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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-CO2) are considered green solvents for treatment of nuclear 

wastes.  An ionic liquid-supercritical CO2 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][T2N]), with 

TBP(HNO3)1.8(H2O)0.6 and subsequent extraction of the dissolved uranyl species into sc-CO2 

have been demonstrated by this project.  The dissolution rate of uranium dioxide (UO2) 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-CO2 phase is 

identified to be UO2(NO3)2(TBP)2.  The ionic liquid used in the dissolution/extraction process 

can be recycled for repeated use. 

The rates of dissolution of UO2 and neodymium sesquioxide (Nd2O3) in [Bmim][Tf2N] 

with TBP(HNO3)1.8(H2O)0.6 increase with temperature.  The rate of Nd2O3 dissolution is faster 

than that of UO2 probably because dissolution of the latter requires oxidation of U(IV) to U(VI).  

The activation energy (Ea), enthalpy (∆H
‡
), and entropy (∆S

‡
) of activation of the dissolution 

processes have been calculated.  The dissolution rate of UO2 in the IL with 

TBP(HNO3)1.8(H2O)0.6 is about a factor of 2 faster than that reported for the dissolution or UO2 

in 8 M nitric acid. 

Supercritical CO2 extraction and separation of UO2(NO3)2(TBP)2 and Nd(NO3)3(TBP)3 in 

IL can be achieved by means of ligand exchange with diglycolamide.   Tetrabutyldiglycolamide 

(TBDGA) in [Bmim][Tf2N] is capable of replacing TBP coordinated with the metal ions forming 

TBDGA complexes which are not soluble in sc-CO2.  The TBDGA complex with Nd(NO3)3 is 

more stable than with UO2(NO3)2.  In the presence of a proper amount of TBDGA in 

[Bmim][Tf2N] with UO2(NO3)2(TBP)2 and Nd(NO3)3(TBP)3, uranium could be extracted by sc-

CO2 without co-extraction of neodymium.  The fraction of uranium extracted by sc-CO2 depends 

on the relative amount of the two metals and the amount of TBDGA added to the IL phase. 
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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=O)
2+

 observed in FTIR varies with different nitrate coordination.  The IR bands 

of UO2(NO3)
+
, UO2(NO3)2 and UO2(NO3)3

-
 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
3+

) and trivalent lanthanides 

(Ln
3+

) 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 CO2.  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-CO2) and ionic liquids (ILs) are considered green 

solvents for chemical reactions and separations.
1
 Carbon dioxide is widely used in supercritical 

fluid studies because of its moderate critical constants (Tc = 31 
o
C and Pc = 73 atm), 

nonflammable nature, chemical inertness, and low cost.  Supercritical CO2 has mechanical 

properties like a gas and yet has solvation strength like a liquid.  Therefore, sc-CO2 is capable of 

penetrating into small pores of solids and dissolving organic compounds in the solid matrix.  

After sc-CO2 extraction, the fluid phase can be converted to CO2 gas by reduction of pressure 

causing rapid precipitation of the extracted solutes.  One application of the sc-CO2 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-CO2 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 CO2-

soluble chelating agent or ligand which would bind to the target metal ions to form CO2-soluble 

metal chelates (or metal complexes) which could be removed from the system by sc-CO2.  A 

number of CO2-soluble chelating agents and ligands including fluorinated -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-CO2 with a CO2-soluble TBP-nitric acid complex of the formula TBP(HNO3)1.8(H2O)0.6 is of 

particular interest to nuclear waste treatment.
2
  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 H2O molecules will 

migrate to the organic phase via hydrogen bonding with the P=O group of TBP leaving the 

majority of the water behind in the aqueous phase. Because TBP is highly soluble in sc-CO2, it 

serves as a carrier for dissolution and dispersion of HNO3 in the sc-CO2 phase.  Dissolution of 

uranium oxides in sc-CO2 using TBP-nitric acid complexes to form UO2(NO3)2(TBP)2 has been 

reported.  The solubility of UO2(NO3)2(TBP)2 in sc-CO2 is very high, reaching 0.45 moles per 

liter at 40 
o
C and 200 atm, which is comparable to the concentration of UO2(NO3)2(TBP)2 used in 

the traditional PUREX process.
3
   

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

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

[Tf2N] is of particular interest for extraction of metal ions due to its water stability, relative low 

viscosity, high conductivity, good electrochemical and thermal stability.
4  

 The chemical structure 

of [Bmin][Tf2N] is shown in Figure I-1.  Extractions of trivalent lanthanides and uranyl ions 

from nitric acid into IL with -diketones, TBP and CMPO are known in the literature.
4,5

 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-CO2 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][Tf2N] phase with -diketone or TBP and finally transfer to the sc-CO2 phase as 

illustrated by the two-loop three phases extraction system shown in Figure I-1.
6
  The IL-sc-CO2 

coupled extraction is based on the fact that sc-CO2 dissolves effectively in IL and the solubility 

of IL in sc-CO2 is negligible. The advantages of this new IL-sc-CO2 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 IL 

occurs in the sc-CO2 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 CO2 also 

recycled after precipitation of the solutes by pressure reduction.  

 
 

Figure I-1.  Ionic liquid and sc-CO2 coupled extraction of uranyl from nitric acid solution. 
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For treating UO2 containing wastes, the three-phases extraction system shown in Figure 

I-1 requires dissolution of solid UO2 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 UO2 and Ln2O3 (lanthanide oxides) can be dissolved 

directly in an ionic liquid with a TBP-nitric acid complex (Figure I-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 UO2 and Ln2O3 directly in [Bmim][Tf2N] using 

TBP(HNO3)1.8(H2O)0.6 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 CO2 are also needed for 

recovering uranium using the IL-sc-CO2 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.   

 

 
 

Figure I-2.  Direct dissolution of UO2 in ionic liquid followed by supercritical CO2 extraction.  
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Chapter II.  Uranium Dioxide in Ionic Liquid with a TBP-HNO3 Complex – Dissolution 

and Coordination Environment 

 

Direct dissolution of UO2 in ionic liquids using concentrated nitric acid has been reported 

by several researchers.
7
  The uranyl species dissolved in [BMIM][Tf2N] with nitric acid are not 

extractable by sc-CO2.  In this project, a method of dissolving UO2 directly in [BMIM][Tf2N] at 

room temperature using TBP(HNO3)1.8(H2O)0.6 as a complexing agent is developed.  The 

dissolved uranyl species is extractable by sc-CO2.  We have also used Raman spectroscopy to 

evaluate coordination environment of uranium species dissolved in the IL phase.  Uranyl 

(O=U=O)
2+

 is a linear triatomic ion.  The symmetric vibrational mode of uranyl ion (O=U=O)
2+

 

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.
8
  This section describes our 

approach of utilizing Raman spectroscopy to evaluate coordination environment of uranyl-

nitrate-TBP species in ionic liquid and in supercritical CO2.  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 UO2(TBP)2(NO3)x in the IL system 

where x may be 1, 2, and 3.  The rate of dissolution of UO2 in the IL and transfer of the dissolved 

uranyl species to sc-CO2 are also described.  After supercritical fluid extraction, the IL can be 

reused for UO2 dissolution. This IL/sc-CO2 hyphenated process, which enables continuous 

dissolution of uranium in the IL with subsequent transfer to sc-CO2 without formation of an 

aqueous phase, may provide a new green technique for recycling uranium from solid wastes. 

II-1.  Dissolution of UO2 in Ionic Liquid with TBP(HNO3)1.8(H2O)0.6 

The TBP(HNO3)1.8(H2O)0.6 complex is miscible with [BMIM][Tf2N], forming one 

homogeneous liquid phase at the volume ratio (1:5).  With 26.2 mg of solid UO2 added to 3.6 

mL of the [BMIM][Tf2N] solution, the ratios of [TBP]/[U], [HNO3]/[U], and [H2O]/[U] in the IL 

phase were about 16, 28, and 11, respectively. With stirring, the black UO2 powder gradually 

dissolved in the [BMIM][Tf2N] 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 II-1a. About 81% of the UO2(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 II-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 UO2 in [BMIM][Tf2N] containing aqueous nitric acid 

was studied at room temperature by UV/Vis spectroscopy at a [HNO3]/[U] ratio of 16 and 

[H2O]/[U] ratio of 33.
7
  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
-
/NO2

-
 reduction and changes in background 

absorption.
7

 

                

Figure II-1.  Rate of dissolution of UO2(s) in [BMIM][Tf2N] with TBP(HNO3)1.8(H2O)0.6 

(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 UO2 in [BMIM][Tf2N] with TBP(HNO3)1.8(H2O)0.6 at room 

temperature (23 
o
C) depends on the stirring speed of the magnetic stirrer. Between 900 and 1200 

rpm, the dissolution rate of UO2 in this IL system reaches near a constant under our experimental 

conditions.  Therefore, all UO2 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 UO2 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 UO2 in the IL (Figure II-1b) increases exponentially and 

resembles first order kinetics. A plot of ln[(A∞–A)/A∞] versus time is shown in Figure II-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 ln[(A∞–A)/A∞] and t shown in Figure II-2. The slope of the 

line is about 0.028 min
-1 

(or t½ = 24.7 min), which may be regarded as the rate constant of the 

initial pseudo first-order dissolution process for UO2 in [BMIM][Tf2N] with 

TBP(HNO3)1.8(H2O)0.6. 

 

Figure II-2. Plot of ln[(A∞–A)/A∞] versus time for the dissolution of UO2 in [BMIM][Tf2N] 

containing TBP(HNO3)1.8(H2O)0.6 

The dissolution process can be envisioned to involve a number of steps including diffusion 

of TBP(HNO3)1.8(H2O)0.6 to the UO2 surface, oxidation of UO2 to uranyl on the UO2 surface, and 

diffusion of uranyl species from the solid surface to the IL phase.  Diffusion of the uranyl species 

from the UO2 surface to the IL phase is probably a main factor controlling the rate of dissolution 

of UO2.  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 UO2 dissolution in the [BMIM][Tf2N]/ 

TBP(HNO3)1.8(H2O)0.6 system, different amounts of UO2 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 II-3a).  The absorption peaks at 437, 452, and 468 nm increase 

linearly with increasing amounts of dissolved UO2.  After addition of 234.9 mg (0.24 M) of UO2, 

the absorbances of the peaks at wavelengths below 437 nm begin to fluctuate.  Figure II-3b 

shows the absorbance for peaks at 437, 452, and 468 nm with respect to increasing amount of 

UO2 dissolved in the IL phase. Generally speaking, the absorbance increases close to a linear 

fashion with the amount of UO2 added to the system up to 245 mg.  After addition of over 320 

mg of UO2 (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 UO2) 

is considered as the maximum amount of UO2 soluble in 3.6 mL of [BMIM][Tf2N] at room 

temperature (23 
o
C). 

 

\ 

Figure II-3. Cumulative UO2 dissolution in [BMIM][Tf2N] with TBP(HNO3)1.8(H2O)0.6 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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II-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][Tf2N] have 

been described in the literatures.
7,9,10

  Comparing our UV/Vis spectrum with those reported in the 

literature
7
, 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, νs(UO2), is sensitive to changes in uranyl 

coordination environment; complexation of the uranyl(VI) ion weakens the O=U=O bonds, 

causing νsUO2 to shift to lower frequency. Thus, Raman spectroscopy may provide information 

regarding coordination environment of the uranyl ions dissolved in the IL system.  Figure II-4 

shows a typical Raman spectra of [BMIM][Tf2N] with and without dissolved uranyl species.  

The vibrational bands at 825, 908, 884, 1025, and 1056 cm
-1

 visible in all four spectra arise from 

[BMIM][Tf2N].  The mode at 1025 cm
-1

 has been assigned to the in-plane symmetric stretching 

mode of the imidazolium ring.
11

  If only UO2(NO3)2·6H2O is dissolved in the IL (spectrum II-4b), 

the symmetric stretching mode, νs(UO2), occurs at 868 cm
-1

, indicating the O=U=O bond 

strength is roughly the same as it is in aqueous solution at low pH values, where a band at 870 

cm
-1

 arises from the solvated UO2(H2O)5
2+

 cation.
12

  From the spectroscopic data, it is reasonable 

to postulate that the uranyl cation is solvated in [BMIM][Tf2N], but that the O=U=O bond is not 

perturbed. When TBP is added to the IL phase containing dissolved UO2
2+

, the νs(UO2) band 

shifts to lower wavenumber, reaching a well-defined peak at 860 cm
-1

 when the molar ratio of 

TBP to uranyl reaches a value of 2 (spectrum II-4c).  The shift to lower wavenumber upon 

addition of TBP to the IL solution indicates that the coordination environment of UO2
2+

 has 

changed and TBP is associated with the uranyl ion.  To test the P=O coordination with uranyl in 

the IL, TBPO (tri-n-butylphosphine oxide) was added to the IL/UO2(NO3)2·6H2O solution, 

resulting in a shift of νs(UO2) to 845 cm
-1 

(spectrum II-4d).  The appearance of νs(UO2) at a 

lower frequency for the uranyl-TBPO complex relative to νs(UO2) for the uranyl-TBP complex is 

expected, as TBPO is a stronger Lewis base than TBP. 



14 
 

 

Figure II-5 shows Raman spectra of the IL solutions having varying molar ratios of 

UO2:TBP. The νs(UO2) mode at 860 cm
-1

 does not change when the molar ratio of TBP/UO2 

exceeds 2 (Figure II-5).  The Raman data suggest that probably two molecules of TBP are 

coordinated with each uranyl ion in [BMIM][Tf2N].  In our Raman study we do not see the 

νs(NO3)
-
 mode, which normally appears at 1047 cm

-1
 in aqueous solutions of uranyl nitrate.

13
  

Our spectra also do not show vibrational modes resulting from nitrate bound to uranyl ion (752 

cm
-1

, 1036 cm
-1

, 1304 cm
-1 

in aqueous solutions).
13

    These peaks are likely buried under the 

[BMIM][Tf2N] spectrum.  Earlier studies of nitric acid dissolution of UO2 in [BMIM][Tf2N] 

using UV-Vis, EXAFS (extended X-ray absorption fine structure), and molecular dynamic 

simulations show the existence of a uranyl nitrato species UO2(NO3)3
- 
in the ionic liquid phase 

with excess amounts of nitrate.
7,14

  The presence of UO2(NO3)3
-
 in the IL would lead to the 

enhancement of absorption bands in the 420-480 nm range.
7
  These enhanced absorption bands 

are not observed in our IL system with TBP(HNO3)1.8(H2O)0.6.  In our case of UO2 dissolution 

with TBP(HNO3)1.8(H2O)0.6 in [BMIM][Tf2N], since 2 molecules of TBP are coordinated with 

the uranyl ion, the dissolved uranyl species is probably of the form UO2(TBP)2(NO3)x 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 NO3
-
.  Charged UO2(TBP)2(NO3)

+
 species (x=1) is not 

extractable by supercritical CO2.   Formation of neutral UO2(TBP)2(NO3)2 in our IL system is 

very likely.  Neutral uranyl complexes extracted from nitric acid solutions into ionic liquids are 

known in the literature.
15,16 

 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 HNO3 molecules may be attached to the uranyl-TBP-nitrate complexes 

forming UO2(TBP)2(NO3)x·(HNO3)y adducts in the IL phase.  Formation of 

UO2(TBP)2(NO3)2·HNO3 in dodecane-TBP extraction of uranyl ions from high concentrations of 

nitric acid solutions has been reported in the literature.
17

   Further research is needed to fully 

understand nitrate and HNO3 coordination with the uranyl-TBP species dissolved in the IL 

system.   
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Figure II-4.  Raman spectra of (a) [BMIM][Tf2N] only, (b) 0.17 M UO2(NO3)2∙6H2O in 

[BMIM][Tf2N], (c) 0.17 M UO2(NO3)2∙6H2O and 0.34 M TBP in [BMIM][Tf2N], and (d) 0.17 M 

UO2(NO3)2∙6H2O and 0.34 M TBPO in [BMIM][Tf2N]. 

 

 

Figure II-5.  Raman spectra of the IL solution with different molar ratio of UO2 : TBP (a) 1: 

0.25, (b) 1: 0.5, (c) 1:1, (d) 1:2, and (e) 1:3.  

II-3. Transferring Uranium from IL Phase to sc-CO2 

The IL containing dissolved uranium species from the cumulative UO2 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.
3
  The cell was preheated to 40 

o
C and 

pressurized with 200 atm of CO2.  The SFE process was also monitored by Raman spectrometer 

and the spectrum of the CO2 phase after 30 min of static extraction time is shown in Figure II-6a.  

The Raman peak at 860 cm
-1

 is identical to the peak position for synthesized UO2(NO3)2(TBP)2 

dissolved directly in sc-CO2.  This Raman peak in sc-CO2 is also the same as that observed for 

the dissolved uranyl species in the IL shown in Figure II-4c and Figure II-5d.  The Raman study 

suggests UO2 dissolved in [BMIM][Tf2N] with TBP(HNO3)1.8(H2O)0.6 may exist as the neutral 

UO2(NO3)2(TBP)2 compound in the IL phase. 

Extraction of the uranium species from the IL phase to the sc-CO2 at 40 
o
C and 200 atm is 

virtually complete in <10 minutes indicating the mass transfer of the uranyl complex from 

[BMIM][Tf2N] to sc-CO2 phase is very rapid. Without TBP in the system, uranyl nitrate 

dissolved in [BMIM][Tf2N] is not extractable by sc-CO2. The solubility of UO2(NO3)2(TBP)2 in 

sc-CO2 at 40 
o
C and 200 atm is about 0.45 moles per liter.

3
  The amount of uranium and the 

volume of the sc-CO2 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 CO2 phase obtained by the high-pressure fiberoptic cell.  The spectrum is 

similar to that reported in the literature for synthesized UO2(TBP)2(NO3)2 in sc-CO2 except the 

intensities of the peaks at 425 nm and above are enhanced.
3
  The enhanced peak intensities in 

this region may be attributed to the formation of an HNO3 adduct such as 

UO2(TBP)2(NO3)2·HNO3, as observed in the solvent extraction experiments.
17

  The uranyl 

species extracted into sc-CO2 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 II-

6c is similar to that found in the sc-CO2 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 UO2(TBP)2(NO3)2 (Figure II-6d) and the aqueous phase 

was acidic.  In addition, FT-IR spectra reveal that the HNO3 adduct peak (1648 cm
-1

) observed in 

the acetone trap solution was absent in the dodecane trap solution.  The UO2(TBP)2(NO3)2·HNO3 

adduct is known to be unstable in contact with organic phase and/or water according to the 

literature.
17

  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 II-6d. 
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Figure II-6. (a) Raman spectra of uranyl species in sc-CO2. Red: sc-CO2 background; green: 

standard UO2(NO3)2(TBP)2 dissolved in sc-CO2; blue: uranyl species extracted from 

[BMIM][Tf2N] into sc-CO2 (30 min of static extraction at 40 
o
C and 200 atm); (b) in situ UV/Vis 

spectrum of the uranyl species extracted into the sc-CO2 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. 

 

II-4. Summary 

The dissolution of UO2 in [BMIM][Tf2N] with TBP(HNO3)1.8(H2O)0.6 at room 

temperature follows pseudo first-order kinetics initially. The maximum amount of UO2 

dissolution is about 320 mg in 3.6 mL of [BMIM][Tf2N] containing 16.7% by volume of the 

TBP(HNO3)1.8(H2O)0.6 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 UO2(TBP)2(NO3)x where x may be 1, 2, 

and 3.  The uranium species dissolved in the IL can be rapidly extracted into sc-CO2.  UV-Vis 
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spectra indicate the presence of an UO2(NO3)2(TBP)2 and HNO3 adduct probably of the form 

UO2(NO3)2(TBP)2·HNO3.  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)2(TBP)2.  No aqueous phase is formed either in the IL dissolution step or in 

the sc-CO2 extraction step. 
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Chapter III.  Kinetic Study on Dissolution of Uranium Dioxide and Neodymium 

Sesquioxide in Ionic 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 (Tf2N) anion are 

presented in the previous chapter.  In this chapter, the details of the dissolution behavior of 

uranium dioxide (UO2) and neodymium sesquioxide (Nd2O3) solid particles in the IL 

[Bmim][Tf2N] using TBP(HNO3)1.8(H2O)0.6 as an oxidizing/complexing agent are presented.  

The effects of temperature on the dissolution processes are investigated and the activation 

energies (Ea), enthalpies (ΔH
‡
), and entropies (ΔS

‡
) 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 UO2 in the IL phase is also described. 

III-1. Rate of Dissolution of UO2 and Nd2O3 in RTIL 

The TBP(HNO3)1.8(H2O)0.6 complex is miscible with [Bmim][Tf2N], forming one 

homogeneous liquid phase at the volume ratio 1:5.  UO2 powder (200-270 mesh or 74-53 μm) or 

Nd2O3 powder (325-400 mesh or 44-37 μm) was individually added to [Bmim][Tf2N] containing 

the TBP-HNO3 complex.  The dissolution process was monitored at 424 and 437 nm for UO2 

and at 801 and 872 nm for Nd2O3 by acquiring UV/Vis spectra of the IL phase at different times 

(Figure III-1a and 1b).  All spectra were normalized to 480 nm for dissolution of UO2 and 890 

nm for dissolution of Nd2O3.  The percentages of dissolution of UO2 and Nd2O3 in IL at room 

temperature with respect to time are given in Figures III-2a and 2b.  For UO2 dissolution, about 

81% of the oxide is dissolved in the IL in the first hour and another 16% in the second hour.  For 

Nd2O3 dissolution, approximately 98% of the oxide is dissolved in the IL phase in the first hour.  

The rate of dissolution of UO2 is slower than that of Nd2O3 probably because an oxidation step, 

i.e. from U(IV) to U(VI), is involved in the former case  
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Figure III-1. (a) Variation of absorbance with time for dissolution of UO2(s) measured at 424 

and at 437 nm; (b) dissolution of Nd2O3(s) measured at 801 and at 872 nm in [Bmim][Tf2N] with 

TBP(HNO3)1.8(H2O)0.6 at room temperature.  
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Figure III-2.  Percent of oxide dissolution in IL with respect to time (a) dissolution of UO2 and 

(b) dissolution of Nd2O3 at room temperature in [Bmim][Tf2N] with TBP(HNO3)1.8(H2O)0.6. 

 

The dissolution of UO2 in the IL with TBP(HNO3)1.8(H2O)0.6 probably involves several 

steps including the oxidation of UO2 to (UO2)
2+

, 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 UO2 in aqueous nitric acid is known to consist of an oxidation step which can be 

expressed as
18

: 

UO2 + 8/3HNO3 → UO2(NO3)2 + 2/3NO + 4/3H2O 

Assuming UO2 dissolution in the IL containing TBP(HNO3)1.8(H2O)0.6 forms a neutral 

UO2(NO3)2(TBP)2 complex, the dissolution reaction can be simplified as:  

 

Dissolution of Nd2O3 in the IL with TBP(HNO3)1.8(H2O)0.6 leads to the formation of 

Nd(NO3)3(TBP)3 according to our UV/Vis spectroscopic information.  Therefore, the dissolution 

of Nd2O3 may be expressed by the following simplified equation:  

 

According to the literature, the dissolution rate of solid UO2 particles in nitric acid depends 

on the surface area of the particle.
19

   A simple equation can be expressed as: 

 

UO2 + 8/3HNO3 + 2 TBP → UO2(NO3)2(TBP)2 + 2/3NO + 4/3H2O  
k

1
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where C is the concentration of uranyl (mol/L), S is the surface of area of each UO2 particle 

(cm
2
), N is the number of UO2 particles, and V is the volume of the solution (L).  The dissolution 

rates of UO2 and Nd2O3 in [Bmim][Tf2N] with TBP(HNO3)1.8(H2O)0.6 should also depend on the 

stirring speed.  Our experiments indicated that the rate of dissolution of UO2 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 UO2, 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 UO2 or Nd2O3 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
-2．min

-1
) can be expressed as:  

 

 

where ρ is the density of UO2 or Nd2O3 (g/cm
3
), r0 is the initial radius of UO2 or Nd2O3 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/ρ.  The change in radius of UO2 or Nd2O3 particles during the dissolution process can 

be obtained by the following equation
5
 

 

where CA is the concentration of UO2 or Nd2O3 dissolved in the IL at time t and C∞ is the 

concentration of UO2 or Nd2O3 dissolved completely in the IL phase.  In the present study, the 

initial radius (r0) was taken as the average value of the known range of the oxide particle sizes.  

For example, for 200-270 mesh UO2 particles, the diameters of the particles should range from 

53 to 74 μm.  The average radius is 31.7 μm or 3.17x10
-3

 cm which is taken as the r0 value for 

the UO2 particles.  Using the same approach, the 325-400 mesh Nd2O3 particles (37-44 μm 

diameter) should have an average radius or r0 = 20.3 μm or 2.03x10
-3 

cm.  
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Plots of radius versus time for dissolution of individual UO2 and Nd2O3 at room temperature 

are shown in Figure III-3.  A linear relationship is observed which suggests that our assumptions 

are reasonable.  The slope of the line is 2x10
-5

 for UO2 and 6x10
-5

 for Nd2O3.  The rate constants 

(k) of UO2 and Nd2O3 dissolutions are calculated to be 8.13x10
-7

 and 1.29x10
-6

 mol．cm
-2．

min
-1

, respectively.  The dissolution rate of UO2 is slower than that of Nd2O3 probably because 

the dissolution of UO2 involves an oxidation step.  Dissolution of UO2 in 8 M nitric acid was 

reported by Taylor et al. to have a rate constant of about 3.7x10
-7

 mol．cm
-2．min

-1
 at 20 

o
C.

20
  

The rate of dissolution of UO2 in the IL containing TBP(HNO3)1.8(H2O)0.6 is about a factor of 2 

faster than reported for its dissolution in 8 M nitric acid.   

   

 

 

Figure III-3.  Plot of radius versus time (a) for dissolution of UO2 (b) for dissolution of Nd2O3 

in [Bmim][Tf2N] containing TBP(HNO3)1.8(H2O)0.6 at room temperature. 
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III-2. Temperature Effect on Dissolution of UO2 and Nd2O3  

The rate of dissolution of UO2 in [Bmim][Tf2N] with TBP(HNO3)1.8(H2O)0.6 increases with 

temperature in the temperature range 25-40 
o
C as shown in Figure III-4a.  A linear relationship 

between r and time is observed for all four sets of the experimental data given in Figure III-4b.  

The temperature dependence study ends at 40 
o
C, because above this temperature the rate of 

dissolution of UO2 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 III-4b by the 

same method described in the previous section.  Figure III-5 shows the rate of dissolution of 

Nd2O3 in the IL with respect to temperature in the temperature range 22-35 
o
C.  In the case of 

Nd2O3, the rate of dissolution of the oxide above 35 
o
C is too fast for us to collect reproducible 

data.   

 

 
Figure III-4. Rate of dissolution of UO2(s) in [Bmim][Tf2N] with TBP(HNO3)1.8(H2O)0.6 (16.7% 

by volume) at different temperature: (a) percentage of dissolved uranyl species versus time for 

UO2 dissolution; (b) r versus time plot.  The rate constant for UO2 dissolution can be calculated 

from each slope. 
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Figure III-5. Rate of dissolution of Nd2O3(s) in [Bmim][Tf2N] with TBP(HNO3)1.8(H2O)0.6 

(16.7% by volume) at different temperature: (a) percentage of dissolved neodymium species 

versus time for Nd2O3 dissolution; (b) r versus time plot. The rate constant of Nd2O3 dissolution 

can be calculated from each slope. 

 

The activation energy (Ea) of dissolution of UO2 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.   

 

A plot of (ln k) versus (1/T) for dissolution of UO2 is shown in Figure III-6a.  The activation 

energy is calculated to be 46.3±4.8 kJ mol
-1 

for UO2.  Using the same approach, the activation 

energy for the dissolution of Nd2O3 is calculated to be 31.6±3.2 kJ mol
-1

 (Figure III-6b).  

Comparing our activation energy for dissolution of UO2 in IL to that reported for its dissolution 

in nitric acid (i.e. 62.7 kJ mol
-1

),
20

 the Ea value is lower by 16.4 kJ mol
-1

 for dissolution of UO2 

in the IL containing TBP-HNO3.  In the nitric acid dissolution process, UO2 leads to the 
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formation of uranyl ions (UO2)
2+

 in the acid solution.  In the IL dissolution of UO2 with 

TBP(HNO3)1.8(H2O)0.6, solid UO2 particles results in the formation of some uranyl-nitrate-TBP 

complex which is extractable by sc-CO2 and identified to be UO2(NO3)2(TBP)2.  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-CO2. 

  

 

 
Figure III-6. Plots of ln k’ versus 1/T (a) for dissolution of UO2 (b) for dissolution of Nd2O3 in 

[Bmim][Tf2N] with TBP(HNO3)1.8(H2O)0.6 

 

 The enthalpy (ΔH
‡
)
 
and entropy (ΔS

‡
) of activation for the IL dissolution processes can 

be calculated by the following equation  

 
where k is reaction rate constant, T is absolute temperature, ΔH

‡
 is enthalpy of activation, R is 

the ideal gas constant, kB is Boltzmann constant, h is Planck’s constant, and ΔS
‡
 is entropy of 
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activation.  Plots of ln (k/T) versus (1/T) for dissolution of UO2 and Nd2O3 are given in Figures 

III-7a and 7b.  The slope and the intercept of each plot are also given in the figures.  From these 

data, we obtain ΔH
‡
 and ΔS

‡ 
values

 
of 40.4±4.8 kJ．mol

-1
 and -212.3±15.7 J．mol

-1．K
-1

, 

respectively, for the dissolution of UO2.  Similar calculations for the Nd2O3 data given in Figure 

III-7b yield ΔH
‡
 and ΔS

‡ 
values

 
of 29.1±2.9 kJ．mol

-1
 and -258.9±20.7 J．mol

-1．K
-1

, 

respectively.  A more negative ΔS
‡
 value for Nd2O3 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
3+

 ion (N = 9) is higher than that of UO2
2+

 ion (N = 6).  

The higher N number allows 3 nitrate ions and 3 TBP molecules to be coordinated with Nd
3+

 in 

the IL phase.    

 

 
Figure III-7. Plots of ln (k/T) versus 1/T (a) for dissolution of UO2 (b) for dissolution of Nd2O3 

in [Bmim][Tf2N] with TBP(HNO3)1.8(H2O)0.6. (Total amount of H2O: 6786 ppm in IL) 
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III-3. Viscosity Effect on Dissolution of UO2 in IL with TBP(HNO3)1.8(H2O)0.6  

According to a report by Widegren et al., a small amount of water dissolved in 

[Bmim][Tf2N] can reduce the viscosity of the IL.
21

  Water can be dissolved in 1 mL 

[Bmim][Tf2N] up to about 13600 ppm without forming a separate aqueous phase.
22, 23

  Based on 

the result of Karl Fischer titration of our IL system, the total amount of water in 25.2 mL 

[Bmim][Tf2N] containing TBP(HNO3)1.8(H2O)0.6 is about 6786 ppm.  Plot of dissolution rate 

constant versus total amount of water in the IL containing TBP(HNO3)1.8(H2O)0.6 is shown in 

Figure III-8.  The dissolution rate constant (1.14x10
-6

 mol．cm
-2．min

-1
) 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 UO2 is dissolved in wet IL.  The activation energy for wet IL (about 13000 ppm H2O) 

containing TBP(HNO3)1.8(H2O)0.6 is estimated to be about 38.1 kJ/mole (shown in Figure III-6a).  

The activation energy is slightly decreased with decreasing viscosity of IL.   

 
Figure III-8. Plot of dissolution rate constant (at room temperature) versus total amount of water 

in [Bmim][Tf2N]containing TBP(NO3)1.8(H2O)0.6. The data were monitored at 424 nm.  

 

III-4. Summary 

Dissolution behaviors of UO2 and Nd2O3 in the IL [Bmim][Tf2N] with 

TBP(HNO3)1.8(H2O)0.6 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 UO2 and Nd2O3 particle are spherical and homogeneously dissolved in the 

IL.  The dissolution rate constants are estimated to be about 8.13x10
-7

 and 1.29x10
-6

 mol．cm
-2．

min
-1

 for dissolution of UO2 and Nd2O3, 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 UO2 and Nd2O3 dissolution are approximately 46.3 ± 4.8 and 31.6 ± 3.2 kJ．mol
-1

, 

respectively.  Both activation energy (Ea) and enthalpy (ΔH
‡
) of activation of Nd2O3 are lower 

than that of UO2, indicating a faster dissolution rate for Nd2O3.  The activation energy for 

dissolution of UO2 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 

UO2 in the IL with TBP(HNO3)1.8(H2O)0.6 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 UO2(NO3)2(TBP)2 and Nd(NO3)3(TBP)3 in Ionic Liquid Using 

Diglycolamide and Supercritical CO2 Extraction 

Liquid-liquid extraction of lanthanides from aqueous solutions into ionic liquids using 

N,N,N',N'-tetra(n-octyl)diglycolamide (TODGA) as an extractant is known in the literature.
24

   

The extracted lanthanide species in the IL phase showed a molar ratio of TODGA to lanthanide 

(La
3+

, Eu
3+

, or Lu
3+

) determined by slope analysis to be 3:1.
24

  Extraction of uranyl ion from the 

aqueous phase into [Cnmim][PF6] (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 : UO2
2+

 = 2:1.
25

  The mechanism of these aqueous-IL extractions has been suggested to 

involve cation-exchange.
24,25

  Extraction of lanthanides and actinides by sc-CO2 is well known in 

the literature.
1
  Using a TBP-HNO3 complex such as TBP(HNO3)1.8(H2O)0.6 as an extractant, 

uranium dioxide (UO2) and lanthanide sesquioxides (Ln2O3) can be dissolved directly in sc-CO2 

forming CO2-soluble UO2(NO3)2(TBP)2 and Ln(NO3)3(TBP)3, respectively.  The solubility of 

UO2(NO3)2(TBP)2 in sc-CO2 at different temperatures and pressures has been carefully measured. 

The solubility of Ln(NO3)3(TBP)3 in sc-CO2 is not known.  In a recent report, Tian et al. has 

shown that TBDGA complexes of lanthanides and uranyl are not soluble in sc-CO2 without a 

polar modifier.
26

 

 The purpose of this study is to understand the coordination of uranyl and neodymium 

with TBDGA (Scheme IV-1) in a single IL phase and to test the feasibility of separating uranium 

and neodymium species from the IL phase by sc-CO2 extraction.  Complexation of TBDGA with 

UO2
2+

 and Nd
3+

 in the IL [Bmim][Tf2N] was studied using IR and Raman spectroscopy. To 

better control the amount of water in the IL, we used UO2(Tf2N)2•3H2O, Nd(Tf2N)3•2H2O, and 

TBAN (tetrabutylammonium nitrate) as the starting materials for spectroscopic measurements.  

The solubility, distribution ratio and separation factor of UO2(NO3)2(TBP)2 and Nd(NO3)3(TBP)3 

in sc-CO2 were determined using a high pressure fiber-optic cell connected to a CCD array UV-

Vis spectrometer.  

 

Scheme IV-1.  Structure of TBDGA 
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Figure IV-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 Ionic Liquid  

 Figure IV-1 shows the vibrational stretching modes of (O=U=O)
2+

 acquired from 

solutions containing 0.1 M UO2(Tf2N)2·3H2O 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
-1

 in the IR spectra 

(Figure IV-1A) and at 825, 884, 908, 948, and 975 cm
-1

 in the Raman spectra (Figure IV-1B) all 

arise from the IL [Bmim][Tf2N].  The asymmetric stretching νas(UO2) mode appears in the 

infrared spectra (Figure IV-1A) and increases in the range 968-948 cm
-1

 with increasing 

concentrations of TBDGA.  When the concentration of TBDGA reaches 0.2 M, the νas(UO2) 

mode appears at 948 cm
-1

 and does not change with further increase in TBDGA concentration, 

indicating that the uranyl-TBDGA complex formed may have a molar ratio of TBDGA:UO2
2+

 = 

2:1.  The bonded C=O groups of TBDGA appear as a broad peak between 1640-1590 cm
-1

 with a 

small peak at 1514 cm
-1

 (νC-N) in the IR spectra, suggesting that TBDGA is coordinated to 

UO2
2+

 (Figure IV-1C).  The free C=O group of TBDGA can be detected at about 1647 cm
-1

 in 

the IR spectra when 0.3 M TBDGA is added in the IL solution (Figure IV-1C-e).  In the Raman 

spectra (Figure IV-1B), similar results are observed, i.e. the symmetric stretching mode νs(UO2) 

CO2
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shifts from 884 cm
-1 

in the absence of TBDGA to a limiting value of 864 cm
-1 

when the molar 

ratio of UO2
2+

: 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.
25

   

 

 

Figure IV-2. (A) ATR-FTIR spectra of the νas(UO2) region, (B) Raman spectra of the νs(UO2) 

region, and (C) ATR-FTIR spectra of the ν(C=O) region for solutions of [Bmim][Tf2N] 

containing different molar ratio of UO2
2+

 to TBDGA (a) 0.1 M UO2(Tf2N)2·3H2O only, (b) 1: 0.5, 

(c) 1: 1, (d) 1: 2, and (e) 1: 3. 

   

 The νas(UO2) mode (948 cm
-1

) and the νs(UO2) mode (864 cm
-1

) of UO2(TBDGA)2
2+

 

shown in Figures IV-1A-d and IV-1B-d have lower frequencies compared to those reported for 

UO2(NO3)2 in the IL (i.e. νas(UO2) at 951 cm
-1

 and νs(UO2) at 869 cm
-1

).
27

  The lower νas(UO2) 

and νs(UO2) observed in UO2(TBDGA)2
2+

 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][Tf2N], addition of nitrate (TBAN) cannot change νas(UO2) in the IR spectra, indicating 

that nitrate ion is not able to displace TBDGA bonded to uranyl in the IL.  Also, both νas(UO2) 

and νs(UO2) are not affected by adding TBP to the IL solution once the complex 

UO2(TBDGA)2
2+

 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 UO2(Tf2N)2·3H2O and 0.2 M TBAN, the νas(UO2) shifts from 945 cm
-1

 to 942 

cm
-1

 in the infrared spectra (Figure IV-2A-a and -b) and νs(UO2) shifts from 865 cm
-1

 to 861   
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cm
-1

 in the Raman spectra (Figure IV-2B-a and -b).  While the concentration of TBDGA is 

increased to 0.2 M, the vibrational modes of uranyl(VI) in the infrared (Figure IV-2A-c) and in 

the Raman (Figure IV-2B-c) spectra shift to higher frequency at 948 cm
-1

 and 864 cm
-1

, 

respectively.  It should be noted that a small peak at about 880 cm
-1

 may relate to the vibrational 

mode of TBAN in IL shown in Figure 2A.  The bonded nitrate at 1536 cm
-1

 disappears and a 

peak at 1514 cm
-1

 (ν C-N) appears in the IR spectra simultaneously (Figure IV-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 IV-1A-d, Figure IV-1B-d, and 

Figure IV-1C-d.   

 

 

Figure IV-3. (A) ATR-FTIR spectra of the νas(UO2) region, (B) Raman spectra of the νs(UO2) 

region, and (C) ATR-FTIR spectra of the ν(C=O) and ν(NO) region for solutions of 

[Bmim][Tf2N] containing different molar ratio of UO2
2+

: TBDGA: TBAN (a) 1: 0.5 : 2, (b) 1: 1 : 

2, and (c) 1: 2 : 2. 

In Figure IV-4, 0.1 M UO2(Tf2N)2·3H2O 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
-1

 in the infrared spectra and the symmetric stretching mode of uranyl 

lies at 871 cm
-1

 in the Raman spectra.  As the concentration of TBAN is increased to 0.2 M or 

more, the νas(UO2) band stops at 942 cm
-1

 in the infrared spectra (Figure IV-3A-d ) and νs(UO2) 

mode shifts to 861 cm
-1

 in the Raman spectra (Figure IV-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 UO2(NO3)2(TBDGA) complex, which is the same as that found in Figure IV-
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2A-b and Figure IV-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
-1

 shown in Figure IV-3C.  The 

crystal structure of UO2(NO3)2(TBDGA) has been analyzed by X-ray diffraction and its νas(UO2) 

vibrational mode at 942 cm
-1

 in IR has also been reported in the literature.
28

        

 

Figure IV-4. (A) ATR-FTIR spectra of the νas(UO2) region, (B) Raman spectra of the νs(UO2) 

region, and (C) ATR-FTIR spectra of the ν(C=O) and ν(NO) region for solutions of 

[Bmim][Tf2N] containing different molar ratio of UO2
2+

: TBDGA: TBAN (a) 1: 1: 0, (b) 1: 1: 

0.5, (c) 1: 1: 1, (d) 1: 1: 2, and (e) 1: 1: 3.  

 The νas(UO2) and νs(UO2) modes of uranyl appear at 941 cm
-1

 and 860 cm
-1

, respectively, 

when the IL contains 0.1 M UO2(Tf2N)2, 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
-1

 to 942 cm
-1

 in the IR 

(Figure IV-4A-a) and from 860 cm
-1

 to 861 cm
-1

 in the Raman spectra (Figure IV-4B-a).  As 0.2 

M or more of TBDGA is added to the IL solution, the νas(UO2) mode appears fixed at 948 cm
-1

 

in the infrared spectra (Figure IV-4A-b and -c).  Moreover, the νs(UO2) mode also stops at 864 

cm
-1

 in the Raman spectra (Figure IV-4B-b and -c).  It is known that the ν(NO) mode of nitrate 

appears at 1523 cm
-1

 when 0.1 M UO2(Tf2N)2, 0.2 M TBP and 0.2 M TBAN are dissolved in the 

IL.  The bonded nitrate at 1523 cm
-1

 becomes unclear and a ν(C-N) peak of bonded TBDGA at 

1514 cm
-1

 appears when TBDGA is added in the IL (Figure IV-4C-b and -c).  A small peak at 

about 880 cm
-1

 may be related to the vibrational peaks of TBAN in IL and a broad peak at about 

913 cm
-1

 may be related to the ν(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 UO2(TBDGA)2
2+

 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=O of free TBP overlap 

with the vibrational peaks of the IL.   

 

Figure IV-5. (A) ATR-FTIR spectra of the νas(UO2) region and (B) Raman spectra of the νs(UO2) 

region for solutions of [Bmim][Tf2N] containing different molar ratio of UO2
2+

: TBDGA: TBAN: 

TBP (a) 1: 1: 2: 2, (b) 1: 2: 2: 2, (c) 1: 3: 2: 2.  

IV-2.  Complexation of Neodymium(III) with TBDGA in Ionic Liquid  

 Trivalent neodymium ion (Nd
3+

) does not have vibrational modes like uranyl.  The 

vibrational mode of C=O functional groups of TBDGA ligand may be used to evaluate the 

coordination of Nd
3+ 

ion with TBDGA in the IR spectra.  The vibrational peaks at 1432, 1468, 

and around 1570 cm
-1

 all arise from the IL [Bmim][Tf2N] in the IR spectra (Figure IV-6-a).  The 

vibrational peak for the two free C=O groups of TBDGA appears at 1647 cm
-1

 in the IR 

spectrum (Figure IV-6-b).  Figure IV-5-c to -f show the IR spectra when 0.1 M Nd(Tf2N)3·2H2O 

is dissolved in [Bmim][Tf2N] containing different concentration of TBDGA from 0.1 M to 0.4 M.  

When the C=O groups of TBDGA are coordinated to the neodymium(III) ion, the vibrational 

peak of bonded C=O groups appears at 1613 cm
-1

 and a small peak at 1512 cm
-1

 (νC-N) also 

appears in the IR spectra (Figure IV-6-c to -f).  The intensity of the peak at 1613 cm
-1

 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 IV-5-f), the vibrational peak of unbound 

C=O groups appears at 1647 cm
-1

 in the IR spectra (Figure IV-6-f).  These results illustrate that 3 

moles of TBDGA are likely coordinated with each mole of Nd
3+

.   

 

Figure IV-6. ATR-FTIR spectra of the C=O region for solutions of [Bmim][Tf2N] containing 

different molar ratio of Nd
3+

: TBDGA (a) [Bmim][Tf2N] only, (b) 0.1 M TBDGA in 

[Bmim][Tf2N] (c) 1: 1, (d) 1: 2, (e) 1: 3, and (f) 1: 4. 

 The IR spectra of 0.1 M Nd(Tf2N)3·2H2O in [Bmim][Tf2N] with different amounts of 

TBAN and TBP are shown in Figure IV-7.  It was reported that Nd
3+

 in nitric acid solutions 

could be extracted into organic solvents with TBP, forming a neutral Nd(NO3)3(TBP)3 

complex.
29

    The IR spectrum of the mixture with molar ratio of Nd(Tf2N)3·2H2O : TBAN: TBP 

= 1 : 3 : 3 dissolved in [Bmim][Tf2N] is shown in Figure IV-7-c.  A shoulder in the range 

between 1480-1530 cm
-1

 in the IR spectra (Figure IV-7-b and -c) can be assigned to the νas(NO) 

mode of nitrate bonded to Nd
3+

 ion.  The UV/Vis spectrum of the IL solution containing the 

molar ratio of Nd(Tf2N)3·2H2O : TBAN: TBP = 1 : 3 : 3 shows the same UV/Vis spectrum as 

that found in hexane (Figure IV-8), comfirming the presence of Nd(NO3)3(TBP)3 in the IL phase.  

When 0.3 M TBDGA is added in the IL solution containing 0.1 M Nd(Tf2N)3·2H2O, 0.3 M TBP 

and 0.3 M TBAN, the bonded nitrate peak disappears and the bonded C=O peak appears 

simultaneously at 1613 cm
-1

 and at 1512 cm
-1

 (Figure IV-7-d), which is the same as that shown 

in Figure IV-6-e.  These results suggest that TBDGA ligand can replace both nitrate and TBP 
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ligands in Nd(NO3)3(TBP)3 complex, forming a Nd(TBDGA)3
3+

 complex in the IL.  Comparing 

this result to the liqiud-liquid extraction using TODGA as an extractant to extract lanthanide ions 

from nitric acid solution into IL phase,
24

 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 (UO2)
2+

 and Nd
3+

 with 

TBDGA in a single IL phase.   

 

 

Figure IV-7. ATR-FTIR spectra of (a) 0.1 M Nd(Tf2N)3 in [Bmim][Tf2N], (b) 0.1 M Nd(Tf2N)3 

+ 0.3 M TBAN in [Bmim][Tf2N], (c) 0.1 M Nd(Tf2N)3 + 0.3 M TBAN + 0.3 M TBP in 

[Bmim][Tf2N], and (c) 0.1 M Nd(Tf2N)3 + 0.3 M TBAN + 0.3 M TBP + 0.3 M TBDGA in 

[Bmim][Tf2N]. 
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Figure IV-8. UV/Vis spectrum of Nd(NO3)3(TBP)3 in hexane (solid line) and the spectrum of 

the [Bmim][Tf2N] solution containing molar ratio of Nd(Tf2N)3·2H2O: TBAN: TBP = 1 : 3 : 3 

(dotted line). 

  

IV-3.  Solubility and Distribution Ratio of UO2(NO3)2(TBP)2 and Nd(NO3)3(TBP)3 in 

Supercritical CO2 Phase 

The solubility of UO2(NO3)2(TBP)2 in sc-CO2 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 UO2(NO3)2(TBP)2.
3
  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 

CO2.  The pathlength of the optical fiber was about 0.35 cm.  The molar absorptivity of 

Nd(NO3)3(TBP)3 at 801 nm was determined to be 7.84 mol
-1

 cm
-1

 in the hexane phase.  Hexane 

has a similar polarity to CO2 and UV/Vis spectra have been shown to exhibit similar absorption 

coefficients for metal chelates in both solvents.
30

  Thus, the molar absorptivity of a compound 

measured in hexane can be used to evaluate its absorption in sc-CO2.  The concentration of 

Nd(NO3)3(TBP)3 complex in sc-CO2 was measured using this molar absorptivity and Beer’s law.  

The solubility of Nd(NO3)3(TBP)3 in sc-CO2 is compared to that of UO2(NO3)2(TBP)2 as shown 

in Table 1.  

Table 1.  Solubility (mol/L) of Nd(NO3)3(TBP)3 in supercritical CO2 (at 40℃) 

                                  

Complexes              150 atm              200 atm 

Nd(NO3)3(TBP)3 1.7 x 10
-2

 7.8 x 10
-2

 This work 

 UO2(NO3)2(TBP)2 7.0 x 10
-2

 4.2 x 10
-1

 Ref.
3
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  The UO2(NO3)2(TBP)2 and Nd(NO3)3(TBP)3 complexes were dissolved in [Bmim][Tf2N] 

for sc-CO2 extraction at 40 
o
C and 200 atm.  The distribution coefficient is defined as the molar 

ratio of the metal complex in sc-CO2 over that in the IL.  We placed 1 mL of the IL containing 

1.5x10
-4

 mole of UO2(NO3)2(TBP)2 or Nd(NO3)3(TBP)3 in the extraction cell for static 

supercritical fluid extraction.  The cell was preheated to 40 
o
C and CO2 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-CO2 was virtually complete in 10 minutes indicating the mass transfer of these 

complexes from the IL to sc-CO2 phase was very rapid.  The UV/Vis spectrum of the extracted 

UO2(NO3)2(TBP)2 in sc-CO2 was described in the literature.
3
  A typical UV/Vis spectrum of 

Nd(NO3)3(TBP)3 in sc-CO2 phase is shown in Figure 10.  The neodymium complex dissolved in 

sc-CO2 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-CO2 phase is the same as that found 

in the hexane phase, indicating the formation of Nd(NO3)3(TBP)3 complex in both solvents.  The 

distribution ratios of UO2(NO3)2(TBP)2 and Nd(NO3)3(TBP)3 calculated using Beer’s law were 

found to be 1.42 and 0.22, respectively.   

 

Figure IV-9. Static extraction of UO2(NO3)2(TBP)2 (at 414 nm) and Nd(NO3)3(TBP)3 (at 801 

nm) from [Bmim][Tf2N] into sc-CO2 phase.  
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Figure IV-10. UV/Vis spectrum of Nd(NO3)3(TBP)3 in the sc-CO2 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,
31

 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 UO2(NO3)2(TBP)2 and Nd(NO3)3(TBP)3, forming CO2 insoluble 

complexes in [Bmim][Tf2N].  Thus, sc-CO2 extraction of UO2(NO3)2(TBP)2 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-CO2 extraction experiments were carried out with 

different amounts of TBDGA in 1 mL [Bmim][Tf2N] containing 1.5x10
-4

 mole of each of 

UO2(NO3)2(TBP)2 and Nd(NO3)3(TBP)3 species.  The results of static sc-CO2 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 UO2(NO3)2(TBP)2 and 

Nd(NO3)3(TBP)3 into the sc-CO2 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-CO2 

extraction, the result showed an increase in the extraction efficiency to about 81% for 

UO2(NO3)2(TBP)2 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
-5

 mole TBDGA (molar ratio of UO
2+

:Nd
3+

:TBDGA=1:1:0.5) in 1 mL 

[Bmim][Tf2N] with 30% (v/v) TBP, the extraction efficiency of Nd(NO3)3(TBP)3 in the sc-CO2 

phase decreased from 29.3 to 21.2%.  At the same time, the extraction efficiency of 

UO2(NO3)2(TBP)2 into sc-CO2 was only reduced slightly (Table 2).  This result agrees with the 
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fact that TBDGA is favored to coordinate with Nd
3+

 than with (UO2)
2+

.  When the extraction was 

carried out with 1.5x10
-4

 mole TBDGA (molar ratio of UO
2+

:Nd
3+

:TBDGA =1:1:1) in 1 mL 

[Bmim][Tf2N] with 30% (v/v) TBP, the extraction efficiency of Nd(NO3)3(TBP)3 into sc-CO2 

phase was not detectable in the sc-CO2 phase.  However, the extraction efficiency of 

UO2(NO3)2(TBP)2 in the CO2 phase remained at a relative high value (Table 2).  Under these 

conditions, separation of uranium from neodymium can be achieved in this IL-sc-CO2 system.   

 

Table 2. Static extraction of uranyl and neodymium species from ionic liquid phase to 

supercritical CO2 phase at 40 
o
C and 200 atm. The errors of static sc-CO2 extractions are less 

than 5% based on repeat experiments. 

                               Extraction(%)         Distribution ratio           Separation factor 

 

Sc-CO2 Composition        U(VI)    Nd(III)    DU    DNd        [UO2
2+

/ Nd
3+

] 

Neat CO2                         58.7       17.9       1.4    0.22            3.3 

30% TBP                         81.0       29.3       4.3    0.41            2.8 

30% TBP+7.5x10
-5

 mol TBDGA   80.4       21.2       4.1    0.26           3.8 

(UO2
2+

: Nd
3+

: TBDGA =1: 1: 0.5) 

30% TBP + 1.5x10
-4

 mol TBDGA    76.5        ND       3.3        -      

(UO2
2+

: Nd
3+

: TBDGA =1: 1: 1) 

 

30% TBP + 1.9x10
-4

 mol TBDGA           71.8        ND   2.6 -    

(UO2
2+

: Nd
3+

: TBDGA =1: 1: 1.25) 

 

30% TBP + 2.3x10
-4

 mol TBDGA    65.9         ND  1.9 -    

(UO2
2+

: Nd
3+

: TBDGA =1: 1: 1.5) 

___________________________________________________________________________ 

Note: Monitored at 414 nm for UO2(NO3)2(TBP)2 and at 801 nm for Nd(NO3)3(TBP)3 in sc-CO2 phase;  

ND = not detectable. 

 

IV-5.  Dynamic Supercritical Fluid Extraction for Separation of Uranium and Neodymium  

 Dynamic sc-CO2 extraction experiments were carried out with 40 min of static extraction 

at 40 
o
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 

UO2(NO3)2(TBP)2 and Nd(NO3)3(TBP)3 carried out by sc-CO2 during dynamic extraction and 

were collected by a hexane trap solution.  The results of the dynamic sc-CO2 extraction of 
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UO2(NO3)2(TBP)2 and Nd(NO3)3(TBP)3 from [Bmim][Tf2N] to hexane trap solution are given in 

Table 3.  When the molar ratio of Nd
3+

 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 UO2(NO3)2(TBP)2 collected in the hexane trap solution was 

about half of the original amount in the IL phase.  The separation factor of [UO2
2+

]/[Nd
3+

] is 

increased from 2.8 in the absence of TBDGA to about 50 with the addition of TBDGA at ratios 

of UO2
2+

:Nd
3+

:TBDGA = 1:1:1.5.  

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

 

The overall results demonstrate the principle that separation of uranium from lanthanides can be 

achieved using static/dynamic sc-CO2 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-CO2 at 200 atm and 40 ℃. 

                                           % Extraction                       Separation factor 

Sc-CO2 Composition                                U(VI)            Nd(III)                  [UO2
2+

/Nd
3+

]                

                    
a
 30% TBP + 7.5x10

-5
 mol TBDGA    76.3 ± 3.4        20.9 ± 2.0              3.7 ± 0.4 

(UO2
2+

: Nd
3+

: TBDGA =1: 1: 0.5) 

 
a
 30% TBP + 1.5x10

-4
 mol TBDGA    69.2 ± 3.1          7.7 ± 0.4              9.0 ± 0.6 

(UO2
2+

: Nd
3+

: TBDGA =1: 1: 1) 

 
a
 30% TBP + 1.9x10

-4
 mol TBDGA    65.3 ± 1.9       4.6 ± 0.2               14.5 ± 0.8 

(UO2
2+

: Nd
3+

: TBDGA =1: 1: 1.25) 

 
b
 30% TBP + 2.3x10

-4
 mol TBDGA    49.2 ± 2.5           < 1             >49.2 ± 2.5 

(UO2
2+

: Nd
3+

: TBDGA =1: 1: 1.5) 

___________________________________________________________________________ 
a 
Experimental condition: 40 min static extraction and 3.5 h dynamic extraction (flow rate 0.3-0.4 mL/min) 

including depressurization (~1 h). 
b 

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-CO2 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 νas of UO2
2+

 overlaps with the vibrational mode of 

[Bmim][Tf2N] around 950 cm
-1

 (Figure IV-11A-c to –e).  When the concentration of uranyl-

TBDGA species was about 50 % in the IL solution, the νas(UO2) was observed at 942 cm
-1

 in the 

IR spectrum (Figure IV-11A-f).  This νas(UO2) mode may correspond to that of 

UO2(NO3)2(TBDGA) species shown in Figure IV-4-a.  The small peak at about 913 cm
-1

 may be 

related to the vibrational mode of -C-C- of TBP.  The bonded C=O group (1613 cm
-1

) can also 

be detected as shown in Figure IV-11B and the intensity of C=O 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-CO2 dynamic extraction (Table 3) 

and IR spectra (Figure IV-11), we may conclude that the uranyl-TBDGA complex left in IL has 

a molar ratio of UO2
2+

: TBDGA = 1: 1 and the neodymium-TBDGA complex also has a Nd
3+

: 

TBDGA ratio = 1: 1 based on a mass balance consideration. 

 

 

Figure IV-11. ATR-FTIR spectra of [Bmim][Tf2N] solutions left in the CO2 extraction cell, (A) 

in the νas(UO2) region and (B) in the ν(C=O) region. 

 

IV-5.  Summary 

The coordination of UO2
2+

 and Nd
3+

 with diglycolamide in the ionic liquid [Bmim][Tf2N] 

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 UO2
2+

 and 
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Nd
3+

 and the resulting TBDGA complexes are not soluble in sc-CO2.  The solubility of 

Nd(NO3)3(TBP)3 in sc-CO2 has been measured at 40 
o
C from 150 atm to 200 atm.  The 

distribution ratios of UO2(NO3)2(TBP)2 and Nd(NO3)3(TBP)3 between [Bmim][Tf2N] and sc-CO2 

phase have also been evaluated to be 1.42 and 0.22, respectively, at 40 
o
C and 200 atm.  Static 

and dynamic sc-CO2 extractions show that a large separation factor of [UO2
2+

]/[Nd
3+

] can be 

achieved by controlling the amount of TBDGA ligand added to the IL phase.  The CO2-insoluble 

uranyl-TBDGA species left in the IL phase is identified to be UO2(NO3)2(TBDGA).  The overall 

results of this study suggest that separation of uranium from lanthanides can be achieved using 

an IL and sc-CO2 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-CO2 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 Ionic 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=O)
2+

 in solutions of the room temperature 

ionic liquid 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([Bmim][Tf2N]), 

containing either tetrabutylammonium nitrate (TBAN) or nitric acid using attenuated total 

reflection-Fourier transform infrared spectrometry.  Both UO2(NO3)2 and UO2(NO3)3
-
 species 

were detected in solutions containing tetrabutylammonium nitrate.  The asymmetric vibrational 

mode νas(UO2) for these two species were found to lie at 951 and 944  cm
-1

, respectively, while 

νas(UO2) arising from uranyl coordinated by Tf2N anions in [Bmim][Tf2N] was found to lie at 

968 cm
-1

.  In solutions containing nitric acid, only UO2(NO3)2 was detected, due to the high 

water content.  The UO2(NO3)
+ 

species was not detected in [Bmim][Tf2N] 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 Ionic 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 νas(UO2) of UO2(NO3)
+ 

species can be identified in a different 

ionic liquid  1-methyl-3-octylimidazolium bis(trifluoromethylsulfonyl)imide ([Omim][Tf2N])  

when UO2(Tf2N)2 (uranyl bis(trifluoromethylsulfonyl)imide) is mixed with nitric acid.  In the 

[Bmim][Tf2N] system, the νas(UO2) of UO2(NO3)
+ 

species is buried under the background of the 

ionic liquid and is not detectable.  Figure V-1 shows that the νas(UO2) of UO2(Tf2N)2 alone in 

[Omim][Tf2N] occurs at 968 cm
-1

.  When different amounts of nitric acid is added to the system, 

the νas(UO2) shifts to lower wave numbers.  When the molar ratio of uranyl : nitrate = 1:1, the 

νas(UO2) occurs at 956 cm
-1

 which is assigned to the UO2(NO3)
+ 

species.  At molar ratios of 

uranyl : nitrate = 1:2 and 1:3, the νas(UO2) shifts to 951 cm
-1

.  This νas(UO2) is previously 

assigned to the UO2(NO3)2 species.  The UO2(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 νas(UO2) region for solutions of [Omim][Tf2N] containing 

different molar ratio of UO2(Tf2N)2 and nitric acid. UO2
2+

: HNO3 (a) 0.1M of UO2(Tf2N)2 only, 

(b) 1: 0.5, (c) 1: 1, (d) 1: 2, and (e) 1: 3. 

 

 

Figure V-2. (A) ATR-FTIR spectra of the νas(UO2) region and (B) Raman spectra of the νs(UO2) 

region for solutions of [Omim][Tf2N] containing with different molar ratio of UO2(Tf2N)2 and 

TBAN. UO2
2+

: 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, νas(UO2) occurs at 944 cm
-1

 

when the molar ratio of uranyl : nitrate = 1:3 indicating the presence of the UO2(NO3)3
-
 species 

(Figure V-2A-e).  At the urayl : nitrate molar ratio of 1:2, the νas(UO2) peak is broad (Figure V-

2A-c) and appears to consist of a mixture of uranyl species probable including UO2(NO3)
+
, 

UO2(NO3)2 and UO2(NO3)3
-
.  At the uranyl : nitrate molar ratio of 1:1, the νas(UO2) peak occurs 

at 956 cm
-1

, which corresponds to the formation of the UO2(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 Ionic 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][Tf2N] 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
3+

 to Lu
3+

.  The open square in Figure V-3 is Am
3+

.  The 

distribution ratios of Eu
3+

 and Am
3+

 between octanol and nitric acid vary with the acid 

concentration as shown in Figure V-4.  The largest separation factor (αEu/Am) of 11 was obtained 

from 6-8 M nitric acid solution.     
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Figure V-3.  TBDGA solvent extraction distribution ratios from 1M HNO3 for the lanthanides 

and Am (open square) as a function of ionic radius for extractions in 1-octanol. 

 

 

 

Figure V-4.  The solvent extraction of Am (III) and Eu (III) 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][Tf2N] with TBDGA, the distribution ratio increases with decreasing ionic radius first, 

reaches a maximum around Eu
3+

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 (αEu/Am) 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 

Ion Exchange (2012, 30, 735-747).  The article is attached in the Appendix. 

    

 

Figure V-5.  TBDGA IL extraction distribution ratios from 1 M HNO3 as a function of ionic 

radius for extractions in [Bmim][Tf2N]. The left open square is Y, the right open square is Am.  

 

 

 

 
 

Figure V-6. The extraction of Am and Eu radiotracers from nitric acid solution by 0.007M 

TBDGA in [Bmim][Tf2N].   
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V-3. Recycling Ionic 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][Tf2N] after UO2 dissolution and supercritical fluid extraction experiments.  The recycled 

[Bmim][Tf2N] can be used again for UO2 dissolution without losing its capability.    

Our experiments indicate that when UO2 solid is dissolved in [Bmim][Tf2N] containing 

TBP(HNO3)1.8(H2O)0.6, greater than 99 % of the dissolved uranyl species can be recovered by 

repeated hexane extraction.  The distribution ratio of UO2(NO3)2(TBP)2 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 UO2(NO3)2(TBP)2 occurs at 860 cm
-1

 in Raman spectrum.  In Figure V-8A-a, 

the same vibrational peak at 860 cm
-1

 is observed when UO2 is dissolved in [Bmim][Tf2N] 

containing TBP(HNO3)1.8(H2O)0.6.  Figures V-8A-b and 2A-c show the absence of the 860 cm
-1

 

peak for the recycled IL as well as in the commercial [Bmim][Tf2N].  In addition, FTIR spectra 

(Figure V-8B) reveal that when UO2 is dissolved in the IL phase containing 

TBP(HNO3)1.8(H2O)0.6, the peak of IL shows a broad band in the range 925-970 cm
-1

 (Figure 8B-

a) due to overlapping of TBP(HNO3)1.8(H2O)0.6 and uranyl species.  Figures V-8B-b and 8B-c 

show a vibrational peak at about 950 cm
-1

 for the recycled IL and the commercial IL.  The UV-

Vis spectra of UO2 dissolved in [Bmim][Tf2N] containing TBP(HNO3)1.8(H2O)0.6 and recycled 

[Bmim][Tf2N] 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][Tf2N] produces the 

same dissolution results for UO2 and Nd2O3 with TBP(HNO3)1.8(H2O)0.6 and related 

spectroscopic measurements compared with newly synthesized or commercially available 

[Bmim][Tf2N].  
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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. 

 

Figure V-8. (A) Raman spectrum (a) the peak at 860 cm
-1

 for UO2 dissolved in [Bmim][Tf2N] 

containing TBP(HNO3)1.8(H2O)0.6, (b) recycle IL showing no detectable 860 cm
-1

 peak, and (c) 

commercial IL. (B) IR spectra (a) the broad peak at 941 cm
-1

 for UO2 dissolved in the IL 

containing TBP(HNO3)1.8(H2O)0.6, (b) and (c) the peak at 950 cm
-1

 for both recycled IL and 

commercial IL. 

 

Figure V-9. UV-Vis spectrum of (A) UO2 dissolved in IL containing TBP-HNO3 complex, (B) 

recycled [Bmim][Tf2N]. 
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