount of UO, added to the system up to 245 mg. After addition of over 320
mg of UO, (0.33 M), black slurry started to appear in the IL phase, suggesting that the system
had reached its saturation point under the experimental conditions. This quantity (320 mg UQO,)
is considered as the maximum amount of UO; soluble in 3.6 mL of [BMIM][Tf,N] at room

temperature (23 °C).
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Figure 11-3. Cumulative UO, dissolution in [BMIM][Tf,N] with TBP(HNO3)1.g(H20)o6 at room
temperature: (a) UV/Vis spectra between 400 and 480 nm; (b) absorbance versus cumulative
mass plot at 437, 453, and 468 nm.
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I1-2. Raman Spectra of Dissolved Uranyl Species in IL

One interesting property of ILs is their unusual solvation character, which is reflected in
their ability to dissolve many chemical materials including both ionic species and neutral
compounds. Understanding the chemical environment of uranyl and other actinide species
dissolved in an IL system is important for applying the technology to managing uranium-
containing wastes. The absorption spectra of uranyl nitrate dissolved in [BMIM][Tf;N] have
been described in the literatures.”*° Comparing our UV/Vis spectrum with those reported in the
literature’, the absorption spectra of uranyl species with and without TBP show a difference in
the wavelength range between 390-430 nm. We cannot determine whether the dissolved uranyl
ions exist in the IL phase as individual ions or are associated with TBP. It is known that the
Raman active uranyl symmetrical stretching mode, vs(UO,), is sensitive to changes in uranyl
coordination environment; complexation of the uranyl(\VI) ion weakens the O=U=0 bonds,
causing vsUQO; to shift to lower frequency. Thus, Raman spectroscopy may provide information
regarding coordination environment of the uranyl ions dissolved in the IL system. Figure 11-4
shows a typical Raman spectra of [BMIM][Tf;N] with and without dissolved uranyl species.
The vibrational bands at 825, 908, 884, 1025, and 1056 cm™ visible in all four spectra arise from
[BMIM][Tf,N]. The mode at 1025 cm™ has been assigned to the in-plane symmetric stretching
mode of the imidazolium ring.** If only UO,(NO3),-6H,0 is dissolved in the IL (spectrum 11-4b),
the symmetric stretching mode, vs(UO,), occurs at 868 cm™, indicating the O=U=0 bond
strength is roughly the same as it is in agueous solution at low pH values, where a band at 870
cm arises from the solvated UO,(H,0)s>* cation.'® From the spectroscopic data, it is reasonable
to postulate that the uranyl cation is solvated in [BMIM][Tf,N], but that the O=U=0 bond is not
perturbed. When TBP is added to the IL phase containing dissolved UO,**, the vs(UO,) band
shifts to lower wavenumber, reaching a well-defined peak at 860 cm™ when the molar ratio of
TBP to uranyl reaches a value of 2 (spectrum 1l-4c). The shift to lower wavenumber upon
addition of TBP to the IL solution indicates that the coordination environment of UO,** has
changed and TBP is associated with the uranyl ion. To test the P=0 coordination with uranyl in
the IL, TBPO (tri-n-butylphosphine oxide) was added to the IL/UO»(NO3),*6H,0 solution,
resulting in a shift of vs(UO5) to 845 cm™ (spectrum 11-4d). The appearance of vs(UO,) at a
lower frequency for the uranyl-TBPO complex relative to vs(UO,) for the uranyl-TBP complex is

expected, as TBPO is a stronger Lewis base than TBP.
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Figure 11-5 shows Raman spectra of the IL solutions having varying molar ratios of
UO,:TBP. The vs(UO,) mode at 860 cm™ does not change when the molar ratio of TBP/UO,
exceeds 2 (Figure I11-5). The Raman data suggest that probably two molecules of TBP are
coordinated with each uranyl ion in [BMIM][Tf;N]. In our Raman study we do not see the
vs(NO3)” mode, which normally appears at 1047 cm™ in aqueous solutions of uranyl nitrate.*®
Our spectra also do not show vibrational modes resulting from nitrate bound to uranyl ion (752
cm?, 1036 cm™, 1304 cm™ in aqueous solutions).*®  These peaks are likely buried under the
[BMIM][Tf,N] spectrum. Earlier studies of nitric acid dissolution of UO; in [BMIM][Tf,N]
using UV-Vis, EXAFS (extended X-ray absorption fine structure), and molecular dynamic
simulations show the existence of a uranyl nitrato species UO,(NOz3)3 in the ionic liquid phase
with excess amounts of nitrate.”** The presence of UO,(NO3)s in the IL would lead to the
enhancement of absorption bands in the 420-480 nm range.” These enhanced absorption bands
are not observed in our IL system with TBP(HNO3)1 g(H20)06. In our case of UO, dissolution
with TBP(HNO3)1 8(H20)0,6 in [BMIM][TF,N], since 2 molecules of TBP are coordinated with
the uranyl ion, the dissolved uranyl species is probably of the form UO,(TBP),(NOs)x where x
may be 1, 2 or 3. Itis unlikely that the coordination number of uranium would allow formation
of a uranyl-TBP-nitrate complex with 3 NOs". Charged UO,(TBP),(NOs)" species (x=1) is not
extractable by supercritical CO,. Formation of neutral UO,(TBP)2(NO3) in our IL system is
very likely. Neutral uranyl complexes extracted from nitric acid solutions into ionic liquids are
known in the literature.”>*® However, the possibility of forming aggregates of uranyl-TBP-
nitrate complexes in the IL phase with different x values (x=1, 2, and 3) cannot be ruled out. Itis
also possible that HNO3; molecules may be attached to the uranyl-TBP-nitrate complexes
forming UO,(TBP)2(NO3)x-(HNO3)y adducts in the IL phase. Formation of
UO,(TBP)2(NO3),-HNOg3 in dodecane-TBP extraction of uranyl ions from high concentrations of
nitric acid solutions has been reported in the literature.!” Further research is needed to fully
understand nitrate and HNOj3 coordination with the uranyl-TBP species dissolved in the IL

system.
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Figure 11-4. Raman spectra of (a) [BMIM][Tf,N] only, (b) 0.17 M UO,(NO3),-6H,0 in
[BMIM][Tf,N], (c) 0.17 M UO,(NO3),-6H,0 and 0.34 M TBP in [BMIM][Tf,N], and (d) 0.17 M

UO,(NOs)6H,0 and 0.34 M TBPO in [BMIM][Tf,N].
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Figure 11-5. Raman spectra of the IL solution with different molar ratio of UO, : TBP (a) 1:
0.25, (b) 1: 0.5, (c) 1:1, (d) 1:2, and (e) 1:3.

11-3. Transferring Uranium from IL Phase to sc-CO,

The IL containing dissolved uranium species from the cumulative UO; dissolution
experiment was placed in a high pressure fiber-optic cell connected to a CCD array UV/vis
spectrometer for static supercritical fluid extraction (SFE) studies. A description of the high-
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pressure fiber-optic device was reported in the literature.> The cell was preheated to 40 °C and
pressurized with 200 atm of CO,. The SFE process was also monitored by Raman spectrometer
and the spectrum of the CO; phase after 30 min of static extraction time is shown in Figure I1-6a.
The Raman peak at 860 cm™ is identical to the peak position for synthesized UO,(NO3)2(TBP),
dissolved directly in sc-CO,. This Raman peak in sc-CO- is also the same as that observed for
the dissolved uranyl species in the IL shown in Figure Il-4c and Figure 11-5d. The Raman study
suggests UO, dissolved in [BMIM][Tf,N] with TBP(HNO3); s(H,O)06 may exist as the neutral
UO2(NO3),(TBP), compound in the IL phase.

Extraction of the uranium species from the IL phase to the sc-CO; at 40 °C and 200 atm is
virtually complete in <10 minutes indicating the mass transfer of the uranyl complex from
[BMIM][Tf;N] to sc-CO, phase is very rapid. Without TBP in the system, uranyl nitrate
dissolved in [BMIM][Tf,N] is not extractable by sc-CO,. The solubility of UO,(NO3)2(TBP), in
sc-CO, at 40 °C and 200 atm is about 0.45 moles per liter.> The amount of uranium and the
volume of the sc-CO, extraction cell used in our experiments would not reach 10% of the
solubility limit. Figure 6b shows the UV-Vis spectrum of the uranyl species dissolved in the
supercritical fluid CO, phase obtained by the high-pressure fiberoptic cell. The spectrum is
similar to that reported in the literature for synthesized UO,(TBP),(NO3), in sc-CO, except the
intensities of the peaks at 425 nm and above are enhanced.®> The enhanced peak intensities in
this region may be attributed to the formation of an HNO; adduct such as
UO,(TBP),(NO3),-HNO3, as observed in the solvent extraction experiments.'” The uranyl
species extracted into sc-CO, can be recovered by depressurizing the exit fluid and collected in
an acetone trap solution. The UV-Vis spectrum of the acetone trap solution shown in Figure 1l-
6c¢ is similar to that found in the sc-CO, phase. When the acetone trap solution was evaporated to
near dryness in a beaker and dodecane and water were added, the absorption spectrum of the
dodecane phase was identical to that of UO,(TBP),(NO3), (Figure I1-6d) and the aqueous phase
was acidic. In addition, FT-IR spectra reveal that the HNOs adduct peak (1648 cm™) observed in
the acetone trap solution was absent in the dodecane trap solution. The UO,(TBP)2(NO3),-HNO3
adduct is known to be unstable in contact with organic phase and/or water according to the
literature.’” When the exit fluid was bubbled through a water-dodecane trap solution, the uranyl
species collected in the dodecane phase showed an absorption spectrum identical to that of
Figure 11-6d.
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Figure 11-6. (a) Raman spectra of uranyl species in sc-CO,. Red: sc-CO, background; green:
standard UO,(NO3)2(TBP), dissolved in sc-CO,; blue: uranyl species extracted from
[BMIM][Tf,N] into sc-CO, (30 min of static extraction at 40 °C and 200 atm); (b) in situ UV/Vis
spectrum of the uranyl species extracted into the sc-CO, phase; (c¢) UV/Vis spectrum of the
uranyl species collected in an acetone trap solution; (d) UV/Vis spectrum of the uranyl species
collected in a dodecane solution.

11-4. Summary

The dissolution of UO, in [BMIM][Tf,N] with TBP(HNO3)1 8(H,0)06 at room
temperature follows pseudo first-order kinetics initially. The maximum amount of UO,
dissolution is about 320 mg in 3.6 mL of [BMIM][Tf,N] containing 16.7% by volume of the
TBP(HNO3)18(H20)06 complex. Raman spectra show the dissolved uranyl species is
coordinated with TBP in the IL phase with a uranyl: TBP molar ratio of 1:2, suggesting the
formation of uranyl-TBP complexes of a general form UO,(TBP)2(NOs)x where x may be 1, 2,
and 3. The uranium species dissolved in the IL can be rapidly extracted into sc-CO,. UV-Vis
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spectra indicate the presence of an UO,(NO3),(TBP), and HNOj3 adduct probably of the form
UO,(NO3)2(TBP),-HNO3z. The HNO3 adduct dissociates in contact with a water-dodecane trap
solution during depressurization of the system. The uranyl species collected in the dodecane
phase is UO2(NO3),(TBP),. No aqueous phase is formed either in the IL dissolution step or in

the sc-CO, extraction step.
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Chapter I11. Kinetic Study on Dissolution of Uranium Dioxide and Neodymium
Sesquioxide in lonic Liquid

Little is known in the literature regarding kinetics parameters for direct dissolution of solid
oxide particles of the f-block elements in IL. This kind of kinetics information is essential for
developing IL-based technologies for nuclear waste management. Some preliminary data
regarding the rate of dissolution of uranium dioxide in the ionic liquid consisting of a 1-butyl-3-
methylimidazolium [Bmim] cation and a bis-(trifluoromethane)sulphonimide (Tf,N) anion are
presented in the previous chapter. In this chapter, the details of the dissolution behavior of
uranium dioxide (UO,) and neodymium sesquioxide (Nd,O3) solid particles in the IL
[Bmim][Tf,N] using TBP(HNO3)1 5(H20)0.6 as an oxidizing/complexing agent are presented.
The effects of temperature on the dissolution processes are investigated and the activation
energies (E,), enthalpies (AH*), and entropies (AS*) of activation for the formation of uranyl-
nitrate-TBP and Nd-nitrate-TBP complexes in the IL are evaluated. The effect of water on the

dissolution of UO; in the IL phase is also described.

I11-1. Rate of Dissolution of UO, and Nd,O3 in RTIL

The TBP(HNO3)1.5(H20)06 complex is miscible with [Bmim][Tf,N], forming one
homogeneous liquid phase at the volume ratio 1:5. UO, powder (200-270 mesh or 74-53 um) or
Nd,O3 powder (325-400 mesh or 44-37 um) was individually added to [Bmim][Tf,N] containing
the TBP-HNO3; complex. The dissolution process was monitored at 424 and 437 nm for UO,
and at 801 and 872 nm for Nd,O3 by acquiring UV/Vis spectra of the IL phase at different times
(Figure I1l1-1a and 1b). All spectra were normalized to 480 nm for dissolution of UO; and 890
nm for dissolution of Nd,O3. The percentages of dissolution of UO, and Nd,Osin IL at room
temperature with respect to time are given in Figures I11-2a and 2b. For UO; dissolution, about
81% of the oxide is dissolved in the IL in the first hour and another 16% in the second hour. For
Nd,Oj3 dissolution, approximately 98% of the oxide is dissolved in the IL phase in the first hour.
The rate of dissolution of UO, is slower than that of Nd,O3 probably because an oxidation step,

i.e. from U(IV) to U(VI), is involved in the former case
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Figure 111-2. Percent of oxide dissolution in IL with respect to time (a) dissolution of UO, and
(b) dissolution of Nd,O3 at room temperature in [Bmim][Tf,N] with TBP(HNO3)1 s(H20)o36.

The dissolution of UO; in the IL with TBP(HNO3)1.8(H20)06 probably involves several
steps including the oxidation of UO, to (UO,)**, formation of uranyl-nitrate-TBP complex and
diffusion of the reactant and the product in the solid-liquid interface. Since the dissolution
experiments are carried out under rapid stirring, the diffusion effect may be neglected.

Dissolution of UO; in aqueous nitric acid is known to consist of an oxidation step which can be
expressed as*®:

UO; + 8/3HNO3; — UO,(NO3), + 2/3NO + 4/3H,0
Assuming UO, dissolution in the IL containing TBP(HNO3); s(H20)06 forms a neutral
UO,(NO3),(TBP), complex, the dissolution reaction can be simplified as:

UO, + 8/3HNO; + 2 TBP < UO,(NO3)o(TBP); + 2/3NO + 4/3H,0

Dissolution of Nd,O3 in the IL with TBP(HNO3); 8(H20)0.6 leads to the formation of
Nd(NO3)3(TBP)3 according to our UV/Vis spectroscopic information. Therefore, the dissolution
of Nd,O3 may be expressed by the following simplified equation:

Nd,0, + 6 HNO; + 6 TBP —2> 2 Nd(NO,);(TBP); + 3 H,0

According to the literature, the dissolution rate of solid UO particles in nitric acid depends

on the surface area of the particle.’® A simple equation can be expressed as:

dC kSN

& v M
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where C is the concentration of uranyl (mol/L), S is the surface of area of each UO, particle
(cm?), N is the number of UO, particles, and V is the volume of the solution (L). The dissolution
rates of UO, and Nd,Og3 in [Bmim][Tf,N] with TBP(HNO3); s(H>0)o6 should also depend on the
stirring speed. Our experiments indicated that the rate of dissolution of UO, in the IL system
was independent of stirring speed above 1050 rpm. Therefore, all dissolution experiments in this
study were carried out at a stirring speed of 1200+10 rpm. Stirring is always required in
conventional nitric acid dissolution of UO,, but the speed is usually much lower compared with
our IL dissolution process due to the high viscosity of IL. To evaluate the dissolution rate
constant of UO, or Nd,O3 in the IL system, we made the following assumptions: (1) the metal
oxide particles were spherical, (2) the solutions were well-mixed and well distributed in the
reaction flask, (3) temperature and pressure were uniformly distributed during the dissolution
process, and (4) the convective mass transfer resistance could be neglected. Based on these

assumptions, the dissolution rate constant (k in mol - cm™ - min™®) can be expressed as:

dr

k =&
(M)( dt) (2)
r =r,— (kM/p)t (3)

where p is the density of UO, or Nd,03 (g/cm?®), rq is the initial radius of UO, or Nd,Os particle
(cm), r is the radius of the metal oxide at time t, and M is the molecular weight of the oxide. If
our assumptions are reasonable, a plot of radius versus time should give a straight line with a
slop of kM/p. The change in radius of UO, or Nd,O3 particles during the dissolution process can

be obtained by the following equation®
r =1, (1-(Cy/C,)"" (4)

where Ca is the concentration of UO, or Nd,O3 dissolved in the IL at time t and C,, is the
concentration of UO; or Nd,O3 dissolved completely in the IL phase. In the present study, the
initial radius (ro) was taken as the average value of the known range of the oxide particle sizes.
For example, for 200-270 mesh UO, particles, the diameters of the particles should range from
53 to 74 um. The average radius is 31.7 um or 3.17x10" cm which is taken as the ro value for
the UO,, particles. Using the same approach, the 325-400 mesh Nd,O5 particles (37-44 um

diameter) should have an average radius or ro = 20.3 pm or 2.03x10 cm.
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Plots of radius versus time for dissolution of individual UO, and Nd,O3 at room temperature
are shown in Figure 111-3. A linear relationship is observed which suggests that our assumptions
are reasonable. The slope of the line is 2x10° for UO, and 6x107 for Nd,Os. The rate constants
(k) of UO, and Nd,Oj dissolutions are calculated to be 8.13x10” and 1.29x10° mol - cm™ -
min, respectively. The dissolution rate of UO; is slower than that of Nd,O3 probably because
the dissolution of UO; involves an oxidation step. Dissolution of UO, in 8 M nitric acid was
reported by Taylor et al. to have a rate constant of about 3.7x10” mol - cm™ - min™ at 20 °C.%°
The rate of dissolution of UO, in the IL containing TBP(HNO3)1 8(H20)o6 is about a factor of 2
faster than reported for its dissolution in 8 M nitric acid.
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Figure 111-3. Plot of radius versus time (a) for dissolution of UO (b) for dissolution of Nd,O3
in [Bmim][Tf,N] containing TBP(HNO3)1.5(H20)0,6 at room temperature.
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I11-2. Temperature Effect on Dissolution of UO, and Nd,O3

The rate of dissolution of UO; in [Bmim][Tf;N] with TBP(HNO3)1 §(H20)0 increases with
temperature in the temperature range 25-40 °C as shown in Figure 111-4a. A linear relationship
between r and time is observed for all four sets of the experimental data given in Figure 111-4b.
The temperature dependence study ends at 40 °C, because above this temperature the rate of
dissolution of UO; is too fast for our system to collect reproducible data for kinetic analysis. The
dissolution rate constants at different temperatures can be obtained from Figure 111-4b by the
same method described in the previous section. Figure I11-5 shows the rate of dissolution of
Nd,Os in the IL with respect to temperature in the temperature range 22-35 °C. In the case of

Nd,Os3, the rate of dissolution of the oxide above 35 °C is too fast for us to collect reproducible
data.
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Figure 111-4. Rate of dissolution of UO,(s) in [Bmim][Tf,N] with TBP(HNO3);5(H20)06 (16.7%
by volume) at different temperature: (a) percentage of dissolved uranyl species versus time for

UO; dissolution; (b) r versus time plot. The rate constant for UO, dissolution can be calculated
from each slope.
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Figure 111-5. Rate of dissolution of Nd,O3(s) in [Bmim][Tf,N] with TBP(HNO3)1.8(H20)06
(16.7% by volume) at different temperature: (a) percentage of dissolved neodymium species

versus time for Nd,O3 dissolution; (b) r versus time plot. The rate constant of Nd,O3 dissolution
can be calculated from each slope.

The activation energy (Ea) of dissolution of UO, can be obtained from Arrhenius equation,
where K is reaction rate constant, Ea is energy of activation, T is absolute temperature, R is the
ideal gas constant, and A is the pre-exponential factor.

E,
Ink =-—~+InA (5)
RT

A plot of (In K) versus (1/T) for dissolution of UO, is shown in Figure Il1-6a. The activation
energy is calculated to be 46.3+4.8 kJ mol™ for UO,. Using the same approach, the activation
energy for the dissolution of Nd,Os is calculated to be 31.6+3.2 ki mol™ (Figure 111-6b).
Comparing our activation energy for dissolution of UO; in IL to that reported for its dissolution
in nitric acid (i.e. 62.7 kJ mol™),% the E, value is lower by 16.4 kJ mol™ for dissolution of UO,

in the IL containing TBP-HNOg. In the nitric acid dissolution process, UO; leads to the
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formation of uranyl ions (UO,)** in the acid solution. In the IL dissolution of UO, with
TBP(HNO3)1.8(H20)05, solid UO;, particles results in the formation of some uranyl-nitrate-TBP
complex which is extractable by sc-CO, and identified to be UO2(NO3),(TBP),. The IL
dissolution process described in this paper appears to be faster, with lower activation energy, and

produces a readily extractable uranyl complex by sc-CO..
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Figure 111-6. Plots of In k” versus 1/T (a) for dissolution of UO, (b) for dissolution of Nd,O3 in
[Bmlm] [szN] with TBP(HNOg)lg(Hzo)oe

The enthalpy (AH*) and entropy (AS¥) of activation for the IL dissolution processes can
be calculated by the following equation

where k is reaction rate constant, T is absolute temperature, AH* is enthalpy of activation, R is

the ideal gas constant, kg is Boltzmann constant, h is Planck’s constant, and AStis entropy of
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activation. Plots of In (k/T) versus (1/T) for dissolution of UO, and Nd,O3 are given in Figures
I11-7a and 7b. The slope and the intercept of each plot are also given in the figures. From these
data, we obtain AH* and AS* values of 40.4+4.8 kJ - mol™ and -212.3+15.7J - mol™* - K™,
respectively, for the dissolution of UO,. Similar calculations for the Nd,O3 data given in Figure
111-7b yield AH* and AS* values of 29.1+2.9 kJ - mol™ and -258.9+20.7 J - mol™ - K™,
respectively. A more negative AS* value for Nd,Oj dissolution is probably consistent with the
structure of the neodymium complex formed in the IL phase relative to that of the uranyl
complex. The coordination number of Nd** ion (N = 9) is higher than that of UO,** ion (N = 6).
The higher N number allows 3 nitrate ions and 3 TBP molecules to be coordinated with Nd** in

the IL phase.
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Figure 111-7. Plots of In (k/T) versus 1/T (a) for dissolution of UO, (b) for dissolution of Nd,O3
in [Bmim][Tf,N] with TBP(HNO3)1.8(H20)06. (Total amount of H,O: 6786 ppm in IL)
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111-3. Viscosity Effect on Dissolution of UO, in IL with TBP(HNO3)1.8(H20)06

According to a report by Widegren et al., a small amount of water dissolved in
[Bmim][Tf.N] can reduce the viscosity of the IL.?* Water can be dissolved in 1 mL
[Bmim][Tf,N] up to about 13600 ppm without forming a separate aqueous phase.”# Based on
the result of Karl Fischer titration of our IL system, the total amount of water in 25.2 mL
[Bmim][Tf,N] containing TBP(HNO3)1.8(H20)0 is about 6786 ppm. Plot of dissolution rate
constant versus total amount of water in the IL containing TBP(HNO3)1 8(H20)06 is shown in

Figure 111-8. The dissolution rate constant (1.14x10° mol - cm™ - min™) at room temperature is

slightly increased when 10,000 ppm of water exists in the IL solution. This may be contributed
to the decrease in the viscosity of IL. It should be noted that the UV/Vis spectra do not change
when UQ; is dissolved in wet IL. The activation energy for wet IL (about 13000 ppm H,0)
containing TBP(HNO3); 5(H20)06 is estimated to be about 38.1 kJ/mole (shown in Figure 111-6a).

The activation energy is slightly decreased with decreasing viscosity of IL.
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Figure 111-8. Plot of dissolution rate constant (at room temperature) versus total amount of water
in [Bmim][Tf,N]containing TBP(NO3)18(H20)06. The data were monitored at 424 nm.
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I11-4. Summary

Dissolution behaviors of UO; and Nd,O3 in the IL [Bmim][Tf,N] with
TBP(HNO3)1 8(H20)06 have been studied. All dissolutions are carried out under rapid stirring in
order to ignore the diffusion effect and the dissolution results are analyzed based on the
assumptions that the UO, and Nd,O3 particle are spherical and homogeneously dissolved in the

IL. The dissolution rate constants are estimated to be about 8.13x10™" and 1.29x10°® mol - ¢cm? -

min™* for dissolution of UO, and Nd,Os, respectively, at room temperature. The dissolution rate

constant increases with increasing temperature or decreasing viscosity of the IL. The activation
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energies for UO, and Nd,Oj3 dissolution are approximately 46.3 + 4.8 and 31.6 + 3.2 kJ - mol™,

respectively. Both activation energy (Ea) and enthalpy (AH*) of activation of Nd,Oj3 are lower
than that of UO,, indicating a faster dissolution rate for Nd,O3. The activation energy for
dissolution of UO; decreases slightly when the amount of water in the IL system increases
(viscosity of IL is reduced). An important observation is that the dissolution rate constant of
UO; in the IL with TBP(HNO3)18(H20)06 is about a factor of 2 faster than that reported for its

dissolution in 8 M nitric acid.
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Chapter IV. Separation of UO,(NO3),(TBP), and Nd(NO3)3(TBP)3 in lonic Liquid Using

Diglycolamide and Supercritical CO, Extraction

Liquid-liquid extraction of lanthanides from agqueous solutions into ionic liquids using
N,N,N',N'-tetra(n-octyl)diglycolamide (TODGA\) as an extractant is known in the literature.?
The extracted lanthanide species in the IL phase showed a molar ratio of TODGA to lanthanide
(La**, Eu®*, or Lu®") determined by slope analysis to be 3:1.%* Extraction of uranyl ion from the
aqueous phase into [C,mim][PF¢] (n = 4, 6, and 8) using N,N,N'N'-tetrabutyldiglycolamide
(TBDGA) as an extractant was also investigated and the complex was found to have a ratio of
TBDGA : UO,*" = 2:1.2° The mechanism of these aqueous-IL extractions has been suggested to
involve cation-exchange.?*?® Extraction of lanthanides and actinides by sc-CO, is well known in
the literature.! Using a TBP-HNO; complex such as TBP(HNOs3)1.(H20)o6 as an extractant,
uranium dioxide (UO,) and lanthanide sesquioxides (Ln,Os3) can be dissolved directly in sc-CO,
forming CO,-soluble UO,(NO3),(TBP), and Ln(NO3)3(TBP)s, respectively. The solubility of
UO,(NO3),(TBP), in sc-CO; at different temperatures and pressures has been carefully measured.
The solubility of Ln(NO3)3(TBP)3 in sc-CO; is not known. In a recent report, Tian et al. has
shown that TBDGA complexes of lanthanides and uranyl are not soluble in sc-CO, without a
polar modifier.?®

The purpose of this study is to understand the coordination of uranyl and neodymium
with TBDGA (Scheme 1V-1) in a single IL phase and to test the feasibility of separating uranium
and neodymium species from the IL phase by sc-CO, extraction. Complexation of TBDGA with
UO,** and Nd** in the IL [Bmim][Tf,N] was studied using IR and Raman spectroscopy. To
better control the amount of water in the IL, we used UO(Tf,N),*3H,0, Nd(Tf,N)3*2H,0, and
TBAN (tetrabutylammonium nitrate) as the starting materials for spectroscopic measurements.
The solubility, distribution ratio and separation factor of UO2(NO3)(TBP), and Nd(NO3)3(TBP)3
in sc-CO, were determined using a high pressure fiber-optic cell connected to a CCD array UV-

Vis spectrometer.
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Scheme IVV-1. Structure of TBDGA
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Figure 1V-1. Schematic diagram of the supercritical fluid extraction system for dissolution and
solubility measurements. The system is equipped with a view-cell for visual observation and a
fiber-optic cell connected to a CCD array UV-Vis spectrometer for rapid spectroscopic
measurements.

IV-1. Complexation of Uranyl with TBDGA in lonic Liquid
Figure V-1 shows the vibrational stretching modes of (O=U=0)?* acquired from

solutions containing 0.1 M UO,(Tf,N),-3H,0 in the IL to which increments of TBDGA were
added (from 0.05 M to 0.3 M). The vibrational peaks at 841, and 950 cm™ in the IR spectra
(Figure 1V-1A) and at 825, 884, 908, 948, and 975 cm™ in the Raman spectra (Figure 1V-1B) all
arise from the IL [Bmim][Tf,N]. The asymmetric stretching v,5(UO;) mode appears in the
infrared spectra (Figure 1V-1A) and increases in the range 968-948 cm™ with increasing
concentrations of TBDGA. When the concentration of TBDGA reaches 0.2 M, the v,5(UO>)
mode appears at 948 cm™ and does not change with further increase in TBDGA concentration,
indicating that the uranyl-TBDGA complex formed may have a molar ratio of TBDGA:UQO,** =
2:1. The bonded C=0 groups of TBDGA appear as a broad peak between 1640-1590 cm™ with a
small peak at 1514 cm™ (vC-N) in the IR spectra, suggesting that TBDGA is coordinated to

0,%* (Figure 1V-1C). The free C=0 group of TBDGA can be detected at about 1647 cm™ in
the IR spectra when 0.3 M TBDGA is added in the IL solution (Figure 1\VV-1C-e). In the Raman

spectra (Figure 1\VV-1B), similar results are observed, i.e. the symmetric stretching mode vs(UO,)
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shifts from 884 cm™ in the absence of TBDGA to a limiting value of 864 cm™ when the molar
ratio of UO,*": TBDGA = 1: 2. These results are consistent with that found in the liquid-liquid

extraction of uranyl species from nitric acid to IL phase with TBDGA.%
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Figure IV-2. (A) ATR-FTIR spectra of the va(UQO3) region, (B) Raman spectra of the vs(UO5)
region, and (C) ATR-FTIR spectra of the v(C=0) region for solutions of [Bmim][Tf;N]
containing different molar ratio of UO,** to TBDGA (a) 0.1 M UO(Tf;N),-3H,0 only, (b) 1: 0.5,
(c)1:1,(d) 1: 2, and (e) 1: 3.

The vas(UO,) mode (948 cm™) and the vs(UO,) mode (864 cm™) of UO,(TBDGA),**
shown in Figures IV-1A-d and IV-1B-d have lower frequencies compared to those reported for
UO2(NOs); in the IL (i.e. vas(UO2) at 951 cm™ and vs(UO,) at 869 cm™).?” The lower va(UO>)
and vs(UO,) observed in UO,(TBDGA),** may indicate that bonding of uranyl to TBDGA is
stronger than that to nitrate ion. Once 0.2 M of TBDGA is dissolved in 0.1 M uranyl in
[Bmim][Tf,N], addition of nitrate (TBAN) cannot change vas(UO>) in the IR spectra, indicating
that nitrate ion is not able to displace TBDGA bonded to uranyl in the IL. Also, both v,5(UO>)
and vs(UQOy) are not affected by adding TBP to the IL solution once the complex
UO,(TBDGA),** is formed. The IR and Raman results appear to indicate that TBDGA is a
stronger ligand for uranyl than for both nitrate and TBP.

As the TBDGA concentration is increased from 0.05 M to 0.1 M in the IL solution
containing 0.1 M UO,(Tf,N),-3H,0 and 0.2 M TBAN, the va(UO,) shifts from 945 cm™ to 942
cm™ in the infrared spectra (Figure 1V-2A-a and -b) and vs(UO5) shifts from 865 cm™ to 861
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cm™ in the Raman spectra (Figure 1V-2B-a and -b). While the concentration of TBDGA is
increased to 0.2 M, the vibrational modes of uranyl(V1) in the infrared (Figure IV-2A-c) and in
the Raman (Figure I\V-2B-c) spectra shift to higher frequency at 948 cm™ and 864 cm™,
respectively. It should be noted that a small peak at about 880 cm™ may relate to the vibrational
mode of TBAN in IL shown in Figure 2A. The bonded nitrate at 1536 cm™ disappears and a
peak at 1514 cm™ (v C-N) appears in the IR spectra simultaneously (Figure 1V-2C-c). These
results suggest that TBDGA may replace nitrate ions coordinated to each mole of uranyl,
resulting in the same vibrational peaks as those shown in Figure 1V-1A-d, Figure 1\VV-1B-d, and
Figure 1V-1C-d.
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Figure IV-3. (A) ATR-FTIR spectra of the va5(UQO5) region, (B) Raman spectra of the vs(UO5)
region, and (C) ATR-FTIR spectra of the v(C=0) and v(NO) region for solutions of
[Bmim][T,N] containing different molar ratio of UO,*": TBDGA: TBAN (a) 1: 0.5: 2, (b) 1: 1 :
2,and (c)1:2: 2.

In Figure IV-4, 0.1 M UO,(Tf;N),-3H,0 and 0.1 M TBDGA are dissolved in the IL to
which increments of TBAN are added from 0.05 M to 0.3 M. The asymmetric stretching mode
of uranyl appears at 952 cm™ in the infrared spectra and the symmetric stretching mode of uranyl
lies at 871 cm™ in the Raman spectra. As the concentration of TBAN is increased to 0.2 M or
more, the va(UO,) band stops at 942 cm™ in the infrared spectra (Figure IV-3A-d ) and vs(UO5)
mode shifts to 861 cm™ in the Raman spectra (Figure 1V-3B-d ). These results suggest that 2
moles of nitrate and one mole of TBDGA may be coordinated with one mole of uranyl in the IL,

forming a neutral UO,(NO3),(TBDGA) complex, which is the same as that found in Figure IV-
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2A-b and Figure 1V-2B-b. The vibrational modes of O-N-O of bonded nitrate and C-N of
bonded TBDGA overlap in the range between 1500 and 1540 cm™ shown in Figure IV-3C. The
crystal structure of UO2(NO3),(TBDGA) has been analyzed by X-ray diffraction and its v,(UO5)
vibrational mode at 942 cm™ in IR has also been reported in the literature.?®
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Figure IV-4. (A) ATR-FTIR spectra of the v,5(UQO5) region, (B) Raman spectra of the vs(UO5)
region, and (C) ATR-FTIR spectra of the v(C=0) and v(NO) region for solutions of
[Bmim][Tf,N] containing different molar ratio of UO,**: TBDGA: TBAN (a) 1: 1: 0, (b) 1: 1:
05,(c)1:1:1,(d)1: 1: 2,and (e) 1: 1: 3.

The vas(UO2) and vs(UO2) modes of uranyl appear at 941 cm™ and 860 cm™, respectively,
when the IL contains 0.1 M UO,(Tf;N),, 0.2 M TBP and 0.2 M TBAN. When 0.1 M TBDGA is
added to the IL, the vibrational modes of uranyl shift slightly from 941 cm™ to 942 cm™ in the IR
(Figure 1V-4A-a) and from 860 cm™ to 861 cm™ in the Raman spectra (Figure 1V-4B-a). As 0.2
M or more of TBDGA is added to the IL solution, the va(UO5) mode appears fixed at 948 cm™
in the infrared spectra (Figure IV-4A-b and -c). Moreover, the vs(UO,) mode also stops at 864
cm™ in the Raman spectra (Figure IV-4B-b and -c). It is known that the v(NO) mode of nitrate
appears at 1523 cm™ when 0.1 M UO,(Tf,N),, 0.2 M TBP and 0.2 M TBAN are dissolved in the
IL. The bonded nitrate at 1523 cm™ becomes unclear and a v(C-N) peak of bonded TBDGA at
1514 cm™ appears when TBDGA is added in the IL (Figure 1\V-4C-b and -c). A small peak at
about 880 cm™ may be related to the vibrational peaks of TBAN in IL and a broad peak at about
913 cm™ may be related to the v(C-C) mode of TBP shown in Figure IV-4A. The results shown
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here are consistent with those given in Figure IV-1A-d and Figure IV-1B-d, i.e. both NO3" and
TBP ligands coordinated to uranyl can be replaced by TBDGA to form UO,(TBDGA),*" in the
IL. It should be noted that the free nitrate and TBP in this experiment are difficult to detect
probably because the vibrational modes of O-N-O of free nitrate and P=0 of free TBP overlap

with the vibrational peaks of the IL.
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Figure 1V-5. (A) ATR-FTIR spectra of the v,5(UO;) region and (B) Raman spectra of the vs(UO,)
region for solutions of [Bmim][Tf,N] containing different molar ratio of UO,*": TBDGA: TBAN:

TBP (a) 1: 1: 2: 2, (b) 1: 2: 2: 2, (c) 1: 3: 2: 2.
IV-2. Complexation of Neodymium(I11) with TBDGA in lonic Liquid

Trivalent neodymium ion (Nd**) does not have vibrational modes like uranyl. The
vibrational mode of C=0 functional groups of TBDGA ligand may be used to evaluate the
coordination of Nd** ion with TBDGA in the IR spectra. The vibrational peaks at 1432, 1468,
and around 1570 cm™ all arise from the IL [Bmim][Tf;N] in the IR spectra (Figure IV-6-a). The
vibrational peak for the two free C=0 groups of TBDGA appears at 1647 cm™ in the IR
spectrum (Figure 1V-6-b). Figure IV-5-c to -f show the IR spectra when 0.1 M Nd(Tf,N)3-2H,0
is dissolved in [Bmim][Tf,N] containing different concentration of TBDGA from 0.1 M to 0.4 M.
When the C=0 groups of TBDGA are coordinated to the neodymium(lll) ion, the vibrational
peak of bonded C=0 groups appears at 1613 cm™ and a small peak at 1512 cm™ (vC-N) also
appears in the IR spectra (Figure 1V-6-c to -f). The intensity of the peak at 1613 cm™ increases
gradually when different concentration of TBDGA is added (Figure IV-6-c to -e). As the
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concentration of TBDGA is greater than 0.3 M (Figure 1V-5-f), the vibrational peak of unbound
C=0 groups appears at 1647 cm™ in the IR spectra (Figure IV-6-f). These results illustrate that 3
moles of TBDGA are likely coordinated with each mole of Nd**.
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Figure IV-6. ATR-FTIR sg ctra of the C=0 region for solutions of [Bmim][Tf,N] containing
different molar ratio of Nd°*: TBDGA (&) [Bmim][Tf,N] only, (b) 0.1 M TBDGA in
[Bmim][Tf;N] (c) 1: 1, (d) 1: 2, (e) 1: 3, and (f) 1: 4.

The IR spectra of 0.1 M Nd(Tf;N)3-2H,0 in [Bmim][Tf,N] with different amounts of
TBAN and TBP are shown in Figure IV-7. It was reported that Nd** in nitric acid solutions
could be extracted into organic solvents with TBP, forming a neutral Nd(NO3)3(TBP)3
complex.”® The IR spectrum of the mixture with molar ratio of Nd(Tf,N)s-2H,0 : TBAN: TBP
=1:3:3dissolved in [Bmim][Tf,N] is shown in Figure IV-7-c. A shoulder in the range
between 1480-1530 cm™ in the IR spectra (Figure IV-7-b and -c) can be assigned to the va(NO)
mode of nitrate bonded to Nd** ion. The UV/Vis spectrum of the IL solution containing the
molar ratio of Nd(Tf,N)3-2H,0 : TBAN: TBP =1 : 3 : 3 shows the same UV/Vis spectrum as
that found in hexane (Figure 1VV-8), comfirming the presence of Nd(NOj3)3(TBP)s in the IL phase.
When 0.3 M TBDGA is added in the IL solution containing 0.1 M Nd(Tf;N)3-2H,0, 0.3 M TBP
and 0.3 M TBAN, the bonded nitrate peak disappears and the bonded C=0 peak appears
simultaneously at 1613 cm™ and at 1512 cm™ (Figure IV-7-d), which is the same as that shown

in Figure 1V-6-e. These results suggest that TBDGA ligand can replace both nitrate and TBP
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ligands in Nd(NO3)3(TBP)s complex, forming a Nd(TBDGA)s>* complex in the IL. Comparing
this result to the ligiud-liquid extraction using TODGA as an extractant to extract lanthanide ions
from nitric acid solution into IL phase,?* the same conclusion can be made, i.e. the molar ratio of
trivalent lanthanide ion to TBDGA is 1:3. The overall IR and Raman results indicate that

vibrational spectroscopy is a uesful tool to investigate the coordination of (UO,)*" and Nd** with

TBDGA in asingle IL phase.
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Figure 1V-7. ATR-FTIR spectra of (a) 0.1 M Nd(Tf;N)3 in [Bmim][Tf,N], (b) 0.1 M Nd(Tf;N)3
+ 0.3 M TBAN in [Bmim][Tf;N], (c) 0.1 M Nd(Tf;N); + 0.3 M TBAN + 0.3 M TBP in
[Bmim][Tf;N], and (c) 0.1 M Nd(Tf;N); + 0.3 M TBAN + 0.3 M TBP + 0.3 M TBDGA in

[Bmim][TF,N].
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—0.01 M Nd(Tf2N)3 + 0.03 M TBAN + 0.03 M TBP
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Figure 1V-8. UV/Vis spectrum of Nd(NO3)3(TBP)3 in hexane (solid line) and the spectrum of
the [Bmim][Tf,N] solution containing molar ratio of Nd(Tf,N)3;-2H,O: TBAN: TBP=1:3:3
(dotted line).

IV-3. Solubility and Distribution Ratio of UO2(NO3),(TBP), and Nd(NO3)3(TBP)s in
Supercritical CO;, Phase

The solubility of UO,(NO3),(TBP), in sc-CO; is known, but that of Nd(NO3)3(TBP)3 is
unknown. Hence, the complex Nd(NO3)3(TBP)3 was prepared by following a similar method
reported in the literature for synthesizing UO,(NOs),(TBP),.> About 4 mL of the synthesized
Nd(NO3)3(TBP)3; complex were placed in a 24 mL high pressure fiber-optic cell connected to a
CCD array UV-Vis spectrometer for static supercritical fluid extraction (SFE). The UV-Vis
spectra of the extraction system were taken at 40 °C and a pressure of 150 atm or 200 atm of
CO,. The pathlength of the optical fiber was about 0.35 cm. The molar absorptivity of
Nd(NO3)3(TBP)s at 801 nm was determined to be 7.84 mol™ cm™ in the hexane phase. Hexane
has a similar polarity to CO, and UV/Vis spectra have been shown to exhibit similar absorption
coefficients for metal chelates in both solvents.®* Thus, the molar absorptivity of a compound
measured in hexane can be used to evaluate its absorption in sc-CO,. The concentration of
Nd(NO3)3(TBP)3; complex in sc-CO, was measured using this molar absorptivity and Beer’s law.
The solubility of Nd(NO3)3(TBP)3 in sc-CO, is compared to that of UO,(NO3),(TBP), as shown
in Table 1.
Table 1. Solubility (mol/L) of Nd(NOg3)3(TBP)3in supercritical CO, (at 40°C)

Complexes 150 atm 200 atm

Nd(NOs);(TBP); 1.7x 10~ 7.8x 107 This work

UO,(NO;),(TBP), 7.0x 10~ 42x 10" Ref.’
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The UO,(NO3),(TBP), and Nd(NO3)3(TBP); complexes were dissolved in [Bmim][Tf;N]
for sc-CO, extraction at 40 °C and 200 atm. The distribution coefficient is defined as the molar
ratio of the metal complex in sc-CO, over that in the IL. We placed 1 mL of the IL containing
1.5x10™* mole of UO,(NOs3),(TBP), or Nd(NO3)s(TBP)s in the extraction cell for static
supercritical fluid extraction. The cell was preheated to 40 °C and CO; gas was pressurized to
200 atm. The static SFE processes were monitored at 414 nm for uranyl experiments and at 801
nm for neodymium experiments using the fiber-optic UV/Vis spectrometer (Figure IV-1). The
results are given in Figure IV-9. Extraction of uranyl and neodymium species from the IL phase
to the sc-CO, was virtually complete in 10 minutes indicating the mass transfer of these
complexes from the IL to sc-CO, phase was very rapid. The UV/Vis spectrum of the extracted
UO,(NO3)2(TBP), in sc-CO, was described in the literature.® A typical UV/Vis spectrum of
Nd(NO3)3(TBP)3 in sc-CO, phase is shown in Figure 10. The neodymium complex dissolved in
sc-CO, was recovered by releasing pressure and the exiting fluid was collected in a hexane trap
solution. The UV/Vis spectrum of neodymium species in sc-CO, phase is the same as that found
in the hexane phase, indicating the formation of Nd(NOz3)3(TBP)3; complex in both solvents. The
distribution ratios of UO,(NO3),(TBP), and Nd(NOs3)3(TBP)3 calculated using Beer’s law were
found to be 1.42 and 0.22, respectively.
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Figure 1V-9. Static extraction of UO,(NO3)2(TBP), (at 414 nm) and Nd(NO3)3(TBP)3 (at 801
nm) from [Bmim][Tf,;N] into sc-CO, phase.
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Figure 1V-10. UV/Vis spectrum of Nd(NO3)3(TBP)3 in the sc-CO, phase (solid line) and in a
hexane trap solution (dash line).

IV-4. Supercritical Fluid Extraction for Separation of Uranium and Neodymium

According to the literature,®* diglycolamide TBDGA ligand is more favorable to coordinate
with trivalent lanthanide ion than with uranyl ion. Our study shows that TBDGA can replace
both TBP and nitrate in UO,(NO3),(TBP), and Nd(NOz3)3(TBP)3, forming CO, insoluble
complexes in [Bmim][Tf,N]. Thus, sc-CO, extraction of UO,(NO3).(TBP), and
Nd(NO3)3(TBP)3 from the IL in the presence of TBDGA may provide a method of separating
uranium and neodymium. To test this idea, sc-CO, extraction experiments were carried out with
different amounts of TBDGA in 1 mL [Bmim][Tf,N] containing 1.5x10™ mole of each of
UO,(NO3),(TBP), and Nd(NO3)3(TBP)3 species. The results of static sc-CO, extraction
conducted at 40°C and 200 atm are summarized in Table 2. When the extraction was carried out
without an excess of TBP in the IL, the extraction efficiencies of UO,(NO3),(TBP), and
Nd(NO3)3(TBP)3 into the sc-CO, phase were estimated to be 58.7% and 17.9%, respectively.
When an excess amount of TBP (30% v/v) was used in the IL solution for the static sc-CO,
extraction, the result showed an increase in the extraction efficiency to about 81% for
UO,(NO3)2(TBP), and 29.3% for Nd(NO3)3(TBP)3. The distribution ratios of uranyl and
neodymium were also found to increase with increasing TBP (Table 2). When the extraction
was conducted with 7.5x10™° mole TBDGA (molar ratio of UO**:Nd*": TBDGA=1:1:0.5) in 1 mL
[Bmim][T,N] with 30% (v/v) TBP, the extraction efficiency of Nd(NO3)3;(TBP)s in the sc-CO,
phase decreased from 29.3 to 21.2%. At the same time, the extraction efficiency of

UO,(NO3)2(TBP), into sc-CO, was only reduced slightly (Table 2). This result agrees with the
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fact that TBDGA is favored to coordinate with Nd** than with (UO,)?*. When the extraction was
carried out with 1.5x10* mole TBDGA (molar ratio of UO?*:Nd*: TBDGA =1:1:1) in 1 mL
[Bmim][Tf,;N] with 30% (v/v) TBP, the extraction efficiency of Nd(NO3)3(TBP); into sc-CO,
phase was not detectable in the sc-CO, phase. However, the extraction efficiency of
UO,(NOg3),(TBP), in the CO, phase remained at a relative high value (Table 2). Under these

conditions, separation of uranium from neodymium can be achieved in this IL-sc-CO, system.

Table 2. Static extraction of uranyl and neodymium species from ionic liquid phase to
supercritical CO, phase at 40 °C and 200 atm. The errors of static sc-CO, extractions are less
than 5% based on repeat experiments.

Extraction(%) Distribution ratio Separation factor
Sc-CO, Composition U(VI)  Nd(ll Dy Dng [UO,%*/ Nd**]
Neat CO, 58.7  17.9 1.4 0.22 3.3
30% TBP 81.0 293 43 041 2.8
30% TBP+7.5x10"° mol TBDGA 80.4 212 41 0.26 3.8
(UO,**: Nd**: TBDGA =1: 1: 0.5)
30% TBP + 1.5x10™ mol TBDGA 765 ND 33 -
(UO,*": Nd**: TBDGA =1: 1: 1)
30% TBP + 1.9x10™ mol TBDGA 71.8 ND 26 -
(UO,*": Nd**: TBDGA =1: 1: 1.25)
30% TBP + 2.3x10™ mol TBDGA 65.9 ND 19 -

(UO,*": Nd**: TBDGA =1: 1: 1.5)

Note: Monitored at 414 nm for UO,(NOs),(TBP), and at 801 nm for Nd(NO3)3(TBP); in sc-CO, phase;

ND = not detectable.

IV-5. Dynamic Supercritical Fluid Extraction for Separation of Uranium and Neodymium
Dynamic sc-CO, extraction experiments were carried out with 40 min of static extraction

at 40 °C and 200 atm followed by 2.5 h of dynamic extraction at a flow rate of 0.3-0.4 mL/min.

After that, the system was depressurized to atmospheric pressure in about 1 h. The

UO,(NO3),(TBP), and Nd(NO3)3(TBP)3 carried out by sc-CO, during dynamic extraction and

were collected by a hexane trap solution. The results of the dynamic sc-CO, extraction of
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UO,(NO3)2(TBP), and Nd(NO3)3(TBP)3 from [Bmim][Tf;N] to hexane trap solution are given in
Table 3. When the molar ratio of Nd** to TBDGA was increased from 1:0.5 to 1:1.5 in the IL
solution, the extraction of neodymium was dramatically reduced from 20.9% to < 1% in the
hexane trap solution. The amount of UO,(NO3),(TBP), collected in the hexane trap solution was
about half of the original amount in the IL phase. The separation factor of [UO,*"]/[Nd**] is
increased from 2.8 in the absence of TBDGA to about 50 with the addition of TBDGA at ratios
of UO,**:Nd*":TBDGA = 1:1:1.5.

The extraction efficiency (E) in the hexane trap is defined as:

UO,(NOs),(TBP) and Nd(NO;);(TBP); in 5 mL hexane trap solution (mol)
UO, and Nd,0, dissolved in the IL (mol)

E%=

The overall results demonstrate the principle that separation of uranium from lanthanides can be
achieved using static/dynamic sc-CO; extraction utilizing diglycolamide as a competing ligand
for their nitrate-TBP complexes dissolved in the IL phase.

Table 3. Dynamic extraction of uranyl and neodymium complex from ionic liquid phase into the
hexane trap solution using sc-CO; at 200 atm and 40 °C.

% Extraction Separation factor
Sc-CO, Composition U(VvI) Nd(II1) [UO,*"/Nd**]
230% TBP + 7.5x10° mol TBDGA 76.3+34  209%20 37+04
(UO,*": Nd**: TBDGA =1: 1: 0.5)
230% TBP + 1.5x10™* mol TBDGA 69.2 +3.1 77+04 9.0+0.6
(UO,**: Nd*: TBDGA =1: 1: 1)
230% TBP + 1.9x10™* mol TBDGA 65.3+1.9 46+0.2 145+0.8
(UO,**: Nd**: TBDGA =1: 1: 1.25)
®30% TBP + 2.3x10™ mol TBDGA 49.2+25 <1 >49.2+25

(UO,**: Nd**: TBDGA =1: 1: 1.5)

#Experimental condition: 40 min static extraction and 3.5 h dynamic extraction (flow rate 0.3-0.4 mL/min)
including depressurization (~1 h). ® Experimental condition: 40 min static extraction and 4 h dynamic
extraction (flow rate 0.3-0.4 mL/min) including depressurization (~1 h).
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After each sc-CO, extraction experiment, an infrared spectrum was taken from the IL
solution left in the extraction cell. When the concentration of uranyl-TBDGA species in the IL is
low, the vibrational stretching mode v of UO,** overlaps with the vibrational mode of
[Bmim][Tf,N] around 950 cm™ (Figure IV-11A-c to —e). When the concentration of uranyl-
TBDGA species was about 50 % in the IL solution, the v,(UO,) was observed at 942 cm™ in the
IR spectrum (Figure IV-11A-f). This v,(UO,) mode may correspond to that of
UO,(NO3)2(TBDGA) species shown in Figure 1V-4-a. The small peak at about 913 cm™ may be
related to the vibrational mode of -C-C- of TBP. The bonded C=0 group (1613 cm™) can also
be detected as shown in Figure IV-11B and the intensity of C=0 absorbance peaks are increased
with increasing the concentration of uranyl-TBDGA and neodymium-TBDGA complexes in the
IL (Figure IV-11B-c to -e). From the combined results of sc-CO, dynamic extraction (Table 3)
and IR spectra (Figure 1VV-11), we may conclude that the uranyl-TBDGA complex left in IL has
a molar ratio of UO,?*: TBDGA = 1: 1 and the neodymium-TBDGA complex also has a Nd**:
TBDGA ratio = 1: 1 based on a mass balance consideration.

(A) 7 (8)
942 UO,?*: Nd**: TBDGA UO,**: Nd*: TBDGA

8 @
e (c)1: 1 1 2
3 ®
g =
2 S ()1: 1 : 1
< (b)1: 1 : 05 £
(b)1: 1 : 05
(a) Bmim-Tf,N
(a) Bmim-Tf,N
S . . .
1000 950 900 1700 1650 1600 1550

Wavenumber, cm” Wavenumber, cm”’

Figure 1V-11. ATR-FTIR spectra of [Bmim][Tf,N] solutions left in the CO, extraction cell, (A)
in the v45(UO,) region and (B) in the v(C=0) region.

IV-5. Summary
The coordination of UO,** and Nd** with diglycolamide in the ionic liquid [Bmim][Tf,N]

is investigated using Raman and IR spectroscopy. The results of IR and Raman spectra indicate
that TBDGA is a stronger ligand than both TBP and nitrate for complexation with UO,** and
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Nd** and the resulting TBDGA complexes are not soluble in sc-CO,. The solubility of
Nd(NOs)s(TBP)3 in sc-CO, has been measured at 40 °C from 150 atm to 200 atm. The
distribution ratios of UO,(NO3),(TBP), and Nd(NO3)3(TBP)3 between [Bmim][Tf,N] and sc-CO,
phase have also been evaluated to be 1.42 and 0.22, respectively, at 40 °C and 200 atm. Static
and dynamic sc-CO, extractions show that a large separation factor of [UO,**]/[Nd**] can be
achieved by controlling the amount of TBDGA ligand added to the IL phase. The CO,-insoluble
uranyl-TBDGA species left in the IL phase is identified to be UO,(NO3),(TBDGA). The overall
results of this study suggest that separation of uranium from lanthanides can be achieved using
an IL and sc-CO; coupled dissolution/extraction process utilizing TBDGA as a competing ligand
for the uanyl and lanthanide-nitrate-TBP complexes dissolved in the IL phase. The fraction of
uranium extracted by sc-CO, depends on the relative amount of the two metals in the IL phase
and the amount of TBDGA added to the IL system.
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Chapter V. Other Related Studies

V-1. Total Reflection-Fourier Transform Study of Uranyl Nitrate Species in lonic Liquid

Room temperature ionic liquids are potentially important solvents for developing novel
nuclear waste treatment methods. The solvation, speciation, and complexation behaviors of
actinides and lanthanides in room temperature ionic liquids are of current interest. We have
studied the coordination environment of uranyl (O=U=0)?" in solutions of the room temperature
ionic liquid 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([Bmim][Tf,N]),
containing either tetrabutylammonium nitrate (TBAN) or nitric acid using attenuated total
reflection-Fourier transform infrared spectrometry. Both UO,(NO3), and UO,(NO3);™ species
were detected in solutions containing tetrabutylammonium nitrate. The asymmetric vibrational
mode vas(UO,) for these two species were found to lie at 951 and 944 cm™, respectively, while
vas(UO,) arising from uranyl coordinated by Tf,N anions in [Bmim][Tf,N] was found to lie at
968 cm™. In solutions containing nitric acid, only UO,(NOs), was detected, due to the high
water content. The UO,(NOs)" species was not detected in [Bmim][Tf,N] under the conditions
used in the study. This part of the spectroscopic study was published in a paper entitled
“Characterization of Uranyl(VI) Nitrate Complexes in a Room Temperature lonic Liquid Using
Attenuated Total Reflection-Fourier Transform Infrared Spectrometry” (Inorganic Chemistry,
2010, 49, 8568-8572). The paper is attached in the Appendix of this report.

Later, we found that the v,s(UO>) of UO,(NO3)" species can be identified in a different
ionic liquid 1-methyl-3-octylimidazolium bis(trifluoromethylsulfonyl)imide ([Omim][Tf,N])
when UO,(Tf,N), (uranyl bis(trifluoromethylsulfonyl)imide) is mixed with nitric acid. In the
[Bmim][Tf,N] system, the vas(UO,) of UO(NOs)" species is buried under the background of the
ionic liquid and is not detectable. Figure V-1 shows that the v,5(UO;) of UO,(Tf;N), alone in
[Omim][Tf,N] occurs at 968 cm™. When different amounts of nitric acid is added to the system,
the vas(UO,) shifts to lower wave numbers. When the molar ratio of uranyl : nitrate = 1:1, the
vas(UO,) occurs at 956 cm™ which is assigned to the UO,(NO3)* species. At molar ratios of
uranyl : nitrate = 1:2 and 1:3, the vas(UO,) shifts to 951 cm™. This vas(UO,) is previously
assigned to the UO2(NOg), species. The UO,(NO3)3" species does not form when nitric acid is

present in the ionic liquid due to the water carried by the acid into the system.
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Figure V-1. ATR-FTIR spectra of the v45(UO>) region for solutions of [Omim][Tf;N] containing
different molar ratio of UO,(Tf,N), and nitric acid. UO,*": HNO3 (a) 0.1M of UO,(Tf,N); only,
(b) 1: 0.5,(c) 1: 1, (d) 1: 2, and (e) 1: 3.
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Figure V-2. (A) ATR-FTIR spectra of the vas(UOy) region and (B) Raman spectra of the vs(UO,)
region for solutions of [Omim][Tf,N] containing with different molar ratio of UO,(Tf,N), and
TBAN. UO,*": TBAN (a) 1: 0.5, (b) 1: 1, (c) 1: 2, (d) 1: 3, and (e) 1: 4.
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Nitrate ions can also be introduced into the ionic liquid using tetrabutylammonium nitrate
(TBAN) which does not carry water into the system. In this case, va(UO,) occurs at 944 cm™
when the molar ratio of uranyl : nitrate = 1:3 indicating the presence of the UO,(NO3)3” species
(Figure V-2A-e). At the urayl : nitrate molar ratio of 1:2, the v,(UO;) peak is broad (Figure V-
2A-c) and appears to consist of a mixture of uranyl species probable including UO,(NO3)",
UO,(NO3),; and UO2(NOg3)3". At the uranyl : nitrate molar ratio of 1:1, the v,(UO,) peak occurs
at 956 cm™, which corresponds to the formation of the UO,(NO3)* species in the ionic liquid.
The significance of this study is that it demonstrates that infrared spectroscopy forms a valuable
addition to the suite of tools currently used to study the chemical behavior of uranyl in room

temperature ionic liquids.

V-2. The Partitioning of Americium and the Lanthanides Using Tetrabutyldiglycolamide
(TBDGA) in Octanol and in lonic Liquid

Separations among the lanthanides and the partitioning of Am from the lanthanides are
challenging. The Am separation is of interest in nuclear fuel cycle applications, where current
proposed reprocessing schemes would separate Am for incorporation into fast-reactor fuels, with
disposal of the lanthanides as radioactive fission-product waste. The separation of the adjacent
lanthanides is also of current industrial interest. However, the ubiquitous trivalent oxidation
state and the narrow range of ionic radii of the lanthanides limit the options available to design
such separations. In this study, we characterized the separation of Am and lanthanides using
TBDGA (N,N,N’,N -tetrabutyldiglycolamide) as a ligand in the ionic liquid [Bmin][Tf;N] and in
a molecular solvent octanol. The highest extraction efficiency was found for the extraction of
cationic nitrato-species into the ionic liquid; however, higher separation factors for lanthanide
and Am/lanthanide separations were achieved in the molecular solvent.

Figure V-3 shows the distribution ratios of the lanthanides between 1-octanol containing
0.007 M of TBDGA and 1 M nitric acid as a function of the ionic radius of the trivalent
lanthanide ions. The distribution ratio ([Ln]org/[LN]aq) increases with decreasing ionic radius of
the lanthanides, i.e. increases from La®*" to Lu®*. The open square in Figure V-3 is Am**. The
distribution ratios of Eu** and Am®" between octanol and nitric acid vary with the acid
concentration as shown in Figure V-4. The largest separation factor (ogyam) 0f 11 was obtained

from 6-8 M nitric acid solution.
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Figure V-3. TBDGA solvent extraction distribution ratios from 1M HNOj; for the lanthanides
and Am (open square) as a function of ionic radius for extractions in 1-octanol.
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Figure V-4. The solvent extraction of Am (I11) and Eu (111) radiotracers from nitric acid solution
by 0.007 M TBDGA in 1-octanol.

In the extraction of trivalent lanthanide ions from nitric acid into the ionic liquid
[Bmim][Tf;N] with TBDGA, the distribution ratio increases with decreasing ionic radius first,
reaches a maximum around Eu®*and then decreases with the remaining of the lanthanides. The
results suggest that ionic liquid extraction systems could be useful for group separation of the
trivalent lanthanide ions, especially for the middle lanthanides. The separation factor (agyam) IS
small compared with that observed in the octanol extraction system. In both octanol and ionic
liquid extraction systems, the nitrate complexes of the metals were extracted, except that neutral

complexes were extracted into 1-octanol and ionic complexes extracted into the RTIL. These
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ionic complexes probably were either cations or anions depending on the nitrate concentration in

the aqueous phase. It now seems well established that the mechanism of extraction into RTILS is

often different than that in molecular solvents, and therefore solvent extraction characteristics

need to be reevaluated even for well-known ligands when used in RTIL diluents. The details of

the americium and lanthanide partitioning studies are given in an article entitled “The

Partitioning of Americium and the Lanthanides Using Tetrabutyldiglycolamide (TBDGA) in

Octanol and in Ionic Liquid Solution” which was published recently in Solvent Extraction and
lon Exchange (2012, 30, 735-747). The article is attached in the Appendix.
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Figure V-5. TBDGA IL extraction distribution ratios from 1 M HNOj3 as a function of ionic
radius for extractions in [Bmim][Tf,N]. The left open square is Y, the right open square is Am.
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Figure V-6. The extraction of Am and Eu radiotracers from nitric acid solution by 0.007M

TBDGA in [Bmim][Tf,N].
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V-3. Recycling lonic Liquid for Repeated Use

Because ionic liquid is expensive, recycling used IL is necessary for economic
considerations. This section describes a simple hexane extraction method for recycling used
[Bmim][Tf,N] after UO, dissolution and supercritical fluid extraction experiments. The recycled
[Bmim][Tf;N] can be used again for UO, dissolution without losing its capability.

Our experiments indicate that when UO, solid is dissolved in [Bmim][Tf,N] containing
TBP(HNO3)18(H20)06, greater than 99 % of the dissolved uranyl species can be recovered by
repeated hexane extraction. The distribution ratio of UO,(NO3),(TBP) in the hexane phase is
estimated to be about 2. The distribution ratio is defined as the molar ratio of uranium in the
hexane phase over that in the IL phase with equal volume of the two phases. The color of the IL
phase turns from bright yellow to near colorless after 5 times of repeated hexane extractions
(Figure V-7A). The ionic liquid phase is then washed with de-ionized water several times to
remove remaining HNO3;. The UV-Vis spectrum of the extracted uranyl species in the hexane
solution is shown in Figure V-7B. Our previous spectroscopic study indicates that the symmetric
stretching band of UO,(NOs),(TBP), occurs at 860 cm™ in Raman spectrum. In Figure V-8A-a,
the same vibrational peak at 860 cm™ is observed when UQ; is dissolved in [Bmim][Tf;N]
containing TBP(HNO3)1.8(H20)0s. Figures V-8A-b and 2A-c show the absence of the 860 cm™
peak for the recycled IL as well as in the commercial [Bmim][Tf,N]. In addition, FTIR spectra
(Figure V-8B) reveal that when UO; is dissolved in the IL phase containing
TBP(HNO3)1 5(H20)05, the peak of IL shows a broad band in the range 925-970 cm™ (Figure 8B-
a) due to overlapping of TBP(HNO3); s(H20)06 and uranyl species. Figures V-8B-b and 8B-c
show a vibrational peak at about 950 cm™ for the recycled IL and the commercial IL. The UV-
Vis spectra of UO; dissolved in [Bmim][Tf,N] containing TBP(HNO3); s(H20)06 and recycled
[Bmim][Tf,N] are shown in Figure V-9A and V-9B, respectively. The uranyl absorption peaks
from 380-480 nm are not visible in the recycled IL. The recycled IL [Bmim][Tf,N] produces the
same dissolution results for UO, and Nd,O3 with TBP(HNO3); s(H20)06 and related
spectroscopic measurements compared with newly synthesized or commercially available
[Bmim][Tf,N].
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Figure V-7. (A) Picture of the IL solution: before hexane extraction (left) and after hexane
extraction (right); (B) UV spectrum of the extracted uranyl species in hexane phase.
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Figure V-8. (A) Raman spectrum (a) the peak at 860 cm™ for UO, dissolved in [Bmim][Tf,N]
containing TBP(HNO3)1.5(H20)05, (b) recycle 1L showing no detectable 860 cm™ peak, and (c)
commercial IL. (B) IR spectra (a) the broad peak at 941 cm™ for UO, dissolved in the IL
containing TBP(HNO3)1.5(H20)05, (b) and (c) the peak at 950 cm™ for both recycled IL and
commercial IL.
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Figure V-9. UV-Vis spectrum of (A) UO, dissolved in IL containing TBP-HNO3; complex, (B)
recycled [Bmim][Tf,N].
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Room temperature ionic liquids form potentially important solvents in novel nuclear waste reprocessing methods,
and the solvation, speciation, and complexation behaviors of actinides and lanthanides in room temperature ionic
liquids is of current interest. In this study, the coordination environment of uranyl(Vl) in solutions of the room
temperature ionic liquid 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide containing either tetrabutylam-
monium nitrate or nitric acid was characterized using attenuated total reflection-Fourier transform infrared spectro-
metry. Both UO,(NQO3), and UO,(NO;);~ species were detected in solutions containing tetrabutylammonium nitrate.
,5(UQy) for these two species were found to lie at 951 and 944 cm ™", respectively, while v,4(UO,) arising from
uranyl(V1) coordinated by bls(tnﬂuoromethylsutfonyl)lm|de anions in 1-butyl-3-methylimidazolium bis(trifluoromethylsuffonyl)-

imide was found to lie at 968 cm ™", In solutions containing nitric acid, only UOx(NOs), was detected, due to the high water
content. The UO(NQ,) ™" species was not detected under the conditions used in this study. From the resutts shown here, we
conclude that infrared spectroscopy forms a valuable addition to the suite of tools currently used to study the chemical behavior

of uranyl(Vl) in room temperature ionic liquids.

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 produc-
tion. A number of solvent extraction processes have been
used in order to separate plutonium and uranium from
fission products in spent nuclear fuel, with the most widely
used process being the plutomum and uranium recovery by
extraction (PUREX) process.! In the PUREX process, tri-n-
butylphosphate (TBP) is dissolved in a paraffinic hydrocar-
bon and used to extract uranium and plutonium from nitric
acid solutions, thus allowing the recovery of these elements
from fission products.® This technique requires the use of
potentially hazardous organic solvents with relatively high
disposal costs. Separations processes that can safely and
effectively separate the useful components of discharged
nuclear fuel from the wastes, while dramatically reducmg
their volume and toxicity, are currently being developed.>* A
new three-step extraction technique for the extraction of
actinides and lanthanides from a solid or an aqueous phase
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into a room temperature ionic liquid (RTIL) phase and then
from the RTIL phase into a supercritical CO; (sc-CO,) phase
has been proposed as an alternative “green” technology for
nuclear waste treatment, because the physical and chemical
properties of RTILs and sc-CO, make them attractive
replacements for volatile organic solvents.>* New, greener
separations methods are needed to help improve public
acceptance of nuclear power.

Extractions of actinides and lanthanides into RTILs and
sc-CO, are still in the initial stages of development and little is
known about the extraction mechanisms at work in these
solvents. In order to gain insight into extraction mechanisms
and optimize extraction efficiencies for the different radio-
nuclide species, it is important to understand the solvation,
speciation, and complexation behaviors of actinides and
lanthanides in RTILs, sc-CO,, and RTIL/sc-CO, mixtures.
While the chemistry of actinides and lanthanides in sc-CO,
has been little studied, there is currently a great deal of
interest in the speciation and coordination chemistry of
actinides and lanthanides in RTIL, and several review articles
have recently been published on this topic.>™ To date, the
bulk of the spectroscopic studies on uranium complexes in
RTIL has been completed using UV—visible spectrophoto-
metry and/or extended X-ray absorption fine structure
(EXAFS) spectroscopy. However, vibrational spectroscopy
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can also provide important information regarding uranyl(VI}
complexation and coordination in solution and has been
extensively used for that purpose.> !¢ The Raman active
1(UO;) mode and the infrared active v,o(UO;) mode are
sensitive to changes in the uranyl(VI) coordination environ-
ment. Complexation of uranyl(VI)} weakens the O=U=0
bonds, causing v{(UO,) and v,(UO,) to shift to lower
wavenumbers. The extent of this shift can be correlated to
the complex formed and can be used to track uranyl(VI)
speciation in solution. In this study, we use attenuated total
reflection-Fourier transform infrared spectrometry to char-
acterize the complexes formed in solutions of the RTIL
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonylimide
((BMIM][Tf,N]) containing uranyl(VI) and either tetrabuty-
lammonium nitrate (TBAN) or HNOs.

Experimental Section

Chemicals and Reagents. Uranium trioxide, UQOj3, and uranyl
nitrate hexahydrate, UO»(NO3),-6H,0, were purchased from
International Bio-Analytical Industries, Inc. (Boca Raton, FL).
Concentrated nitric acid (70% w/w), tri-n-butylphosphate (TBP),
1-butyl-3-methylimidazolinum chloride, [BMIM]CI, and lithinm
bis(trifluoromethane) sulfonimide, [LiN(CF5S0,),] were pur-
chased from Sigma-Aldrich (Milwankee, WI). Acetonitrile and
methylene chloride were purchased from Fisher Scientific
(Pittsburgh, PA). Toluene was purchased from EMD Chemicals Inc.
(Gibbstown, NJ). Deuterated chloroform (99.8% D) and D,O
(99.9% D) were purchased from Cambridge Isotope Laboratories,
Inc. (Andover, MA).

Instruments. A Bruker Avance 500 MHz NMR spectrometer
was used to check the purity and water content of [ BMIM][Tf,N]
after synthesis. Absorption spectra were acquired using a model
440 UV—visible spectrophotometer with a CCD array detector
(Spectral Instruments Inc., Tucson AZ). ATR-FTIR spectra
were acquired using a Nicolet Magna 760 FTIR spectrometer
equipped with a DTGS detector. ATR-FTIR measurements
were made with a SplitPea attenuated total reflection accessory
(Harrick Scientific Corporation). A silicon internal reflection
element was used as a reflection medium. Silicon is relatively
inert and resistant fo corrosive materials, while zinc selenide is
not compatible with acids and strong bases, and germanium is
soluble in nitric acid. ATR-FTIR spectra were acquired using
500 coadded scans at 2 cm™! resolution with Happ—Genzel
apodization. A single-beam reference spectrum of the silicon
ATR internal reflection element was acquired at the start of each
experiment, and each single-beam sample spectrum collected was
ratioed against this background reference spectrum. Spectra were
not otherwise corrected. Each sample spectrum required ~17 min
to collect.

Synthesis of 1-Butyl-3-methylimidazolium Bis(trifluoromethyl-
sulfonyl)imide [BMIM][TE,N]. [BMIM][Tf,N] was synthesized
from the metathesis of [BMIM]CI and [LiN(CF380,)] following
an established literature procedure.” The resultingionic liquid was
washed and extracted with dichloromethane and deionized water.

(8) Brooker, M. H.; Huang, C.-H.; Sylwestrowicz, J. J. Inorg. Nucl. Chem.
1980, 42, 1431.

(9) Toth, L. M.; Begun, G. M. J. Phys. Chem. 1981, 85, 547.

(10) Gal, M.; Goggn, P. L.; Mink, J. Spectrochim. Acta 1992, 484, 121.

(11) Nguyen-Trung, C.; Begun, G. M.; Palmer, D. A. Inorg. Chem. 1992,
31,5280.

(12) Qules, F.; Burneau, A. Vib. Spectrosc. 1998, 18, 61.

(13) Quules, F.; Burneau, A. Vib. Spectrosc. 2000, 23, 231.

(14) Nguyen-Trung, C.; Palmer, D. A.; Begun, G. M,; Peiffert, C;
Mesmer, R. E. J. Solution Chem. 2000, 29, 101.

(15) Pasilis, S. P.; Pemberton, J. E. Jnorg. Chem. 2003, 42, 6793.

(16) Muller, K.; Brendler, V.; Foerstendorf, H. Jnorg. Chem. 2008, 47,
10127.
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The excess dichloromethane was removed by evaporation under
reduced pressure using a rotary evaporator. The sample was left
under vacuum overnight at 68 °C to remove excess water. The
Purity and water content of the ionic liguid were evalnated using

H NMR, and the chloride content was determined by neutron
activation analysis at the Washington State University (Pullman,
WA) Nuclear Radiation Center. The water concentration was
determined as follows: a known volume and mass of [BMIM]-
[Tf,N] was placed in a 5 mm diameter NMR tube. An insert
containing 66 uL of 99.9% D,0O was placed in the NMR tube
with the sample, and a 'H NMR spectrum was acquired. Residual
HDO (chemical shift 4.74 ppm) arising from the D,O in the insert
was used as a reference. Water in the [BMIM][Tf,N] sample gave
rise to a '"H NMR signal at 2.38 ppm. This signal (Z0) was
integrated and compared to the integrated signal of a butyl chain
CH, proton triplet (/cp, 1.8 ppm). The number of water protons
{(npo) could be calenlated using the relationship nyo/ncns =
Too/Tcrn- The number of protons giving rise to the CH, proton
triplet (ncrp) was calculated using the sample mass and molecular
weight, and, since the sample volume was also known, the
concentration of water in the sample could be determined. The
concentration of water in the final product was 10 mM, while the
chloride concentration was 0.008 mM.

Synthesis of Uranyl(VI) Bis(trifluoromethylsulfonyl)imide. Uranyl-
(V) big(triftuoromethylsulfonyl)imide (UOL(Tf,N),-xH,0) was
synthesized according to the method of Nockemann et al.'” The
synthesis began with the conversion of lithium bis(trifluoro-
methylsulfonyl)imide (2 M) into the corresponding acid, H(Tf,N),
with the addition of excess 20% H,SO,. In the process of
converting the salt into an acid, lithium sulfate was produced.
The desired acid was extracted with diethyl ether and washed with
water to remove trace amounts of lithinm sulfate. Evaporation of
diethyl ether under reduced pressure using a rotary evaporator
gave H(Tf,;N). In the next step, nraninm(VI) oxide (0.023 mol)
was suspended in water in a round-bottom flask, and a small
excess of H(Tf,N) (0.033 mol) was added. This mixture was
allowed to react for 3 days at 50 °C with stirring, following which
the temperature was increased to 75 °C for an additional
24 h. Water was removed under reduced pressure, and a viscous
yellow product was obtained. This product was washed with
dichloromethane to remove unreacted H(Tf,N), then dissolved
in methanol, and stirred for 1 h. Unreacted UO; was filtered off,
giving a clear yellow solution. Excess methanol was removed
under reduced pressure using a rofary evaporator, leaving a
viscous dark yellow substance. The sample was left under vacuum
overnight for further solvent removal. The final product was
stored in a desiccator.

Sample Preparation. Samples were prepared by dissolving
uranyl(VI) nitrate hexahydrate and uranyl(VI) bis(trifluoro-
methylsulfonyl)imide in [BMIM][Tf,N] to a final concentration
of 0.1 M. Nitrate was added in the form of TBAN or concen-
trated HNO;. Nitrate concentrations ranged from 0.05to 0.5 M
in [BMIM]Tf,N]. The samples were sonicated to completely
homogenize all solutes in the ionic liguid. A small droplet of
sample was placed directly on the silicon internal reflection
element prior to analysis by ATR-FTIR. Samples were exposed
to the atmosphere during analysis. In order to evaluate the
extent of water uptake from the atmosphere, a sample of
[BMIM][Tf,N] was placed on the internal reflection element,
and water v,(OH) modes at 3636 and 3565 cm ™! were monitored
over the course of 17 min, the time required to collect a typical
spectrum. No increase was seen in the intensities of these modes
during this time, indicating little water is absorbed from the
atmosphere during spectral acquisition under our laboratory
conditions.

(17) Nockemann, P.; Servaes, K.; Van Deun, R.; Van Hecke, K.; Van
Meervelt, L.; Bmnemans, K.; Goerller-Walrand, C. Inorg. Chem. 2007, 46,
11335,
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Figure 1. ATR-FTIR spectra showing the v,,(UO,) region for solutions
of [BMIM][Tf;N] containing (a) 0.1 M UO,(NOs),-6H,0, (b) 0.1 M
UO5(NO;3),+6H,0 with 0.1 M TBAN, and (c) 0.1 M TBAN.

Results and Discussion

The effect of changing uranyl(VI) coordination environ-
ment on v,4(UO») is illustrated in the infrared spectra shown
in Figure la,b. Figure la shows a spectrum acquired from a
solution of 0.1 M uranyl nitrate hexahydrate dissolved in
[BMIM][Tf,N], while Figure 1b shows a spectrum acquired
from a 0. M solution of uranyl nitrate hexahydrate in
[BMIM][Tf;N] to which 0.1 M TBAN had been added.
Figure I¢ shows a spectrum acquired from a 0.1 M solution
of TBAN. TBAN does not have any significant vibrational
modes in the v,((UO,) region. When uranyl nitrate hexahy-
drate is dissolved in [BMIM][Tf,N], a complex is formed
having v,(UO,) at950 cm ™', as shown in Figure 1a. With the
addition of nitrate in the form of TBAN, such that the total
concentration of nitrate in solution is 0.3 M, the uranyl(VI)
coordination environment is changed and v,(UQ,) is shifted
to 945 cm™' (Figure 1b). Previous work using UV—visible
spectrophotometry and EXAFS to examine uranyl(VI) ni-
trate complexes formed in RTIL has indicated that the major
species are UO5(NO;) ™, UO5(NO3),, and UO,(NOs);~."7720
Servaes et al.'” and Georg et al®® have shown that
UO5(NOs); ™ is the major species in RTIL solutions when
nitrate is present in excess. Thus, we assign the mode at
945cm™" (Figure 1b) to UO5(NO;); ™. Themode at 950 cm ™!
can then be assigned to the dinitrato complex, UO,(NOs3),
(Figure la). The formation of the two uranyl(VI) nitrate
complexes may also be followed through the growth of a
»(NO) mode at 1537 cm™! (Figure 2a,b). This mode is dia-
gnostic for nitrate that is coordinated to a metal ion*' and
offers further evidence that nitrate forms a complex with
uranyl(VI) in [BMIM][Tf;N]. The »(NO) mode increases in
intensity when TBAN is added to the solution (Figure 2b).
Figure 2c¢ simply shows a solution of [BMIM][T{;N] to which
TBAN has been added. TBAN does not have vibrational
modes in the »(NO) region.

To more easily detect any uranyl(VI) nitrate complexes
formed, UO,(Tf;N), was used as a source of uranyl(VI). The

(18) Gaillard, C.; Chaumont, A.; Billard, I.; Hennig, C.; Ouadi, A.; WipfT,
G. Inorg. Chem. 2007, 46, 4815.

(19) Servaes, K.; Hennig, C.; Billard, I.; Gaillard, C.; Binnemans, K.;
Gorller-Walrand, C.; Van Deun, R. Eur. J. Inorg. Chem. 2007, 5120.

(20) Georg, S.; Billard, I.; Ouadi, A.; Gaillard, C.; Petitjean, L.; Picquet,
M.: Solov'ev, V. J. Phys. Chem. B 2010, 114, 4276.

(21) Nakamoto, K. Infrared and Raman Spectra of Inorganic and Co-
ordination Compounds, 4th ed.; John Wiley & Sons: New York, 1986.
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Figure 2. ATR-FTIR spectra showing the »(NO) region for solutions
of [BMIM][Tf;N] containing (a) 0.1 M UO,(NOs),-6H,0, (b) 0.1 M
UO,(NO3)>+-6H>0 with 0.1 M TBAN, and (¢) 0.1 M TBAN.
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Figure 3. ATR-FTIR spectra showing the v,(UO,) region for solutions
of 0.1 M UO5(T[;N), in [BMIM][T(;N] containing (a) no TBAN, (b) 0.1
M TBAN, (¢) 0.2 M TBAN, and (d) 0.3 M TBAN.

bis(trifluoromethylsulfonyl)imide anion is easily displaced by
nitrate."®? In order to track uranyl(VI) speciation in the
presence of nitrate, the molar ratio of uranyl(VI) to TBAN
was systematically varied and the infrared spectra acquired.
The spectra are shown in Figure 3a—d. When UO,(Tf;N), is
dissolved in [BMIM][Tf;N], the v,(UO,) mode appears
at 968 cm~' (Figure 3a). This mode can be assigned to
uranyl(VI) coordinated by TN~ anions. A small peak
at ~950 cm ™" arises from [BMIM][Tf;N]. With the addition
of 0.1 M TBAN, the »,(UO,) mode at 968 cm ! decreases
in intensity, while a new v,((UO») mode begins to grow in at
951 cm ™!, indicating that a uranyl(VI) nitrate complex has
formed in solution (Figure 3b). When the solution TBAN
concentration is increased to 0.2 M, the intensity of the
,:(UO>) mode at 951 cm ™! also increases, while the v, (UO,)
mode at 968 cm™' disappears completely (Figure 3c). The
uranyl(VI) nitrate complex formed may be assigned to a
UO,(NOs), species, based on the peak position of v,(UO,)
for uranyl nitrate hexahydrate dissolved in [BMIM][Tf,N]

(22) Kaplan, L.; Hildebrandt, R. A.; Ader, M. J. Inorg. Nucl. Chem. 1956,
2,153,
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Figure 4. ATR-FTIR spectra showing the v,,(UO,) region [or solutions

0of 0.1 M UOs(Tf5N), in [BMIM][Tf;N] containing (a) no HNO;, (b) 0.1
M HNOj;, (¢) 0.2 M HNOs, and (d) 0.3 M HNOs.

(Figure 1a). Upon addition of a third aliquot of TBAN, such
that the total nitrate concentration in solution is 0.3 M, the
v,s(UO,) mode shifts to 944 cm™" (Figure 3d). This shift in

v,s(UO,) represents the formation of the UO,(NO;);~ com-
plex. In our study the dbsorptlon bands diagnostic for
UO,(NO;); =~ can be seen in a UV—visible absorption
spectrum acquired from this solution (Supporting Informa-
tion, Figure 1). These bands can also be seen, albeit at a lower
intensity, in a UV—visible absorption spectrum acquired
from the solution of 0.1 M UO,(Tf;N), in [BMIM][Tf;N]
containing 0.2 M TBAN, indicating that some UO,(NO;);~
is present there as well, (Supporting Information, Figure 1).
On the basis of the presence of these characteristic absorption
bands for UO5(NOs); ™ in a solution prepared by dissolution
of urdnyl nitrate hexahydrate in [BMIM][Tf;N], Gaillard
et al." have suggested that UO,(NO3), can dissociate into
UO»(NO;3)* and UO5(NO3);. In our ATR-FTIR spectra,
the diagnostic mode for UO,(NO3), (v,4(UO>) 951 em Y
is rather broad and may include a small component at
944 cm™ . Interestingly, the infrared spectra show no evi-
dence for a v,((UO,) mode that could be assigned to the
UO,(NO;)* species; however, as the v,(UO,) modes are
relatively broad, it is possible that a small mode between
v,(UO,) 968 cm™" and ,(UO,) at 951 cm™" would not be
detected. As in the case for the uranyl nitrate hexahydrate/
TBAN system discussed earlier, the presence of a (NO) mode
at 1536 cm™ ! indicates that nitrate is indeed complexed to
uranyl(VI) (Supporting Information, Figure 2).

In the three-step extraction method for actinides and
lanthanides mentioned above, uranium dioxide is first dis-
solved in a RTIL containing a mixture of HNO; and tributyl
phosphate and the resulting uranyl complex is then extracted
into sc-CO,. Thus, it is of interest to examine the uranyl
complexes formed when HNO; is used as a nitrate source
instead of TBAN. Figure 4a—d shows a series of infrared
spectra acquired from solutions of 0.1 M UO,(Tf;N), in
[BMIM][Tf;N] to which varying amounts of HNO; have
been added. v,i(UO,) for a solution 0.1 M in UO,(Tf;N), in

(23) Billard, 1.; Gaillard, C.: Hennig, C. Dalton Trans. 2007, 4214.

Inorganic Chemistry, Vol. 49, No. 18,2010 8571

[BMIM][Tf;N] in the absence of any HNO; appears at
968 cm !, assigned above to uranyl(VI) coordinated by
TN anions (Figure 3a). When HNO; is added to the
solution such that its ﬁnal concentration is 0.1 M, the

,(UO,) mode at 968 cm ™' decreases in intensity as a new
uranyl(VI) nitrate complex having v,\(UOa) at 951 cm™!
forms (Figure 4b). v,((UO,) at 968 cm dlsappedrs almost
completely when the concentration of HNOj; is increased
to 0.2 M (Figure 4c¢). The v,((UO,) mode at 951 em™! can
be assigned to the UO,(NO;), species. However, no new

v,s(UO,) modes are detected in the infrared spectra when the
concentration of HNOj; is increased beyond 0.2 M. The
characteristic trinitrato dbsorptlon bands™~ can be clearly
seen in the UV—visible absorption spectra of a solution
0.3 M in HNOs, indicating that some UO,(NOs);™ is indeed
present (Supporting Information, Figure 3). However, the
UO,(NO;);  anion is not a major species, existing at con-
centrations which cannot be detected using infrared spectros-
copy under the experimental conditions used for this study.

As was the case in the TBAN/[BMIM][Tf,N] system, the
»(NO) mode at 1536 cm™ " appears to grow as the concentra-
tion of HNOj increases, indicating that nitrate is coordinated
to uranyl(VI) (Supporting Information, Figure 4). The
v,s(NO>) stretching mode can be seen at 1670 cm™' when
HNOj; concentrations reach 0.2 M (Supporting Information,
Figure 4b,c).

A major difference between the TBAN/BMIM][Tf:N]
and the HNO;/[BMIM][Tf;N] systems is that the amount
of H,O introduced into solution is greater in the
HNO;/[BMIM][Tf;N] experiment, because, a solution of

0% wt/wt HNO; was used as a nitrate source. del‘m
et al.” studied the formation of the UO,(NO;); complex in
organic solvents using UV—visible spectrophotometry. The
authors noted that the equilibrium reaction

UO,(NO3), + NO; == UOy(NO3); ~

is affected by the presence of water and suggested that a nitrate
ion and water molecules compete for a coordmdtxon position
around the uranyl(VI) ion. Billard et al. %3 also noted that the
formation of the UO,(NOs);~ complex in [BMIM][Tf;N] is
affected by the presence of water. In our study, no signi-
ficant shifts in v,((UO,) were seen in solutions of 0.1 M
UOZ(NO3)2'6H30 or 0. M UOz(szN)g in [BM]M][TEN]
to which aliquots of water were deliberately added. Thus, water
is not a strong enough ligand in [BMIM][Tf;N] to displace
NO;™ or otherwise affect the O=U=O0 bond strength.

Conclusions

We have conducted a detailed spectroscopic examination
of the uranyl(VI) nitrate system in [BMIM][Tf;N], using
ATR-FTIR spectrometry to characterize the coordination
environment of uranyl(VI) in solutions of [BMIM][Tf;N]
containing either TBAN or HNO;. Both UO,(NO;), and
UO,(NOs);~ species were detected. v,(UO,) for these two
species were found to appear at 951 and 944 cm ™', respec-
tively, while v, (UO,) arising from uranyl(VI) coordinated by
TEN anions in [BMIM][Tf>N] appears at 968 cm™'. The
UO,(NOs)" species was not detected under the conditions
used in this study. Formation of the uranyl(VI) nitrate
complexes may also be followed through the growth of the
»(NO)mode at 1537 cm ™!, whichis diagnostic for nitrate that
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is coordinated to a metal ion. The UOx(INO3);  complex did
not form in solutions of [BMIM][Tf,N] containing HNO3
under our experimental conditions, likely as a result of
competition from water. More research is needed to examine
the role that water and other potentially competing species
play in uranyl(VI) solution chemistry in RTIL. Overall, our
results indicate that infrared spectroscopy can form a valu-
able addition to the suite of tools currently used to study the
chemical behavior of uranyl(VI) in RTIL.

Quach et al.
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Uranium dioxide can be dissolved directly in an imidazolium-based ionic liquid (IL) at room
temperature with a tri-n-butylphosphate(TBP)-HNO; complex. The dissolution process follows pseudo
first-order kinetics initially. Raman spectroscopic studies show the dissolved uranyl ions are
coordinated with TBP in the IL phase with a molar ratio of (UO,)** : TBP = 1 : 2. The dissolved uranyl
species can be effectively transferred to a supercritical fluid carbon dioxide (se-CO,) phase. No aqueous
phase is formed in either the IL dissolution or the supercritical fluid extraction process. Absorption
spectra of the extracted uranyl species in the sc-CO, phase suggests the presence of a UO,(TBP),(NO;),
and HNO; adduct probably of the form UQO,(TBP),(NO;),-HNO;. The adduct dissociates in a
water—dodecane trap solution during pressure reduction resulting in UO,(TBP),(NO;), collected in the
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dodecane phase.

Introduction

Using room-temperature ionic liquids (RTILs) as alternatives to
conventional solvents for treating nuclear wastes has become
an active research area in recent years.' Ionic liquids have
unique properties including near zero vapour pressure, non-
flammability, thermal and radiation stability, and good solubility
for a variety of chemical species including ions and neutral
compounds.® One type of RTIL, which consists of a 1-butyl-
3-methylimidazolium (BMIM) cation and a fluorinated anion
such as bis(trifluoromethane)sulfonimide (Tf,N), has been studied
for extraction of metal ions due to its hydrophobicity and
aqueous stability. However, separation of dissolved metal species
from RTILs by conventional methods, such as acid stripping,
distillation, or organic solvent back-extraction, is often inefficient
and may cause cross-contamination due to their mutual solubility.
It is known that supercritical carbon dioxide (sc-CO,) can dissolve
in RTILs effectively, whereas the latter have negligible solubility in
sc-CO,.7" This property allows effective recovery of dissolved metal
species in RTIL by sc-CO, extraction without contamination or
loss of the RTIL.

Several researchers have used room-temperature ionic liquids
(RTILs) as solvents for dissolution or extraction of actinides.' 5%
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Allen et al. has noted a series of ILs for the radiochemical
stability.!® Visser et al. reported that someactinide ions could be ex-
tracted from 1 M HNO; solution into different ILs or dodecane by
amixture of 0.1 M octyl(phenyl)- ¥, N-diisobutylcarbamoylmethyl
phosphine oxide (CMPO) and 1 M tri-n-butylphosphate (TBP)
and the results showed an enhancement of distribution ratios in
the ILs over dodecane.'"™®" These literature reports also noted
that the EXAFS measurement showed the extracted complex of
UO,* in IL systems was UO,(NO;)(CMPO)*, but the extracted
complex in dodecane was neutral UO,(NO;),(CMPO),.1t1214
However, extraction of UO,* from 0.25 M HNO; with bis(2-
ethylhexyl)phosphoric acid (HDEHP) into the IL [Camim][Tf,N]
was reported to be a neutral complex which was identical to that
extracted into dodecane as elucidated by EXAFS and UV-Vis
spectroscopy measurements.”® The extraction of uranium(vi) from
nitric acid by TBP dissolved in the ionic liquid [Bmim][PF] has
also been reported.>'*"® Giridhar et a/'” showed that based on
the slope analysis of the distribution coefficients the apparent
stoichiometry of uranyl species extracted by TBP from nitric
acid solutions into [BMIM][PF] was UO,(NO;), 2TBP when the
concentration of nitric acid was less than 4 M.

A recent report shows that uranyl ions (UO,)** in 3 M nitric
acid can be extracted into [BMIM][Tf,N] at room temperature
containing tri-n-butylphosphate (TBP) and then back-extracted
into a sc-CO, phase.® The nature of the uranyl species dissolved in
the IL isnot well understood. In this three-phase (aqueous/IL/sc-
CO,) extraction process, the IL serves as a recyclable medium
for extraction and concentration of uranium from the acid
solution underambient pressure and temperature. The three-phase
extraction process is suitable for treating uranium contaminated
aqueous solutions. Direct dissolution of UQ, in ionic liquids

This journal is @ The Royal Society of Chemistry 2011
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using concentrated nitric acid has been reported by several
researchers.!” The uranyl species dissolved in [BMIM][Tf,N] with
nitric acid are not extractable by sc-CO,. The solubility of water
(about 1.2% by weight) in the IL also limits the amount of uranium
dioxide which can be dissolved in the IL. phase without forming
an aqueous phase.

This paper reports a method of dissolving uranium diox-
ide directly in [BMIM]Tf,N] at room temperature using a
TBP(HNO;), s(H,0)s complex which is miscible with the IL
without formation of an aqueous phase. In this study, we use
Raman spectroscopy to evaluate the coordination environment of
uranium species dissolved in the IL with the TBP-HNO; complex.
It is known that the symmetrical vibrational mode of uranyl ions
(O=U=0)" is Raman active and this band does not overlap with
the Raman bands of [BMIM][Tf,N] according to our experiments.
Thus, Raman spectroscopy provides a good tool for studying
the coordination environment of uranyl ions dissolved in the IL
system. Using vibrational spectroscopy (FTIR) to characterize
uranyl nitrate complexes in ionic liquid was reported recently by
our group.® To the best of our knowledge, this paper represents
the first systematic investigation of the coordination environment
of an actinide in ionic liquid and in supercritical CO, using
Raman spectroscopy. An interesting observation from our Raman
study is that the dissolved uranyl species is coordinated with
two molecules of TBP and probably exists as a mixture of the
form UO,(TBP),(NO;), in the IL system where x may be 1,
2, or 3. The rate of dissolution of UO, in the IL and transfer
of the dissolved uranyl species to sc-CO, are also described.
After supercritical fluid extraction, the IL can be reused for UO,
dissolution. This IL/sc-CO, hyphenated process, which enables
continuous dissolution of uranium in the IL with subsequent
transfer to sc-CO, without formation of an aqueous phase, may
provide a new green technique for recycling uranium from solid
wastes.

Experimental
Chemicals and sample preparation

Uranium dioxide (UO, 200-325 mesh size) was purchased
from Internal Bio-Analytical Industries, Inc. (Boca
Raton, FL). Concentrated nitric acid (70% w/w), tri-n-
butylphosphate (TBP), tri-n-butylphosphine oxide (TBPO),
I-butyl-3-methylimidazolium  chloride, [BMIM]Cl, and
bis(trifluoromethane)sulfonimide lithium salt, [LiN(CF;80,),],
were purchased from Aldrich (Milwaukee, WI). Carbon dioxide
(99.99%) was supplied by Oxarc (Spokane, WA). [BMIM][Tf,N]
was prepared by metathesis of [BMIM]Cl with aqueous
LiN(CF;S0,), and dried under vacuum at 65 °C for 24 h.® The
amount of water in [BMIM][Tf,N] measured by Karl Fischer
titration was 405 ppm. Neutron activation analysis showed the
chloride content in the IL was about 4 ppm. A CO,-soluble
TBP-HNO; complex of the form TBP(HNO;)s(H,0),; was
prepared by shaking an equal volume mixture of TBP and
the concentrated nitric acid in a capped vial. Characterization
of the TBP-HNO; complex is given in the literature® After
mixing and phase separation, the organic phase containing the
TBP(HNO;), s(H,0),s complex was removed from the mixture
for the uranium dissolution experiments.

Experimental setup

The experimental setup for the high pressure system was the same
as described in a previous publication.® An ISCO syringe pump
(Model 206D, Lincoln, NB) with a series D pump controller
was used to pressurize the system with CO,. The parts of the
high-pressure extraction system including view-cell, extraction
cell, valves, and connectors were either home-made or purchased
from High Pressure Equipment Company (HiP, Erie, PA). A
high-pressure fiber-optic cell connected toa UV/Vis spectrometer
with CCD array (Model 440, Spectral Instruments, Inc., Tucson,
AZ) was used for in situ spectroscopic measurement of the
CO, phase. Pressure and temperature inside the fiber-optic cell
were monitored by a pressure gauge (Omega Engineering, Inc.)
and a thermocouple (Model HH23, KMTSS-062U-6, Omega),
respectively.

Dissolution of UQ, in [BMIM][T{,N] was performed at room
temperature and ambient pressure using an 8 mL glass vial placed
on a magnet stirrer. The stirring speed of the IL phase was
measured by a Neiko tachometer (Model 20713, Neiko Tools,
Amazon). A Renishaw Ramascope Raman microscope having a
785 nm laser (Renishaw, UK) was used to obtain Raman spectra
of uranyl species dissolved in the IL phase. Raman spectra were
acquired on samples contained in sealed NMR tubes. In addition,
a portable Raman spectrometer (Enwave Optronics, Inc., Irvine,
CA.) was used to collect Raman spectra of uranyl species dissolved
in the sc-CO, phase through quartz windows of a high-pressure
stainless steel view-cell.

Experimental procedure

The experimental procedure for direct dissolution of UO, in
[BMIM][T,N] containing TBP(HNO;), s(H,0)y (16.7% v/v) is
described as follows: (1) 600 pL of TBP-HNO; was added to
3 mL of [BMIM][Tf,N] in an 8 mL glass vial and subjected to
continuous stirring at room temperature and (2) an initial amount
of 26.2 mg of UO, was added to the solution and the rate of
dissolution monitored by UV/Vis spectroscopy. Because the TBP—
HNO; complex carries a small amount of water into the system,
the water content during dissolution of UQ, was estimated to be
around 4300 ppm, well below the saturation point of water in the
IL. To evaluate the maximum amount of UQ, dissolution in the
IL, separate aliquots of UO, were added to the [BMIM][Tf,N]
phase after the initial addition and the UV/Vis spectra of the
[BMIM][Tf,N] phase were recorded two hours after each addition
of UO,.

For Raman measurements of uranyl nitrate-TBP complexes
in the IL, [BMIM]Tf,N], samples with different molar ra-
tios of UO,(NO;),-6H,O: TBP (1:0, 1:0.25, 1:0.5, 1:1, 1:2,
and 1:3) were prepared. Another sample was prepared with
UO,(NOy),-6H,0 and tributylphosphine oxide (TBPO) ata molar
ratio of 1:2 in [BMIM]Tf,N] for comparison. After thoroughly
mixing, a small amount of the IL sample was taken and placed in
a sealed NMR tube for Raman measurement. Raman spectra of
uranyl species in sc-CO, were measured using a home-made view
cell with uranyl species extracted from [BMIM][Tf,N] following
the supercritical fluid extraction procedure described in a previous
report.?
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Results and discussion
Dissolution of uranium dioxide in IL with TBP(HNO,), s(H,0),,

The TBP(HNO;) s(H,0),s complex is miscible with
[BMIM][Tf;N]. forming one homogeneous liquid phase at
the volume ratio (1:5) described in the experimental section.
With 26.2 mg of solid UO, added to 3.6 mL of the [BMIM][T{,N]
solution, the ratios of [TBP]/[U], [HNO;]/[U]. and [H,O]/[U] in
the IL phase were about 16, 28. and 11, respectively. With stirring,
the black UO, powder gradually dissolved in the [BMIM][Tf,;N]
solution, turning the colour of the IL phase to bright yellow. The
dissolution process was monitored by acquiring UV/Vis spectra
of the IL phase at different times as shown in Fig. la. About
81% of the UO,(s) dissolved in the IL phase at room temperature
in the first hour and 8% more dissolved in the second hour.
Absorbances of the peaks at 372, 388, 437, and 452 nm with
respect to dissolution time are shown in Fig. 1b. The intensities
of the peaks at 437, and 452 nm increased rapidly with time in the
first 60 min and reached a plateau in about 120 min. However,
the peaks at 372 and 388 nm reached a maximum absorption
at 66 min and then decreased after that. This observation was
similar to a previous report in which the dissolution of UQO, in
[BMIM][Tf,N] containing aqueous nitric acid was studied at
room temperature by UV/Vis spectroscopy at a [HNO;]/[U]
ratio of 16 and [H,0]/[U] ratio of 33.! The absorption peaks at
wavelengths above 400 nm were reported to increase from 0 to
66 min and then remain practically constant for up to 900 min.
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Fig. 1 Rate of dissolution of UO,(s) in [BMIM]T;N] with

TBP(HNO,),5(H,0),5 (16.7% by volume) at room temperature: (a)
UV/Visspectra between 320 and 500 nm; (b) absorbance versus dissolution
time (min) for peaks at 372, 388, 437, and 452 nm.

But, the peaks at wavelengths below 400 nm were found to
increase in the first 66 min, followed by a decrease in absorbance
after that. The cause of the fluctuations in absorption for the
peaks below 400 nm was attributed to the formation of transient
absorbing species during the dissolution process which involves
oxidation of U(1v) to U(vI) via NO; /NO, reduction and changes
in background absorption.!

The rate of dissolution of UO, in [BMIM][T[N] with
TBP(HNO;), 5(H,0)ys at room temperature (23 °C) depends on
the stirring speed of the magnetic stirrer. Between 900 and 1200
rpm, the dissolution rate of UO, in this IL system reaches
near a constant under our experimental conditions. Therefore,
all UO, dissolution experiments in this study were carried out
at a stirring speed of 1200 £ 10 rpm. The stirring speed was
checked by tachometer measurements. Stirring is always required
in conventional nitric acid dissolution of UO, powder® but the
speed is usually much lower compared with our IL dissolution
process due to the high viscosity of TL.

The initial rate of dissolution of UO, in the IL (Fig. 1b)increases
exponentially and resembles first order kinetics. A plot of In[(A4..
— A)/ A.] versus time is shown in Fig. 2, where 4 is the absorbance
at time 7 and A. is taken as the absorbance at 900 min. The
absorption data at 437 nm and at 452 nm are used in this plot and
both absorption peaks give the same result. The initial dissolution
appears to follow a pseudo first-order kinetics as demonstrated
by the linear relationship between In[(A4. — A4)/A.] and ¢ shown
in Fig. 2. The slope of the line is 0.028 min™ (or 73 = 24.7 min),
which may be regarded as the rate constant of the initial pseudo
first-order dissolution process for UO, in [BMIM][T;N] with
TBP(HNO;),s(H:O)o.
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Fig. 2 Plot of In[(4. — 4)/A.] versus time for the dissolution of UO, in
[BMIM][Tf,N] containing TBP(HNO; ), o(H.O)qs.

The dissolution process can be envisioned to involve a number
of steps including diffusion of TBP(HNO;), ((H,0),, to the UO,
surface, oxidation of UO, to uranyl on the UO, surface, and
diffusion of uranyl species from the solid surface to the IL phase.
Diffusion of the uranyl species from the UO, surface to the IL
phase is probably a main factor controlling the rate of dissolution
of UO,. Deviation from the linear relationship occurs after 60 min
indicating occurrence of other processes which would affect the
steady diffusion of uranyl at higher uranium concentrations in the
IL phase.
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To evaluate the maximum amount of UO, dissolution in the
[BMIM][TE;N]/TBP(HNO), s(H,O) s system, different amounts
of UO, were added to the IL phase repeatedly every two hours.
After each addition, the IL phase was stirred for two hours and
then analysed by UV/Vis spectroscopy (Fig. 3a). The absorption
peaks at 437, 452, and 468 nm increase linearly with increasing
amounts of dissolved UO,. After addition of 234.9 mg (0.24 M) of
UO,. the absorbances of peaks at wavelengths below 437 nm begin
to fluctuate. Fig. 3b shows the absorbance for peaks at 437, 452,
and 468 nm with respect to increasing amount of UO, dissolved in
the IL phase. Generally speaking, the absorbance increases close
to a linear fashion with the amount of UO, added to the system
up to 245 mg. After addition of over 320 mg of UO, (0.33 M),
black slurry started to appear in the IL phase, suggesting that the
system had reached its saturation point under the experimental
conditions. This quantity (320 mg UQ,) is considered as the
maximum amount of UO, soluble in 3.6 mL of [BMIM][TLN]
at room temperature (23 °C).
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Fig. 3 Cumulative UO, dissolution in [BMIM][Tf,N] with

TBP(HNO:),5(H;0);s at room temperature: (a) UV/Vis spectra
between 400 and 480 nm; (b) absorbance versus cumulative mass of UO,
plot at 437, 453, and 468 nm.

Raman spectra of uranyl species in IL

One interesting property of ILs is their unusual solvation char-
acter, which is reflected in their ability to dissolve many chemical
materials including both ionic species and neutral compounds.'?
Understanding the chemical environment of uranyl and other
actinide species dissolved in an IL system is important for applying

the technology to managing uranium-containing wastes. The ab-
sorption spectra of uranyl nitrate dissolved in [BMIM][Tf,N] have
been described in the literature.'**** Comparing our UV/Vis spec-
trum with those reported in the literature,! the absorption spectra
of uranyl species with and without TBP show a difference in
the wavelength range between 390-430 nm. We cannot determine
whether the dissolved uranyl ions exist in the IL phase as individual
ions or are associated with TBP. It is known that the Raman
active uranyl symmetrical stretching mode. v,(UO,), is sensitive to
changes in uranyl coordination environment; complexation of the
uranyl(vi) ion weakens the O=U=0 bonds, causing v,(UO,) to
shift to lower frequency. Thus, Raman spectroscopy may provide
information regarding the coordination environment of the uranyl
ions dissolved in the IL system. Fig. 4 shows typical Raman spectra
of [BMIM][T£,N] with and without dissolved uranyl species. The
vibrational bands at 825, 908, 884, 1025, and 1056 cm™ visible in
all four spectra arise from [BMIM][T;N]. The mode at 1025 cm™
has been assigned to the in-plane symmetric stretching mode of the
imidazolium ring.** If only UO,(NO;),-6H,O is dissolved in the IL
(spectrum 4b), the symmetrical stretching mode, v,(UO,), occurs
at 868 cm™', indicating the O=U==0 bond strength is roughly the
same as it is in aqueous solution at low pH values, where a band
at 870 cm™! arises from the solvated UO,(H,0):** cation.®® From
the spectroscopic data, it is reasonable to postulate that the uranyl
cation is solvated in [BMIM][Tf,N], but that the O=U==0 bond
is not perturbed. When TBP is added to the IL phase containing
dissolved UO,**, the v,(UO,) band shifts to lower wavenumber,
reaching a well-defined peak at 860 cm™ when the molar ratio of
TBP to uranyl reaches a value of 2 (spectrum 4c). The shift to lower
wavenumber upon addition of TBP to the IL solution indicates
that the coordination environment of UO,* has changed and TBP
is associated with the uranyl ion. To test the P=0 coordination
with uranyl in the IL, TBPO (tri-n-butylphosphine oxide) was
added to the IL/UO,(NO;),-6H,O solution. resulting in a shift of
v(UO,) to 845 cm™ (spectrum 4d). The appearance of v,(UO,)
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Fig. 4 Raman spectra of (a) [BMIM][TE;N] only. (b) 0.17 M
UO,(NO,),-6H,0 in [BMIM][TE,N]. (c) 0.17 M UO,(NO;),-6H,O and
0.34 M TBP in [BMIM][Tf,N]. and (d) 0.17 M UO,(NO;),-6H,0O and 0.34
M TBPO in [BMIM][Tf,N].
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at a lower frequency for the uranyl-TBPO complex relative to
v,(UO,) for the uranyl-TBP complex is expected, as TBPO is a
stronger Lewis base than TBP.

Fig. 5 shows Raman spectra of the IL solutions having varying
molar ratios of UO, : TBP. The v,(UO,) mode at 860 cm™ does
not change when the molar ratio of TBP/UO, exceeds 2 (Fig. 5).
The Raman data suggest that probably two molecules of TBP are
coordinated with each uranylion in [BMIM][Tf,N]. In our Raman
study we do not see the v,(NO;) mode, which normally appears
at 1047 cm™ in aqueous solutions of uranyl nitrate.* Our spectra
also do not show vibrational modes resulting from nitrate bound to
uranylion (752c¢m™, 1036 cm™, 1304 cm ™ in aqueous solutions).*
These peaks are likely buried under the [BMIM][Tf,N] spectrum.
Earlier studies of nitric acid dissolution of UO, in [BMIM][T;N]
using UV-Vis, EXAFS (extended X-ray absorption fine structure),
and molecular dynamic simulation show the existence of a uranyl
nitrato species UO,(NO;);™ in the ionic liquid phase with excess
amounts of nitrate."***” The presence of UO,(NO;);™ in the IL
would lead to the enhancement of absorption bands in the
420-480 nm range.! These enhanced absorption bands are not
observed in our IL system with TBP(HNO;), «(H,O)o6. In our
case of UO, dissolution with a TBP(HNO;), s(H,0),s complex
in [BMIM][TE;N]. since 2 molecules of TBP are coordinated
with the uranyl ion, the dissolved uranyl species is probably of
the form UOy(TBP),(NO;), where x may be 1. 2 or 3. It is
unlikely that the coordination number of uranium would allow
formation of a uranyl-TBP-nitrate complex with 3 NO,~. Charged
UO,(TBP),(NO;)* species (x= 1) is not extractable by supercritical
CO,. Formation of neutral UO,(TBP),(NO;), in our IL system
is very likely. Neutral uranyl complexes extracted from nitric
acid solutions into ionic liquids are known in the literature.'”
However. the possibility of forming aggregates of uranyl-TBP-
nitrate complexes in the IL phase with different x values (x=1, 2,
and 3) cannot be ruled out. It is also possible that HNO; molecules
may be attached to the uranyl-TBP-nitrate complexes forming
UO,(TBP),(NO;),(HNO;), adductsin the IL phase. Formation of

1025

Intensity

s00 850 900 950 1000 1050

Wavenumber (cm)

Fig. 5 Raman spectra of the IL solution with different molar ratios of
UO,:TBP (a)1:0.25, (b) 1:0.5,(¢) 1:1,(d) 1:2,and (e) 1 : 3.

UO,(TBP),(NO;),-HNO; in dodecane-TBP extraction of uranyl
ions from high concentrations of nitric acid solutions has been
reported in the literature.® Further research is needed to fully
understand nitrate and HNO; coordination with the uranyl-TBP
species dissolved in the IL system.

Transferring uranium from the IL phase to sc-CO,

The IL containing dissolved uranium species from the cumulative
UO, dissolution experiment was placed in a high pressure fiber-
optic cell connected to a CCD array UV /vis spectrometer for static
supercritical fluid extraction (SFE) studies. A description of the
high-pressure fiber-optic device was reported in the literature.*
The cell was preheated to 40 °C and pressurized with 200 atm
of CO,. The SFE process was also monitored by a Raman
spectrometer and the spectrum of the CO, phase after 30 min
of static extraction time is shown in Fig. 6a. The Raman peak
at 860 cm™ is identical to the peak position for synthesized
UO,(NO;),(TBP), dissolved directly in sc-CO,. This Raman peak
in s¢-CO, is also the same as that observed for the dissolved
uranyl species in the IL shown in Fig. 4c¢ and Fig. 5d. The
Raman study suggests UO, dissolved in [BMIM][Tf,N] with
TBP(HNO;), 5(H,0),s may exist as the neutral UO,(NO;),(TBP),
compound in the IL phase.
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Fig. 6 (a) Raman spectra of uranyl species in sc-CO,. Red: sc-CO,
background; green: standard UO,(NO, ), (TBP), dissolved in sc-CO,; blue:
uranyl species extracted from [BMIM][Tf,N] into sc-CO, (30 min of static
extraction at 40 °C and 200 atm); (b) in situ UV/Vis spectrum of the uranyl
species extracted into the sc-CO, phase; (¢) UV/Vis spectrum of the uranyl
species collected in an acetone trap solution; (d) UV/Vis spectrum of the
uranyl species collected in a dodecane solution.

Extraction of the uranium species from the IL phase to the sc-
CO, at 40 °C and 200 atm is virtually complete in < 10 min indicat-
ing the mass transfer of the uranyl complex from [BMIM][Tf,N]
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to sc-CO, phase is very rapid. Without TBP in the system,
uranyl nitrate dissolved in [BMIM][Tf,N] is not extractable by
5¢-CO,. The solubility of UO,(NOs),(TBP), in sc-CO, at 40 °C
and 200 atm is about 0.45 moles per litre.* The amount of
uranium and the volume of the sc-CO, extraction cell used in our
experiments would not reach 10% of the solubility limit.* Fig. 6b
shows the UV-Vis spectrum of the uranyl species dissolved in the
supercritical fluid CO, phase obtained using the high-pressure
fiber-optic cell. The spectrum is similar to that reported in the
literature for synthesized UO,(TBP),(NO;), in sc-CO,* except the
intensities of the peaks at 425 nm and above are enhanced. The
enhanced peak intensities in this region may be attributed to the
formation of an HNO; adduct such as UO,(TBP),(NO;), HNO;
as observed in the solvent extraction experiments.® The uranyl
species extracted into sc-CO, can be recovered by depressurizing
the exit fluid and collected in an acetone trap solution. The UV-
Vis spectrum of the acetone trap solution shown in Fig. 6¢ is
similar to that found in the sc-CO, phase. When the acetone
trap solution was evaporated to near dryness in a beaker and
dodecane and water were added, the absorption spectrum of
the dodecane phase was identical to that of UO,(TBP),(NO;),
(Fig. 6d)® and the aqueous phase was acidic. In addition, FT-IR
spectra reveal that the HNO; adduct peak (1648 cm™) observed in
the acetone trap solution was absent in the dodecane trap solution
(see the ESIT). The UO,(TBP),(NO;),-HNO; adduct is known to
be unstable in contact with organic phase and/or water according
to the literature.® When the exit fluid was bubbled through a
water—dodecane trap solution, the uranyl species collected in the
dodecane phase showed an absorption spectrum identical to that
of Fig. 6d.

Conclusion

The dissolution of UO, in [BMIM]Tf,N] with
TBP(HNO;),:(H,0),s at room temperature follows pseudo
first-order kinetics initially. The maximum amount of UQO,
dissolution is about 320 mg in 3.6 mL of [BMIM]Tf,N]
containing 16.7% by volume of the TBP(HNO;) s(H,O0)qs
complex. Raman spectra show the dissolved uranyl species
is coordinated with TBP in the IL phase with a uranyl: TBP
molar ratio of 1:2 suggesting the formation of uranyl-TBP
complexes of a general form UO,(TBP),(NO;), where x may
be 1, 2, or 3. The uranium species dissolved in the IL can
be rapidly extracted into sc-CO,. UV-Vis spectra indicate the
presence of a UO,(NO;),(TBP), and HNO; adduct probably
of the form UO,NO;),(TBP),HNO,. The HNO, adduct
dissociates in contact with a water—-dodecane trap solution during
depressurization of the system. The uranyl species collected in
the dodecane phase is UO,(NO;),(TBP),. No aqueous phase is
formed either in the IL dissolution step or in the sc-CO, extraction
step. This IL-sc-CO, coupled dissolution/extraction process may
provide a new green technique for treating uranium-containing
wastes. Further research along this direction is currently in
progress.
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THE PARTITIONING OF AMERICIUM AND THE
LANTHANIDES USING TETRABUTYLDIGLYCOLAMIDE
(TBDGA) IN OCTANOL AND IN IONIC LIQUID SOLUTION
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Separations among the lanthanides and the separation of Am from the lanthanides remain
challenging, and research in this area continues to expand. The separation of adjacent
lanthanides is of interest to high-tech industries because individual lanthanides have spe-
cialized uses and are in short supply. In nuclear fuel cycle applications Am would be
incorporated into fast-reactor fuels, yet the lanthanides are not desired. In this work, the
diglycolamide NNN',N'-tetrabutyldiglycolamide (TBDGA) was investigated as a ligand for
lanthanide and Am solvent extraction in both molecular and room-temperature-ionic-liquid
(RTIL) diluents.The RTIL [C MIMJ[Tf,N] showed very high extraction efficiency for these
trivalent metals from low nitric acid concentrations, while the molecular diluent 1-octanol
showed high extraction efficiency at high acid concentrations. This was attributed to the
extraction of ionic nitrate complexes by the RTIL, whereas 1-octanol extracted neutral nitrate
complexes. TRDGA in RTIL did not provide adequate separation factors for Am flanthanide
partitioning, but I-octanol did show reasonable separation possibilities. Lanthanide inter-
group separations appeared to be feasible in both diluents, but with higher separation factors
from I-octanol.

Keywords: Americium, lanthanides, ionic liguids, diglycolamides

INTRODUCTION

Separations among the lanthanides and the partitioning of Am from the lanthanides
are challenging. The ubiquitous trivalent oxidation state and the narrow range of ionic radii
of these metals limit the options available to design such separations. Yet the separation
of the adjacent lanthanides is of current industrial interest, with these elements being of
limited supply and having strategic uses in catalysts, phosphors, lasers, and magnets. The
Am separation is of interest in nuclear fuel cycle applications, where current proposed
reprocessing schemes would separate Am for incorporation into fast-reactor fuels, with
disposal of the lanthanides as radioactive fission-product waste.

Past attempts at the Am separation have been made using soft-donor ligands to pref-
erentially complex the actinide,!!! or less commonly by adjusting the americium valence
state.’] However, within the lanthanide series redox chemistry is seldom available and
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lanthanide/lanthanide separations have relied mainly on the small differences in charge
density along the lanthanide contraction. Among the common ligands used in f-element sol-
vent extraction, the diamides have received increasing attention.!®! For example, European
proposals for actinide/lanthanide solvent extraction for nuclear fuel cycle applications are
based on the diamide dimethyl dioctyl hexylethoxymalonamide (DMDOHEMA) in the
DIAMEX process.'¥! Some diamide compounds provide high inherent separation factors
(otam/Eu) Without valence-state adjustments, possibly due to their potential N-donor capac-
ity. For example, Paulenova et al. reported oam /g, as high as ~6 using ethyl(tolyl)diamides
of dipicolinic acid in phenyltrifluoromethylsulfone diluent for extractions from 1 M
HNO3.I9! Sasaki et al. evaluated six compounds of the general structure R,R-N-CO-CH,-
0-CH,-CO-N-R,R (diglycolamides) and reported that the order of extraction efficiency
for the actinides was An(III)/An(IV) > An(VI) > An(V) and that the heavier lanthanides
were preferentially extracted over the lighter ones.l®! When the alkyl chain length of the
R-group was varied in that work, shorter chain lengths provided higher metal solvent extrac-
tion distribution ratios. Gujar et al. compared a diglycolamide containing n-octyl R-groups
with one containing branched-chain 2-ethylhexyl groups and concluded that the branched-
chain compound was less basic and provided lower americium and neodymium distribution
ratios.l”!

The diglycolamide containing n-octyl groups is N,N,N’,N'-tetraoctyldiglycolamide
(TODGA). This compound has been evaluated for its potential utility in fuel-cycle
separations.!® ° The goal of that work was to illustrate high extraction efficiency for the f-
elements, rather than f-element intergroup separations. However, Horwitz et al. performed
a characterization of TODGA as a lanthanide and actinide complexing agent immobilized
on an extraction chromatographic resin.['” The possibility that such columns could be used
to separate adjacent lanthanides was suggested in that work.

The room-temperature ionic liquids (RTILs) are currently under investigation
as solvent extraction diluents for radiochemical separations. Several recent reports
indicate increased extraction efficiency when switching diluents from the conven-
tional molecular solvents such as octanol to ionic liquids such as 1-butyl-3-
methylimidizolium bis(trifluoromethylsulfonyl)-imide [C4,MIM][Tf,N], often also referred
to as [BMIM][NTf,].11%: 12! This is thought to be due to a change in the mechanism of
extraction from the partitioning of the neutral metal complex in the conventional molec-
ular solvent to ionic species in the RTIL solvent.!'* 14 3] This jon-exchange mechanism
results in a post-extraction aqueous phase contaminated with RTIL ions,!"*! and this has
been advanced as a serious drawback to the use of RTILs in solvent extraction.'®! However,
given the high extraction efficiencies obtained and other RTIL advantages including near-
zero vapor pressures and their non-flammable nature, it is unlikely that this will negate the
continued investigation of their potential in radiochemical separations. For example, very
recently high separation factors for Am/Eu were reported using phosphoric acid extractants
in an RTIL with an aqueous phase containing DTPA 17 in a TALSPEAK-like partitioning
scheme.! The extraction of actinides, lanthanides, and fission products into RTILs was
recently reviewed.[8]

The research presented here characterized the shorter alkyl-chain length diglyco-
lamide N,N,N'.N'-tetrabutyldiglycolamide (TBDGA) as a ligand for Am and lanthanide
separations using the molecular diluent 1-octanol. We compared these results to TBDGA
extraction in the RTIL [C4MIM][Tf,N]. The highest extraction efficiency was found for the
extraction of cationic nitrato-species into the RTIL; however, higher separation factors for
lanthanide and Am/lanthanide separations were achieved in the molecular solvent.
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EXPERIMENTAL
Synthesis of TBDGA

The structure of TBDGA is shown in Fig. 1. It was prepared according to the method
given in reference [19]. The product was characterized by NMR and IR spectroscopy.'H
NMR (Bruker 300 MHz, CDCl3) showed 8:0.90-0.96 (m, 12H), 1.33 (sextet, J = 7.2 Hz,
8H), 1.51 (quintet, J = 7.2 Hz, 8H), 3.21 (triplet, J = 7.5 Hz, 4H), 3.32 (triplet, J = 7.5 Hz,
4H), 4.33 (singlet, 4H). IR spectrum: 1653 cm™ (C=0).

Synthesis of [C4MIM][Tf,N] RTIL

The RTIL was prepared according to Huddleston et al.?” The chloride ion content
of the product was measured by NAA to be < 10 ppm. The yield of the ionic liquid was
around 70 to 80%. 'H-NMR (Bruker 300 MHz, CDCls) showed §: 8.78 (singlet, 1H), 7.30
(multiplet, 2H), 4.19 (triplet, J = 7.4 Hz, 2H), 3.96 (singlet, 3H), 1.89 (multiplet, 2H), 1.37
(multiplet, 2H), 0.98 (triplet, J = 7.2 Hz, 3H).

Solvent Extraction Experiments

We performed solvent extraction experiments over a range of aqueous-phase acidi-
ties using pre-equilibrated 0.007 M TBDGA in 1-octanol or [C4MIM][TE,N] solution.
Extractions were performed at room temperature (19£2 °C), equal-volume, one-minute
contacts traced with'*Ce,'*Eu, and/or***Am, or with 100 ppb standard solutions of sta-
ble lanthanides, as appropriate. The phases were shaken by hand for 1 min. in 10 mL glass
culture tubes and then separated by centrifugation for 2 min. Aliquots of each phase were
next removed from the culture tube by a Pasteur pipet into 5 mL disposable beakers, taking
care to avoid phase cross-contamination. Then, 1 mL of each phase was pipetted from the
disposable beaker, again avoiding cross contamination, into a 20 mL glass scintillation vial.
These samples were then analyzed by y-ray counting for the radiotracers or by ICP-MS for
the stable lanthanides. The distribution ratios were reported as the mean ratios of the activ-
ity or concentration in organic: aqueous phases + lo, as a relative standard deviation for
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Figure 1 Structure of the diglycolamide ligand N,N N’ , N’ -tetrabutyldiglycolamide (TBDGA) (left) and the room-
temperature ionic liquid 1-butyl-3-methylimidizolium bis(trifluoromethylsulfonyl)-imide [C4MIM][Tf,N] (right).
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replicate determinations. An initial series of extractions using 10 s, 30 s, and 60 s contact
times for TBDGA /octanol extractions from 4 M HNOszwas performed to verify that equi-
librium was achieved within the 1 min. contacts used in the actual measurements. This
showed fast kinetics, with the equilibrium distribution ratios achieved in < 10 s, with Dap
and Dg, values well within experimental error versus contact time.

For the determination of stable lanthanide distribution ratios, 100 ppm standard
lanthanide stock solution (Fischer Scientific) was diluted to 100 ppb in the appropriate
nitric acid concentration. The resulting total metal concentration was ~10 mM. The dis-
tribution ratios were calculated by difference after measuring the post-extraction aqueous
phase by ICP-MS.

RESULTS AND DISCUSSION
TBDGA Separations in 1-Octanol

The extraction of the lanthanides from 1.0-8.0 M HNOj3 solution using 0.007 M
TBDGA in 1-octanol is shown in Fig. 2. The lanthanides may be conveniently grouped
into three categories based on the results shown. The lightest lanthanides, La, Ce, Pr, and
Nd were poorly extracted, all with Dy,< 1 at all nitric acid concentrations. The heaviest
lanthanides, Tb, Dy, Ho, Tm, Yb, and Lu, were highly extractable, with Dy, in the range
10-70 across this nitric acid concentration range. Finally, Sm, Eu, and Gd had intermediate
behavior, with Dy, in the range 2-5. These results suggest that TBDGA /octanol could be
used to separate the lanthanides into these three classes using solvent extraction contacts.
Further, the separation factors among the heavy lanthanides are such that separation of some
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Figure 2 The solvent extraction of the lanthanides from acidic solution by 0.007 M TBDGA in 1-octanol. The
aqueous phase consisted of 100 ppb of each metal (~10 mM total). The distribution ratios are the mean values of
duplicate extractions with an average error of +2.5%.

69



Downloaded by [Battelle Energy Alliance] at 06:16 15 November 2012

PARTITIONING OF AMERICIUM AND THE LANTHANIDES 739

of these metals from each other would be possible, especially using TBDGA on an inert
support in column chromatography. For example, in 3 M HNO;3 as shown in Fig. 2, the
separation factor arura is ~550; the separation factor orysm 18 ~29; and the separation
factor oyt is ~4, for a single extraction. However, Yb and Lu have nearly identical
distribution ratios at all acidities.

Since Am separation is of special interest in fuel-cycle applications, a similar extrac-
tion profile using radio-traced aqueous phases is shown in Fig. 3 for the actinide. It can be
seen that at radiotracer concentration Am extraction behavior is similar to that of the inter-
mediate lanthanides. The extraction efficiency of radiotracer Eu is shown for comparison
and is higher than for Am; a separation factor tgyam of 5.4 from 2 M HNO; and 11 from
6 M HNOsmay be calculated. For extractions using the stable lanthanide solution, the total
metal concentration was in excess of the ligand concentration, and it can be seen that the
Dg, from the tracer solution (Dg, = 7.4 at 6 M HNO3) was higher than from the lanthanide
solution (Dg,= 3.5 at 6 M HNO3), due to metal loading of the ligand in the lanthanide
solution. For both the actinide and the lanthanides, the distribution ratios increased rapidly
with nitric acid concentration until they leveled off at high acid concentrations.

This pattern is often seen for metal extraction into molecular solvents by neutral
complex formation. Extraction is facilitated by nitrate anion neutralization of the extracted
metal cation complex, resulting in efficient extraction into the molecular neutral diluent.
At the highest nitric acid concentrations, the distribution ratios no longer increase, and
this is usually attributed to competition for the ligand by nitric acid complexation. The
extraction of a neutral metal complex is shown in Eq. (1), where the organic-phase species
are shown in italics:

M3 4 nTBDGA + 3 NO; — M o (TBDGA),  (NO;); )

The value of n was determined by Sasaki et al.l%! to be ~4 for the Am and Cm complexes
of TODGA using dodecane as the diluent, while Shimojo et al.'3! reported n = 3 for La
and n = 4 for Eu and Lu TODGA complexes in isooctane. The preferred extraction of Eu
over Am suggests that N-donor complexation is not important for this diamide, since soft
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Figure 3 The solvent extraction of Am (II) and Eu (III) radiotracers from acidic solution by 0.007 M TBDGA
in l-octanol. The distribution ratios are the mean values of duplicate extractions with an average error of + 10%.
The average mass balance was 0.979 £ 0.08.
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Figure 4 TBDGA solvent extraction distribution ratios from 1 M HNO; for the lanthanides and Am (open square)
as a function of ionic radius for extractions in 1-octanol. Radii are those of [22].

donors prefer complexation with the actinides over the lanthanides. Oxygen donors are
less selective.l!)

It should be noted that an increase in extraction efficiency was measured here for
some lanthanides at nitric acid concentrations above 6 M (Fig. 2). A similar increase in
Dam at very high acidity has previously been reported for extraction of neutral complexes
with octylphenyl-N,N-diisobutylcarbamoylmethylphosphine oxide (CMPO), although the
reason has never been adequately explained.[!

The distribution ratios for these lanthanides and Am are plotted versus their ionic
radii in Fig. 4, for extractions with 0.007 M TBDGA in octanol from 1 M HNOs. It can be
seen that the extraction efficiency rapidly increased for the heavier, lower radius trivalent
lanthanide ions. This pattern suggests that extraction efficiency is related to the increasing
charge density on the metal ion, as the radius decreases along the lanthanide contraction
and stronger ligand complexes are formed. Americium fits the trend of the lanthanides well,
although its distribution ratio was generated at the radiotracer concentration of metal. This
trend is nearly identical to that reported for TODGA in dodecane by Sasaki et al.,!® and for
TODGA in isooctane by Shimojo et al.,['™* including the discontinuity between Tb and Gd.
Discontinuities at Gd are commonly seen in trends along the lanthanide series, representing
extra stability imparted by the half-filled 4f orbital. These data are consistent with that
known for many ligands of the extraction of a neutral complex into a molecular diluent.

TBDGA Separations in RTIL

Occasionally it has been found that RTILs extract metal ions in the absence of a
ligand.['®1 An initial set of extractions was performed here to evaluate the potential of
ligand-free [C4MIM][TE,N] to extract lanthanide cations. Over the nitric acid concentra-
tion range 1-8 M, no extraction of the lanthanides was measured. The Dy, were calculated
by mass balance, based on the concentrations measured by mass spectrometry in the aque-
ous phase. Based on the average detection limit across the lanthanide series, the distribution
ratio for the lanthanides for extraction into pure RTIL across the entire acid concentration
range was < 1.4 x 107,

The RTIL [C;MIM][TE,N] has been investigated as a solvent extraction diluent for
numerous ligands. Radiotracer level Am and Eu extractions were performed here using
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Figure 5 The extraction of Am and Eu radiotracers from acidic solution by 0.007 M TBDGA in [C4MIM][TE,N].
The distribution ratios are the mean values of duplicate extractions with an average error of + 10%. The average
mass balance was 0.690 & 0.03.

TBDGA at 0.007 M in [C;MIM][Tf,N] solution, in analogy with the data shown for 1-
octanol, and the results are shown in Fig. 5. The solvent extraction profile in the ionic liquid
is different than in octanol, with the highest distribution ratios found at low nitric acid con-
centrations. Extractions from 0.5 M HNOs provided much higher Dap, and Dg, than were
achieved by the same TBDGA concentration in 1-octanol at any acidity, but provide a sep-
aration factor ogy/am Of only ~3.3. The distribution ratios from 0.1 M HNO;3 were too high
to measure, as the activity of both metals was quantitatively extracted. They dropped rapidly
with increasing acidity, until D < 1 for both metals at 4 M HNOs. This was followed by a
slight increase in distribution ratios above 6 M HNOs. Similar results were found when the
entire lanthanide series at 100 ppb was extracted into 0.007 M TBDGA/[C/,MIM][TE,N].
These results are shown in Fig. 6. However, it can be seen that for the lightest lanthanides
La, Ce, and Pr extraction efficiency did not increase at high nitric acid concentrations.

High extraction efficiencies have previously been reported for RTIL diluents, and
have been considered as evidence that the extracted species is ionic, rather than neutral.[!
12, 131 For example, Visser and Rogers!®®! and Nakashima et al.?*! have reported more
efficient extraction of lanthanides using CMPO in [C;MIM][PF;] than in dodecane. The
proposed extraction of a cationic species containing one nitrate anion is shown in Eq. (2)
and must be accompanied by the transfer of RTIL cations into the aqueous phase for reasons
of charge balance:

M** + nTBDGA + NO; — [M o (TBDGA), ¢ NO3I** 2

Shimojo et al. also found high extraction efficiencies for La, Eu, and Lu at very low acidity
for TODGA in the RTIL 1-ethyl-3-methylimidizolium bis(trifluoromethylsulfonyl)-imide
[CoOMIM][TE,N], and concluded that the cationic species M(T ODGA):*t was extracted
into the RTIL phase.['> When these authors replaced the nitric acid aqueous phase with
sulfuric acid, they concluded that the extraction profile was similar for both anions, and this
was taken as evidence that the nitrate anion was not part of the extracted complex. However,
a careful inspection of the data of Shimojo et al.l'! reveals that while the lanthanide
distribution ratios decreased with both increasing nitric and sulfuric acid concentrations,
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quantitative extraction of the metals was achieved at much higher nitric acid acidities than
for sulfuric acid. This is consistent with the expectations of the Hofmeister series!®! for the
preferred extraction of nitrates over sulfates, and cationic nitrato-complexes may actually
have been extracted in their work. Further, cationic metal nitrato-complexes are expected to
form even when the nitrate concentration is low. For example, cationic lanthanide nitrates
have long been known at high lanthanide:nitrate ratios,*®! and recently Oikawa et al.l?”]
have identified [Ln(NO3)(H,0),1*t and [Ln(NO3),(HyO0),,]t in millimolar lanthanide
nitrate solutions using positive ion electrospray mass spectrometric techniques. Thus, it
is reasonable to expect that cationic lanthanide nitrates are extracted into the RTIL, and that
these species explain the very high distribution ratios at low acidity in Figs. 5 and 6.

With an increasing nitrate concentration at higher acidities, the extraction of these
ionic species would be suppressed as the formation of neutral metal complexes becomes
more prevalent (Eq. 1). Although neutral complexes are readily extractable into non-polar
1-octanol, they would be less efficiently extracted into the ionic liquid. This would explain
the decreasing distribution ratios with increasing acid concentration for extractions into
the RTIL, shown in Figs. 5-6. Finally, at very high nitrate concentrations, anionic metal
complexes may form, and the increase in distribution ratios found here above 6 M HNO;
in Figs. 5-6 suggests that the extraction of anionic nitrato-metal complexes is important:

Distribution Ratio

vee

0.05

o 1 2 3 4 5 6 7 8 9
Nitric Acid Concentration (M)
Figure 6 The RTIL extraction of the lanthanides and from acidic solution by 0.007 M TBDGA in

[CsMIM][TE,N]. The distribution ratios are the mean values of duplicate extractions with an average error of
+2.5%.
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M** + nTBDGA +4NO; — [M o (TBDGA), ¢ 4NO3T 3)

which again must be accompanied by transfer of RTTL anions into the aqueous phase. Shen
et al.P® reported extraction profiles similar to ours in Figs. 5-6 for the extraction of uranyl
ion into [Co,MIM][PFs] RTILs, using diglycolamides including TBDGA. They also con-
cluded that extraction at low acidity was due to cation exchange; however, they concluded
that an increase in Dy at high acidity was due to extraction of the neutral complex. However,
the evidence we will present here supports extraction of the anion, in agreement with the
findings of Rout et al.?®! for Pu*t extraction into imidizolium RTILs from nitrate media.
While we note that cases of the extraction of neutral complexes into RTIL solvents have
also been reported,?-3?1 this does not appear to be the case for our system.

The opportunity for intergroup lanthanide extractions is also evident in Fig. 6. Once
again, the lanthanides may be divided into three groups based on their extraction behav-
ior. For extractions from 1 M HNOs3 into the RTIL, however, the poorly extracted group
consisted of both heavy and light metals including La, Er, Tm, Yb, and Lu. Yttrium also
fell into this category. The most efficiently extracted group was Sm, Eu, Gd, and Tb. The
elements Ce, Pr, Nd, Dy, and Ho were intermediate. Separation factors of ty/ra ~5, ¢Lu/sm
~28, and wpy o ~25 were obtained in a single extraction, for extraction from 1 M HNOs.
For separations from 8 M HNOs, ¢y y/1a ~ 104, tru/sm ~3.5, and oy o ~ 1.8 were obtained.

The distribution ratios for the lanthanides and Am were plotted versus their ionic radii
for RTIL extractions from 1 M and 6 M acid and are shown in Fig. 7. For extractions from
1 M acid, the extraction efficiency of the light lanthanides increased with decreasing ionic
radius, as was found for extractions from 1-octanol, suggesting that TBDGA complexation
of these metals once again depends upon increasing charge density along the lanthanide
contraction. However, the highest distribution ratios were achieved for Eu, after which they
decreased with decreasing radius for the remaining metals. A discontinuity is again evident
at Gd; however, Am has lower distribution ratios than would be predicted based on its
radius. Yttrium follows the lanthanide trend only approximately.

Apparently another parameter influences the extraction efficiency of the heavy
lanthanides into RTIL solution at low nitric acid concentration. The decreasing distribution
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Figure 7 TBDGA RTIL extraction distribution ratios from 1 M HNO; (diamonds) and 6 M HNOg (triangles) as
a function of ionic radius for extractions in [C4MIM][Tf,N]. The left open diamond is Y, the right open diamond
is Am. The open triangle is Y. Radii are those of [22].
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ratios for the heavy lanthanides when extracted from 1 M HNO3; may result from decreas-
ing nitrate formation constants. The reported nitrate formation constant values (f;) for
the lanthanides vary widely in the literature,®® and we were unable to find a correlation
between them and the distribution ratios measured here. However, a qualitative inspection
of the data provided by Andersson et al.l*¥! does indicate that the tendency toward nitrate
formation decreases for the heavy lanthanides. This suggests that anionic nitrate species,
rather than neutral complexes, are extracted at higher acidity. These lower p values are
apparently compensated for in the presence of very high nitrate concentrations (> 6.0 M,
as also shown in Fig. 7), where the extraction efficiency of the heavy lanthanides increased.
The correlation between the distribution ratio and the ionic radius at 6 M HNOs is more
similar to that for the extractions from 1-octanol, indicating that the charge density of the
metal ion is once again the main parameter influencing the extraction efficiency at higher
nitric acid concentrations.

Extractions from Simulated Nuclear Fuel Dissolution

Octanol as a diluent is well-known in fuel cycle applications, and the RTILs have
often been proposed as replacement diluents for the ligands used in nuclear fuel cycle sol-
vent extraction processes. The extraction of radiotracer Eu, Am, and Ce from a nuclear fuel
raffinate simulant solution using 0.007 M TBDGA in [CsMIM][T£,N] is shown in Fig. 8.
The raffinate simulant solution contains the major lanthanide fission products and other
constituents to be expected in the dissolved nuclear fuel that has undergone processing to
remove U, Np, and Pu. The simulant constituents and their concentrations are shown in
Table 1.

It can be seen in Fig. 8 that the lanthanides and Am are extracted as expected based
on the results of Figs. 5 and 6, but with decreased distribution ratios due to loading by the
higher overall concentration of metals in the simulant. The Dg,, for example, at 1 M HNO3
was ~18 for the tracer solution, but only ~0.03 from the raffinate at the same acidity. The
overall concentration of lanthanides in the simulant is about 10 mM (Table 2), similar to that
in the lanthanide tracer solution. However, the simulant also contains 3.71 mM Zr, which
is also well extracted by diamides.!® ! Thus, ligand concentrations > 0.007 M would be
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0 2 4 6 8 10

Nitric Acid Concentration (M)

Figure 8 The RTIL extraction of Am (III), Ce (III), and Eu (III) radiotracers from acidic nuclear fuel raffinate
simulant solution by 0.007 M TBDGA in [CsMIM][Tf,N]. The distribution ratios are the mean values of duplicate
extractions with an average error of &= 8%. The average mass balance was 1.07 &= 0.04.
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Table 1 Raffinate simulant constituent concentrations (mM).

Constituent Concentration (mM) Constituent Concentration (mM)

Rb 045 La 1.18
XY 0.56 Ce 2.30
7t 7L Nd 3.76
Cs 220 Sm 249
Ba 1.92 Eu 0.07
Gd 0.13

required to achieve acceptable lanthanide distribution ratios. Additionally, additives such
as oxalic acid have been used to mitigate Zr extraction.!¥! However, as can also be seen
in Fig. 8, there is little opportunity to separate Am from the lanthanides using the RTIL
diluent.

CONCLUSIONS

The solvent extraction behavior of the diglycolamide TBDGA was characterized in
both the conventional molecular diluent 1-octanol, and in the RTIL [C4;MIM][Tf,N] for
the lanthanides and for Am. Disparate solvent extraction profiles versus acid concentration
were obtained for the two diluents, with high extraction efficiency for highly acidic con-
ditions for 1-octanol and with low acidity favoring extraction in the RTIL. In both cases
the nitrate complexes of the metals were extracted, except that neutral complexes were
extracted into 1-octanol and ionic complexes extracted into the RTIL. These ionic com-
plexes were either cations or anions depending on the nitrate concentration in the aqueous
phase. It now seems well established that the mechanism of extraction into RTILs is often
different than that in molecular solvents, and therefore solvent extraction characteristics
need to be reevaluated even for well-known ligands when used in RTIL diluents.

The ligand TBDGA in [C4MIM][Tf,N] did not provide separation factors adequate
for Am/lanthanide partitioning; however, it would be useful as a group separation for the
trivalent metals at lower nitric acid concentrations. For extractions into 1-octanol, a reason-
able separation factor apy/am of 11 was obtained from 6 M HNOs, suggesting that these
metals could be separated using the molecular diluent. The possibility of lanthanide inter-
group separations appears to be feasible in both diluents with appropriate choice of aqueous
phase acidities.
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