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ABSTRACT 

FUNDAMENTAL STUDIES OF TRIVALENT f-ELEMENT SEPARATIONS USING IONIC 
LIQUIDS AND EXTRACTION CHROMATOGRAPHY: TOWARD AN IMPROVED 

TALSPEAK PROCESS 

by 

Charles Donald Smith 

The University of Wisconsin-Milwaukee, 2020 
Under the supervision of Dr. Mark Dietz, Ph.D. 

 

 Nuclear power is one of many energy sources needed to meet current world demand.  

With certain radioisotopes in the waste generated requiring thousands of years to decay, limiting 

the amount of waste needing long-term storage is certainly in the interest of public health.  By 

bombarding the long-lived radioisotopes (e.g. actinides) with neutrons, they can be converted 

(i.e., transmutation) into radioisotopes with significantly shorter (several hundred years) half-

lives, making storage a realistic solution for nuclear waste.  Transmutation, however, can be 

negatively impacted by the presence of neutron poisons, particularly lanthanide ions, which have 

a high neutron capture cross section, preventing efficient bombardment. 

 The TALSPEAK (Trivalent Actinide Lanthanide Separations by Phosphorus-Reagent 

Extraction from Aqueous Komplexes) Process was devised to address this problem by providing 

a means to separate actinides and lanthanides.  The process improved upon earlier single 

extractant systems that performed poorly by incorporating a complexant, 

diethylenetriaminepentaacetic acid (DTPA) in a buffered aqueous phase that prevents the 

partition of the actinides into a diisopropylbenzene (DIPB) organic phase containing bis(2-ethyl-
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hexyl) phosphoric acid (HDEHP).  While the separation factors were high (~100), the process 

used volatile solvents, exhibited modest distribution ratios (~10) and required strict pH control. 

 Ionic liquids (ILs) have been considered as a replacement for DIPB due to their low 

volatility, thermal stability and ability to solubilize a wide range of compounds.  Initial studies 

were promising, as ILs exhibited significantly greater distribution ratios (~1000).  Unexpectedly, 

however, ILs have shown limited ability to solubilize common metal ion extractants (e.g. 

HDEHP).  In addition, many ILs are very viscous, complicating or precluding their use in 

conventional solvent extraction systems.  While in principle this problem can be overcome by 

dispersing the IL into a porous support, this approach has not been systematically explored for 

the TALSPEAK system. 

 In conjunction with efforts to devise an improved IL-based analogue of the TALSPEAK 

Process for An(III)/Ln(III) separations, a simple thermogravimetric method for the determination 

of the solubility of extractants in an ionic liquid has been developed.  Subsequent application of 

the method to the determination of the solubility of HDEHP in a variety of 1-alkyl-3-

methylimidazolium (Cnmim+) and N-alkyl-pyridinium (N-Pyr+) ILs has unexpectedly revealed 

that solvent molar volume is the most important factor controlling HDEHP solubility in these 

solvents.  Because ILs exhibiting a high molar volume are viscous, the utility of solid-supported 

IL phases was explored as an alternate to conventional liquid-liquid extraction.  Measurements of 

the internal surface area of the porous polymer support employed as a function of support 

loading for various reagents revealed the presence of a complex network of pores of three 

distinct size ranges.  Additional experiments using HDEHP as the loading reagent showed that 

the chromatographic performance (e.g., column efficiency, peak tailing) of the material reached 

its optimum at intermediate levels of extractant loading, after the smallest of the interior pores 
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have been completely filled.  This filling can also be accomplished by the use of inert “pore-

blocking reagents”, atop which an extractant can be loaded.  The performance of the materials 

too can be explained by consideration of the pore structure of the support.  Finally, these pore-

blocked supports have been employed in a comparison of HDEHP, both neat and as a solution in 

either a conventional solvent (i.e., dodecane) or an ionic liquid, to a functionalized ionic liquid 

(FIL) incorporating the anion of HDEHP, C10mim+DEHP-, as reagents for the separation of 

Am(III) and Eu(III).  The results call into question the utility of the FIL and thus, the utility of 

ILs as the basis for an improved TALSPEAK Process. 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

TABLE OF CONTENTS 

LIST OF FIGURES .............................................................................................................x 

LIST OF TABLES ...............................................................................................................xiv 

ACKNOWLEDGEMENTS ................................................................................................xv 

CHAPTER 1: INTRODUCTION ........................................................................................1 

1.1 Overview and Scope ...........................................................................................1 

1.2 Liquid-Liquid Extraction ..................................................................................6 

1.3 Ionic Liquids .......................................................................................................8 

1.4 Functionalized Ionic Liquids ............................................................................10 

1.5 Extraction Chromatography.............................................................................11 

1.6 Overview of Chapters ........................................................................................16 

1.7 References ...........................................................................................................17 

CHAPTER 2: DETERMINATION OF EXTRACTANT SOLUBILITY IN IONIC LIQUIDS 
BY THERMOGRAVIMETRIC ANALYSIS........................................................................25 

2.1 Introduction ........................................................................................................25 

2.2 Experimental ......................................................................................................27 

2.2.1 Reagents ................................................................................................27 

2.2.2 Equipment .............................................................................................28 

2.2.3 Procedures .............................................................................................28 

2.3 Results and Discussion .......................................................................................29 



vi 
 

2.4 Conclusions .........................................................................................................38 

2.5 References ...........................................................................................................39 

CHAPTER 3: SOLVENT STRUCTURAL EFFECTS ON THE SOLUBILITY OF BIS(2-
ETHYLHEXYL)PHOSPHORIC ACID IN ROOM-TEMPERATURE IONIC LIQUIDS ..44 

3.1 Introduction ........................................................................................................44 

3.2 Experimental ......................................................................................................46 

3.2.1 Reagents ................................................................................................46 

3.2.2 Equipment .............................................................................................47 

3.2.3 Procedures .............................................................................................48 

3.3 Results and Discussion .......................................................................................50 

3.4 Conclusions .........................................................................................................63 

3.5 References ...........................................................................................................63 

CHAPTER 4: EFFECT OF SUPPORT LOADING ON THE PERFORMANCE OF AN 
EXTRACTION CHROMATOGRAPHIC RESIN:  IMPLICATIONS FOR THE 
DEVELOPMENT OF IMPROVED TRIVALENT f-ELEMENT SEPARATIONS ............71 

4.1 Introduction ........................................................................................................71 

4.2 Experimental ......................................................................................................72 

4.2.1 Reagents ................................................................................................72 

4.2.2 Instrumentation .....................................................................................73 

4.2.3 Methods.................................................................................................74 

4.2.3.1 Resin Impregnation ................................................................74 



vii 
 

4.2.3.2 Determination of weight distribution ratios ...........................74 

4.2.3.3 Determination of metal ion uptake kinetics ...........................75 

4.2.3.4 Determination of sorbent capacity .........................................75   

4.2.3.5 Column preparation and characterization ..............................76 

4.2.3.6 Elution behavior of europium-152/4 ......................................77 

4.2.3.7 Elution behavior of neodymium, gadolinium, and inactive 
europium. ...........................................................................................78 

4.3 Results and Discussion .......................................................................................78 

 4.3.1 Effect of pore structure on support filling…………………………….78 

4.3.2 Effect of support loading on column performance ...............................80 

4.3.3 Effect of reduced support loading on trivalent lanthanide separations.84 

4.4 Conclusions .........................................................................................................90 

4.5 References ...........................................................................................................90 

CHAPTER 5: INCREASING COLUMN EFFICIENCY IN EXTRACTION 
CHROMATOGRAPHY MATERIALS THROUGH STAGNANT PORE PLUGGING.... 95 

5.1 Introduction ........................................................................................................95 

5.2 Experimental ......................................................................................................97 

5.2.1 Materials ...............................................................................................97 

5.2.2 Instrumentation .....................................................................................99 

5.2.3 Methods.................................................................................................100 

5.2.3.1 SPP Resin Preparation ...........................................................100 



viii 
 

5.2.3.2 Addition of HDEHP to impregnated resins ...........................101 

5.2.3.3 Determination of Weight Distribution Ratios ........................101 

5.2.3.4 Capacity of the Resins ...........................................................102 

5.2.3.5 Column preparation and characterization ..............................102 

5.2.3.6 Elution curves of 152/4Eu3+ for Resin Characterization ..........103 

5.2.3.7 Elution curves of cold Eu3+, Nd3+, and Gd3+ ..........................105 

5.3 Results and Discussion .......................................................................................105 

5.4 Applications in Intra-lanthanide Metal Ion Separations ...............................120 

5.4.1 Eu3+/Nd3+ Separation ............................................................................120 

5.4.2 Eu3+/Gd3+ Separation ............................................................................122 

5.5 Conclusions .........................................................................................................125 

5.6 References ...........................................................................................................126 

CHAPTER 6: ASSESSMENT OF FUNCTIONALIZED IONIC LIQUIDS (FILs) IN THE 
EXTRACTION OF TRIVALENT EUROPIUM AND AMERICIUM.................................131 

6.1 Introduction ........................................................................................................131 

6.2 Experimental ......................................................................................................135 

6.2.1 Materials ...............................................................................................135 

6.2.2 Methods.................................................................................................136 

6.2.2.1 Filler-Impregnated Resin Preparation ....................................136 

6.2.2.2 Stagnantly-Pore Plugged (SPP) Resin Preparation ................136 



ix 
 

6.2.2.3 Determination of Weight Distribution Ratios ........................137 

6.2.2.4 Metal Ion Uptake Kinetics .....................................................138 

6.2.3 Equipment .............................................................................................138 

6.3 Results and Discussion .......................................................................................138 

6.4 Conclusions .........................................................................................................149 

6.5 References ...........................................................................................................150 

CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS ........................................155  

7.1 Conclusions .........................................................................................................155  

7.2 Recommendations ..............................................................................................158  

7.2.1 Assessing extractant solubility in ILs ...................................................158 

7.2.2 Effect of extractant loading on solid supports with high surface  
area .................................................................................................................158 

7.2.3 Filling a solid support with a thermally-polymerizable  
monomer ........................................................................................................159 

7.2.4 Applying a thin layer of extractant in controlled-porosity  
supports ..........................................................................................................159 

7.3 References ...........................................................................................................160 

CURRICULUM VITAE ........................................................................................................162 

 

 



x 
 

LIST OF FIGURES 

Figure 1.1: Radioactivity of spent nuclear fuel versus time ...................................................... 4 

Figures 1.2: Crown (A) and HDEHP (B)................................................................................... 7 

Figure 1.3: Examples of water-miscible and immiscible ILs .................................................... 9 

Figure 1.4: calix[4]arene-bis(tertoctylbenzo-crown-6 (Bob-Calix) ........................................... 9 

Figure 2.1:  (A)  TGA thermogram of C6mim+Tf2N- (bottom; closed circles), C8mim+Tf2N- 

(middle; open diamonds), and C10mim+Tf2N- (top; open circles) (B)  Isothermal heating of 
C6mim+Tf2N- at 300 °C (top; open diamonds), 346°C (middle; closed circles), and 396 °C 
(bottom; open squares) for 60 min…………………………………………………………......31 

Figure 2.2:  Isothermal heating of DtBuDCH18C6 at 250 °C for 85 minutes. ......................... 32  

Figure 2.3: (A) TGA thermogram of CMPO. (B)  Isothermal heating of CMPO at 250 °C for 70 
min……………………………………………………………………………………………...34 

Figure 2.4:  TGA thermogram of Bob-Calix. ............................................................................ 35 

Figure 2.5:  TGA thermogram of BTP....................................................................................... 35 

Figure 2.6: (A) TGA thermogram of HDEHP. (B) Isothermal heating of HDEHP at 180°C (top; 
open diamonds), 190 ºC(middle; open squares), 200°C (bottom; closed circles) for 75 min. .. 37 

Figure 2.7: TGA thermogram of a saturated solution of HDEHP in C6mim+Tf2N-
. .................. 38 

Figure 3.1: Experimentally determined vs. calculated (according to Eqn. 10) solubility of 
HDEHP (as ln SHDEHP) in a series of hydrophobic room-temperature ionic liquids. ................. 60 

Figure 3.2: HDEHP solubility (as ln SHDEHP) vs. molar volume (Ṽ) for a series of C8mim+X- 
ionic liquids. ............................................................................................................................... 61 

Figure 3.3. HDEHP solubility (as ln SHDEHP) vs. molar volume (Ṽ) for a series of Cnmim+Tf2N- 
ionic liquids. ............................................................................................................................... 62 

Figure 4.1: Effect of support loading on the surface area of Amberchrom CG-71m for two fillers.  
() PTHF 250; () HDEHP. ................................................................................................... 79 



xi 
 

Figure 4.2A-E: Representation of the interior structure of Amberlite XAD-7 filled to increasing 
levels with the ionic liquid P666,14

+Cl-. ....................................................................................... 80 

Figure 4.3: Elution behavior of 152/4Eu(III) on a column (0.90 mL bed volume) containing 5% 
(w/w) HDEHP-loaded Amberchrom CG-71m resin. (50-100 μm particle size; mobile phase = 
0.026 M HNO3; Note that the data is plotted in semi-log form to emphasize the extent of tailing.
.................................................................................................................................................... 82 

Figure 4A-D: Elution behavior of 152/4Eu(III) on a column (0.90 mL bed volume) containing 
HDEHP-loaded Amberchrom CG-71m resin.  (A) 10% (w/w) loaded; (B)  15% (w/w) loaded; 
(C) 20% (w/w) loaded; (D) 30% (w/w) loaded.  (50-100 μm particle size; mobile phase = 0.045, 
0.080 0.13, 0.22  M HNO3, respectively .................................................................................... 84 

Figure 4.5: Separation of Nd(III) and Eu(III) on a column (0.90 mL bed volume) containing 20% 
(w/w) HDEHP-loaded Amberchrom CG-71m resin.  (50-100 μm particle size; mobile phase = 
0.13 M HNO3; (o) Nd;  () Eu. .................................................................................................. 86 

Figure 4.6.A-B: (A) Separation of Eu(III) and Gd(III) on a column (0.90 mL bed volume) 
containing 20% (w/w) HDEHP-loaded Amberchrom CG-71m resin.  (50-100 μm particle size; 
mobile phase = 0.13 M HNO3; ()Eu;  (o) Gd. (B) Separation of Eu(III) and Gd(III) on a column 
(0.90 mL bed volume) containing Ln resin (40% (w/w) HDEHP-loaded Amberchrom CG-71m 
resin;  (50-100 μm particle size; mobile phase = 0.30 M HNO3; ()Eu;  (o) Gd. ...................... 88 

Figure 4.7: Separation of Eu(III) and Gd(III) on a column (0.90 mL bed volume) containing 
small particle size (20-50 μm) Ln resin (40% w/w HDEHP on Amberchrom CG-71m).  (mobile 
phase = 0.30 M HNO3 ()Eu;  (o) Gd. ....................................................................................... 89 

Figure 4.7: Separation of Eu(III) and Gd(III) on a column (0.90 mL bed volume) containing 
small particle size (20-50 μm) 20% w/w HDEHP on Amberchrom CG-71m).  (mobile phase = 
0.13 M HNO3; ()Eu;  (o) Gd. ................................................................................................... 89 

Figure 4.8: Separation of Eu(III) and Gd(III) on a column (0.90 mL bed volume) containing 
small particle size (20-50 μm) 20% w/w HDEHP on Amberchrom CG-71m,  mobile phase = 
0.127 M HNO3). ()Eu (o) Gd. .................................................................................................. 89 

Figure 5.1: Example graphite, trapezium-shaped pole .............................................................. 100 

Figure 5.2: Phosphorus profile obtained using SEM-EDX for a PPG 400-loaded, 20% (%w/w) 
HDEHP resin. ............................................................................................................................ 106 

Figure 5.3: Stripping of ionic liquid from a C12mimTf2N-impregnated resin as a function of 
contact time with an ethanol (12 %v/v) solution in hexane. ...................................................... 108 



xii 
 

Figure 5.4: Phosphorus profile obtained using SEM-EDX [DHEA][HCOO] resin impregnated 
with 10% (%w/w) HDEHP ........................................................................................................ 109 

Figure 5.5: Surface area (m2/g) of PTHF 250-impregnated resins ............................................ 110 

Figure 5.6: Surface Area (m2/g) of PTHF 250-(□), C2mim+Tf2N- (    ), P666,14
+Cl- (+)-, and Cetyl 

Alcohol ()-impregnated resins. ................................................................................................ 112 

Figure 5.7: C16mim+Tf2N--impregnated, 10% (%w/w) HDEHP (□, cpm) (Eluent: 0.608 M HNO3, 
Flow Rate = 1.38 ± 0.02 mL/min.·cm2, T = 23 ± 2ºC, 0.9 mL bed volume) and commercial Ln (, 
concentration (ng/mL)) resins (Eluent: 0.30 M HNO3 T = 23 ± 2ºC, 0.9 mL bed volume)  
152/4Eu3+Elution Profile. ............................................................................................................. 113 

Figure 5.8: Pore distribution of C16mim+Tf2N–(a) and C2mim+Tf2N-(b)impregnated supports.  
80% of the available resin volume is filled for both resins. ....................................................... 114 

Figure 5.9: The effect of support loading of (%w/w) HDEHP (□)-, PTHF 250 ()-on the surface 
area of Amberchrom CG-71m resin .......................................................................................... 115 

Figure 5.10A-E: 5%-30% (%w/w) HDEHP stagnantly-pore plugged (SPP) resins, 0.9 mL be 
volume (Temperature: 23 ± 2ºC, eluents: 0.026, 0.045, 0.086, 0.097, and 0.17 M HNO3, 
respectively) ............................................................................................................................... 118 

Figure 5.11: 10% (%w/w) SPP HDEHP resin separation of Eu3+ (Filled)/Nd3+ (Open), 0.9 mL 
bed volume (Temperature: 23 ± 2ºC, eluents: 0.045 M HNO3 followed by 1 M HNO3 at FCV = 
17) .............................................................................................................................................. 121 

Figure 5.12: Ln Resin Separation of Eu3+ (Filled)/Nd3+ (Open), 0.9 mL bed volume 
(Temperature: 23 ± 2ºC ºC, eluents: 0.3 M HNO3) ................................................................... 121 

Figure 5.13: 10% (%w/w) SPP HDEHP separation of Eu3+ ()/Gd3+ (□), 0.9 mL bed volume 
(Temperature: 23 ± 2ºC, eluent: 0.045 M HNO3) ...................................................................... 123 

Figure 5.14: Ln resin separation of Eu3+ ()/Gd3+ (□), 0.9 mL bed volume (Temperature: 23 ± 
2ºC, eluent: 0.3 M HNO3) .......................................................................................................... 123 

Figure 5.15: Small particle 10% (%w/w) SPP HDEHP separation of Eu3+ ()/Gd3+ (□), 1.8 mL 
bed (Temperature: 23 ± 2ºC ºC, eluent: 0.045 M HNO3) .......................................................... 125 

Figure 5.16: Small particle Ln resin separation of Eu3+ ()/Gd3+ (□), 1.8 mL bed (Temperature: 
23 ± 2ºC, eluents: 0.3 M HNO3) ................................................................................................ 125 



xiii 
 

Figure 6.1A-F: Effect of nitric acid concentration on metal ion uptake in (A) undiluted HDEHP 
and C10mimDEHP w/ Eu3+ (B) undiluted HDEHP and C10mimDEHP w/ Am3+  (C) 1 M HDEHP 
and C10mimDEHP in n-dd w/ Eu3+ (D) 1 M HDEHP and C10mimDEHP in n-dd w/ Am3+  (E) 1 
M HDEHP and C10mimDEHP in C10mimTf2N w/ Eu3+ (F) 1 M HDEHP and C10mimDEHP in 
C10mimTf2N w/ Am3+.  HDEHP (); C10mimDEHP (□); T = 23 ± 2ºC.  All extractants are 
supported on Amberchrom CG-71m resin whose deep pores have been blocked by 1-dodecanol 
(ref. text) ............................................................................................................................. …...140 

Figure 6.2A-F: Effect of nitric acid concentration on Eu3+ () and Am3+ (□) uptake in undilute 
HDEHP (A), undilute C10mimDEHP (B), 1 M HDEHP in n-dd (C), 1 M C10mimDEHP in n-dd 
(D), 1 M HDEHP in C10mimTf2N (E) and 1 M C10mimDEHP in C10mimTf2N (F);T = 23± 2ºC
.................................................................................................................................................... 143 

Figure 6.3A-F: Nitrate dependence on Am3+ uptake for undilute C10mimDEHP (A), 1 M 
C10mimDEHP in n-dd (B) and 1 M C10mimDEHP in C10mimTf2N (C) and Eu3+ uptake for 
undilute C10mimDEHP (D), 1 M C10mimDEHP in n-dd (E) and 1 M C10mimDEHP in C10mimTf2N 
(F). .............................................................................................................................................. 145 

Figure 6.4A-D: Extractant dependence on Am3+ and Eu3+ uptake for 1 M C10mimDEHP in n-dd 
(A,B) and 1 M C10mimDEHP in C10mimTf2N (C,D). ............................................................... 146 

Figure 6.5: Effect of spiking aqueous phase with C10mim+ cation on Eu3+ uptake for undiluted 
C10mimDEHP SPP resin .............................................................................................................. 148 

Figure 6.6A-B: Kinetics of the uptake of europium ion from 0.05 M and 0.005 M HNO3 by 10% 
(%w/w) HDEHP SPP and 9.69% (%w/w) C10mimDEHP SPP resins, respectively ................. 149 

 

 

 

 

 

 

 

 



xiv 
 

LIST OF TABLES 

Table 1.1 Americium and curium ion separations using various supports and                   
stationary phases ........................................................................................................................ 14 

Table 3.1 Measured solubility of HDEHP in a series of N,N-dialkylimidazolium and N-
alkylpyridinium ionic liquids (T = 23 ± 2 °C) ........................................................................... 53 

Table 3.2 Kamlet-Taft solvent parameters and Hildebrand solubility parameters of a series of 
N,N-dialkylimidazolium and N-alkylpyridinium ionic liquids (T = 23 ± 2 °C) ........................ 55 

Table 3.3 Density and molar volume (Ṽ) values for a series of N,N-dialkylimidazolium and N-
alkylpyridinium ionic liquids (T = 23 ± 2 °C) ........................................................................... 58 

Table 4.1 Effect of support loading on the elution behavior of Eu(III) on Amberchrom CG-71m - 
supported HDEHP ..................................................................................................................... 83 

Table 5.1 Characteristics of prepared and commercial Ln resins and packed columns .............. 105 

Table 5.2 Viscosity of Select Fillers at 25 ºC ............................................................................ 112 

Table 5.4 Theoretical plate height (H) and count (N), tailing factor (Tf), and peak asymmetry 
(As), and capacity for HDEHP-stagnantly-pore plugged resins…………………………...…...117 

Table 6.1: Kinetics of the uptake of europium ion from 0.05 M and 0.005 M HNO3 by 10% 
(w/w) HDEHP SPP and 9.69% (w/w) C10mimDEHP SPP resins, respectively. ....................... 149 

 

 

 

 

 

 

 

 

 



xv 
 

ACKNOWLEDGEMENTS 

I have many to thank across this long, six-year journey.  First and foremost, I need to 

thank my supportive and beautiful wife, Sara.  Her unwavering support kept me going through 

the lowest of lows.  I would not have gotten through the experience without her. 

Next, of course, I must thank Dr. Mark Dietz.  His “walk before we run” mentality has 

served me well in the laboratory.  His vast knowledge of writing papers and making 

presentations will also serve me well in my professional life. 

I want to thank my committee members as well.  I knew that when I first met Dr. 

Aldstadt in December 2013 that UWM was the right choice for me.  I’m thankful for his advice 

in the classroom and laboratory.  My thanks as well to Dr.’s Woehl, Arnold, and Indig for their 

guidance.  I also want to thank Dr. F. Holger Foersterling, Shelley Harrington-Hagen, Elise 

Nicks, Kevin Blackburn, and Wendy Grober for the help they have given. 

I want to thank Kevin Wolters, Michael Kaul, Christopher Harris and John Dudek as 

well.  I appreciate being able to bounce thoughts and ideas off them, both in the laboratory and 

during group meetings.  Their critical but constructive ideas will always be appreciated.  Thank 

you to Dr.’s Md. Abdul Momen and James Wankowski for taking the time to train me in the 

radiation and sample preparation laboratories.  It saved me a lot of time. 

I have also been fortunate to work with researchers outside the Chemistry and 

Biochemistry Department at UWM.  I am in debt to Dr. Heather Owen, a senior scientist and 

director of Electron Microscopy laboratory in the biological sciences department.  She was 

always willing and able to help with work done on the scanning electron microscope.  I’m also 

thankful for the help of Dr. Steven Hardcastle, manager of the Advanced Analysis Facility in the 



xvi 
 

Engineering Department.  His insights on surface area analysis were immensely helpful.  I also 

appreciate the guidance of Dr. Anna Benko, manager of the Shimadzu Laboratory.  It was 

helpful to talk to someone who had worked in industry prior to joining UWM. 

After moving here, I struggled to find that which I could enjoy outside the laboratory.  I 

found that in Badger CrossFit of Wauwatosa, WI.  I cannot thank the trainers enough, especially 

Tyler Sullivan, Tina Martin, and Joe Paul, for what they have given me.  The morning classes 

were a great way to start my day. 

I also want to acknowledge Dr. Joanne Graham and the other member of my dissertation 

support group in the UWM counseling department.  They are an adult group of shoulders to lean 

on and I am thankful for them. 

This financial support provided by the Single Investigator Small Group Research 

(SISGR) Program of the Office of Basic Energy Sciences of the United States Department of 

Energy through subcontract with Brookhaven National Laboratory and by the University of 

Wisconsin-Milwaukee Research Growth Initiative (RGI) Program is gratefully acknowledged. 

 

 

 

 

 

 

 



1 
 

CHAPTER 1: 

INTRODUCTION 

1.1 Overview and Scope 

The rare earth elements (REEs) are named not for their scarcity (as some are much more 

common than gold), but rather from the fact that chemists in the 1800s had great difficulty 

isolating them in pure form.  Rare earths are mainly found in mixed deposits, making the 

separation of these metals a necessity and concentrated deposits valuable.  Known deposits 

typically consist of 80-99% lanthanum, praseodymium, cerium, and neodymium,1 with lesser, 

varying amounts of the other rare earths.   

The U.S. supply of REEs has come from a single mine, located in Mountain Pass, 

California (Mine Operations LLC).  The mine has faced repeated environmental and regulatory 

obstacles due to its wastewater pipeline, which was used in the liquid-liquid extraction of REEs. 

In 2015, the operation went bankrupt, but re-opened in 2018.  Currently the company ships its 

semi-processed output to China for purification, but it has announced plans to return to domestic 

processing in 2020.2   

China is responsible for the bulk of world rare earth production today, and actually 

provides more than 80% of the U.S. supply and over 90% of global supplies.  Due to decreasing 

domestic reserves, however, Chinese exports of these precious metals went from 50,145 tons in 

2009 to 31,130 tons in 2012,3 and have continued to trend downward. 

Unlike the rare earths/ lanthanides, the other family of f-elements, the actinides, are not 

common in nature, with only uranium and thorium being found in appreciable quantities.  In fact, 

of the known actinides, only the elements actinium through plutonium occur naturally.  These 
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elements are, however, found in spent nuclear fuel (SNF) and other types of nuclear waste.  

Spent nuclear fuel exists in substantial quantities, a result of the “once-through” fuel cycle 

employed by American nuclear reactors.   

As of December 2011, U.S. stores of spent fuel exceeded 67,000 tons, a quantity which is 

increasing at a rate of 2,000 tons per year.4 An additional 2500 tons is generated annually by 

European Union countries.  Of this, americium, neptunium, and curium makeup 3.5 tons, which, 

while small relative to the total, still poses significant potential environmental health risks.5  

Plutonium, while making up a mere 25 tons of the total waste generated, represents the greatest 

threat of radiotoxicity over the long-term (>10,000 years).6 

The current amount of spent nuclear fuel in the U.S. exceeds the legal limit of the 

proposed nuclear waste site in Yucca Mountain, Nevada under the Nuclear Waste Policy Act.  

This site was designated in 1987 as the sole repository for nuclear waste generated in the U.S.7  

Unfortunately, construction was stopped during the Obama administration in 2009 and was not 

included in the U.S. Congressional budgets from fiscal years 2011-2019.  Funding to resume the 

licensing procedures was requested in the U.S. Federal budget for fiscal year 2020.  Even so, if 

shipping to the waste site started in 2020, secondary storage would be required until 2056 to 

accommodate the ongoing waste generated by commercial sources and the shipment rate from 

source to storage.4 

The composition of SNF designated for waste is as follows: 95.5% uranium, 0.9% 

plutonium, 3.1% stable fission products, 0.1% minor actinides, 0.2% short-lived fission products 

(Cs-137 and Sr-90), and 0.1% long-lived fission products (I-129, Tc-99, Zr-93, and Cs-135).8  

Therefore, the separation of uranium is where most published reprocessing flow sheets start.  In 

the PUREX Process (Plutonium and Uranium Extraction), first described in the 1940’s, the SNF 
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is dissolved in nitric acid, and Pu(IV) and U(VI) are extracted using a solution of 1.1 M 

tributylphosphate (TBP) in an aliphatic diluent such as n-dodecane or kerosene.  Currently 

proliferation concerns necessitate that plutonium not be recovered in its pure form.  Accordingly, 

the PUREX process is considered obsolete.9 

In the UREX (Uranium Extraction) process, the same extractant-organic solvent system 

is used as in the PUREX Process, but Pu(IV) is reduced to the inextractable Pu(III) using 

acetohydroxamic acid, and thus remains in the aqueous phase.10 

Once uranium extraction has been addressed, the remaining transuranic elements (TRUs) 

and lanthanides can be extracted using any of several available methods.  In the TRUEX 

(TransUranium Extraction) Process, a solution of 0.2 M n-octyl(phenyl)-N, N-

diisobutylcarbomoyl phosphine oxide (CMPO)-1.2 M TBP in n-dodecane is employed to extract 

both the lanthanides and actinides from a nitric acid solution.11  In the DIAMEX (Diamide 

Extraction), a diamide, such as N,N’-dimethyl-N,N’-dioctyl hexylethoxymalonamide or 

dimethyldibutyltetradecylmalonamide, dissolved in a water-immiscible diluent such as 

hydrogenated tetrapropene is used to extract the actinides and lanthanides.12  Lastly, the ALSEP 

(Actinide-Lanthanide Separation) Process uses both a neutral diglycolamide extractant 

(N,N,N’,N’-tetra(2-ethylhexyl)diglycolamide or N,N,N’,N’-tetraoctyldiglycolamide) and an 

acidic extractant, such as 2-ethylhexylphosphonic acid mono-2-ethylhexylester (HEH[EHP]) 

dissolved in an aliphatic diluent for extraction.13 

Once the trivalent lanthanides and actinides have been extracted, separation of the 

actinides from the lanthanides is of vital interest, as the actinides can be transmuted to shorter-

lived nuclides via neutron bombardment, but this process is disrupted by neutron poisons such as 

lanthanides.  These metals have similar ionic radii and are almost always trivalent, however, 
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making their separation challenging.   Nonetheless, it is critical if the transmutation of the long-

lived actinides (especially Am-241, Pu-242, and Pu-239), which reduces the stress on the 

geologic depositories used for spent fuel storage, is to succeed.8   

 

Figure 1.1: Radioactivity of spent nuclear fuel versus time 

Although most An/Ln extraction processes rely on an organic phase extractant, the 

addition of water-soluble complexants to the aqueous phase can be used to enhance extraction 

selectivity.  For example, adding a nitrogen-based complexant to the aqueous phase has been 

employed to hold the actinides in the aqueous phase while the lanthanides are brought into the 

organic phase by a suitable extractant.  This approach provides the basis of the well-known 

TALSPEAK (Trivalent Actinide Lanthanide Separation with Phosphorus reagent Extraction 

from Aqueous Komplexes) Process.  This process, first described in the 1960’s, utilizes bis(2-

ethylhexyl)phosphoric acid (HDEHP) dissolved in diisopropylbenzene (DIPB) to extract the 

lanthanides.  The nitrogen-based complexant, diethylenetriaminepentaacetic acid (DTPA), which 

is dissolved in the aqueous phase (a pH 3.5 lactic acid buffer), preferentially complexes the 

actinides preventing their extraction by HDEHP.  Modest distribution ratios of ~10 for the Ln’s 

were achieved, but the Am(III)/Eu(III) separation factors (~100) were high.14 
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In an effort to improve the lanthanide distribution ratios obtained in the TALSPEAK 

process, ILs have been studied as replacements for the conventional organic solvents.  These 

novel solvents frequently consist of a bulky organic cation paired with a charge diffuse anion to 

provide a water-miscible or immiscible solvent, depending on the application.  Because ILs are 

known for their ability to solubilize a wide-range of solutes (bananas15, proteins16, and wood17 to 

name a few), it was thought that HDEHP would be readily miscible.  HDEHP, however, has 

been shown to be only partially miscible with hydrophobic ionic liquids.18  Fortunately, in 

deprotonated form, it can be used as the ionic liquid anion (DEHP-) to produce a so-called 

“functionalized ionic liquid” (FIL).  Unfortunately, these liquids are often too viscous to be used 

directly in liquid-liquid extractions.19  Impregnating solid supports with these solvents can 

represent a good alternative for the study of their extraction properties.  Aside from the 

difficulties in working with viscous solvents, the drawbacks of liquid-liquid extraction (LLE) 

systems include the volume of waste generated and its cumbersome nature.  Thus, studying 

extraction chromatographic analogs of LLE systems, TALSPEAK in particular, is attractive.   

Among the objectives of the present studies are to assess whether or not FILs are superior 

to a simple solution of the corresponding extractant in an IL.  First however, HDEHP solubility 

must be measured in different families of ILs to optimize the design of the FIL and to choose 

extractant-IL solutions for extraction experiments.  Unfortunately, the viscosity of FILs makes 

biphasic, liquid-liquid extraction a cumbersome task.  Therefore, the synthesized FIL will be 

dispersed in undiluted form as a thin layer in a porous, solid support.  In addition, it will be 

dissolved in both IL and aliphatic diluents to extract 241Am3+ and 152/4Eu3+ from aqueous 

solutions.  To lay down a thin layer of the prepared FIL on the support, the interior structure of 

the support (here, Amberchrom CG-71m) must be fully understood, as many are known to 
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exhibit complex interior pore structures encompassing pores of various diameter.  The effect of 

various levels of pore filling of these solid supports will be explored, and once the optimal filling 

level of the support has been determined, mechanistic studies in solid-supported FIL systems will 

be conducted. 

1.2 Liquid-Liquid Extraction (LLE)  

Liquid-liquid extraction is a well-known separation technique dating back to the 1840’s.20 

Briefly, it involves the partitioning of a solute in a biphasic system until equilibrium is reached.  

The distribution of a solute, S, between the organic and aqueous phases can be described 

thermodynamically by Nernst according to the following equation: 

Kd = 
[ௌ]௢௥௚

[ௌ]௔௤
       (1.1) 

The equilibrium constant, Kd, is independent of solute concentration at a constant temperature.21  

When the solute is a charged species, such as a metal ion, the use of hydrophobic ligand is 

required to complex the metal, allowing for extraction of the complex into the organic phase 

from the aqueous.  Often the introduction of complexing ligands can lead to the formation of 

multiple metal complexes in both the aqueous and organic phases.  Thus, a volume distribution 

ratio (Dv) is used to express the total concentration of solute in all forms22: 

Dv = 
[ୗ]೚ೝ೒,೟೚೟ೌ೗

[ୗ]ೌ೜,೟೚೟ೌ೗
  =

[ୗభ]೚ೝ೒ ା [ୗమ]೚ೝ೒ା⋯[ୗ೘]೚ೝ೒,೟೚೟ೌ೗

ൣୗభᇲ൧
ೌ೜

 ା ൣୗమᇲ൧
ೌ೜

ା⋯ൣୗ೘ᇲ൧
ೌ೜,೟೚೟ೌ೗

     (1.2) 

For extraction to be considered acceptable, the D-value should be greater than one.23  If 

this is not the case, the metal favors the aqueous phase over the organic, and either a new 

separation system should be chosen, or the extraction conditions adjusted (e.g., aqueous pH, 
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extractant concentration).  Simply changing the solvent can drastically enhance the distribution 

ratio.24,25   

The complexes formed depend on the extractant chosen. Neutral extractants, for example, 

form charged complexes with the metal ion, which pair with charge-balancing counter-anions to 

form a neutral complex.  85Sr2+, for instance, is efficiently extracted from long-chained alcohols 

using bis-4, 4’, (5’)-tert-butylcyclohexano-18-crown-6 (Crown) by the following reaction26: 

Sr2+
(aq) + 2NO3

-
(aq) + Crown(org) → Sr(NO3)2Crown (org)     (1.3) 

(A)    (B) 

Figure 1.2: Crown (A) and HDEHP (B) 

Acidic extractants, such as HDEHP, do not require the extraction of counteranions to 

yield a neutral (and therefore, extractable) complex.  Instead, the metal ion is exchanged for a 

stoichiometric equivalent number of protons.  For example, 241Am3+ is extracted by the dimeric 

form of bis(2-ethylhexyl)phosphoric acid (HDEHP) into n-dodecane via the following 

mechanism27: 

Am3+
(aq) + 3(HDEHP)2(org) → Am(H(DEHP)2)3(org) + 3H+

(aq)    (1.4) 

Even if an efficient separation is achieved, the solvent and extractant chosen should be 

radiolytically, hydrolytically, and thermally stable, with few or no by-products generated during 

the separation process.  Both should be relatively inexpensive, recyclable to reduce the waste 

generated, and readily stripped to allow for recovery of the metal of interest from the organic 
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solvent, ideally using only an using an acid solution.28  Few LLE systems completely satisfy 

these criteria. 

Ion-exchange (IX) resins address some of the issues observed in LLE.  Unfortunately, IX 

resins require strict pH control so they are difficult to use with highly acidic media (the matrix of 

a typical nuclear waste solution).29 

Conventional solvents exhibit low flashpoints (e.g. alkanes) and high vapor pressures 

(e.g. chlorinated hydrocarbons).  Thus, alternative, environmentally-friendly, solvent systems are 

sought. 

1.3 Ionic Liquids (ILs) 

The first ILs were reported in 1914,30 but it was not until the late 1990’s that their 

favorable characteristics - thermal stability, low volatility, wide electrochemical window, and 

tunability-31,32
 would be widely appreciated.  Not long after, their potential as media for 

separation processes attracted attention, and this interest has continued unabated until today.   

The area of metal ion separations has generated particularly immense interest.33-37  Based 

on their ability to solubilize a wide-range of solutes, wide liquid range, and air and water 

stability, it was believed that metal ions would readily partition into ILs, several of which are 

shown below (Figure 1.3).38  Since minimal extraction is usually observed with pure ILs alone, 

an extractant is often needed to complex the metal ion, making it more hydrophobic and allowing 

its partitioning from the aqueous to the organic phase.  Increased distribution ratios are observed 

for metals in IL-based systems compared to that of conventional solvents under many conditions. 
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Figure 1.3: Examples of water-miscible and immiscible ILs 

The specific class of extractant required is determined by the metal ion of interest.  For 

example, crown ethers are used in the extraction of Sr2+ from acidic aqueous media,39,40   while 

calixarenes (Figure 1.4) are employed to extract Cs+ under the same conditions.41,42 As already 

noted, HDEHP has long been studied for trivalent lanthanide/ actinide extraction and 

separations.43,44  

 

Figure 1.4: calix[4]arene-bis(tertoctylbenzo-crown-6 (Bob-Calix) 

Once the use of ILs in LLE became popular, their shortcomings quickly became evident.  

First, the aforementioned extractants have limited solubility in several important IL 

families.41,45,46  Second, both IL cation and anion can be lost (as shown below) to the aqueous 

phase, becoming a costly factor given the price of ILs versus conventional solvents.47  In 

Equation 1.5, trivalent lanthanides (Ln(III)) form anionic complexes with four 2-thenoyl-

trifluoroacetone (Htta) ligands and exchange for the anionic component of the IL, 

bis(trifluoromethanesulfonyl) imide (Tf2N-) in a biphasic system:48 

Ln3+
(aq) + 4Htta(org) + [C4mim+][Tf2N-]org ↔ [C4mim+][Ln(tta)4

-]org + 4H+
(aq) + Tf2N-

(aq)  (1.5) 
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Similarly, ion exchange of the cationic (Cnmim+) component of an IL can occur during 

extraction with of strontium ion by a crown ether as shown in Equation 1.6:49 

Sr(Crown)2+
(aq) + 2Cnmim+

(org) ↔ Sr(Crown)2+
(org) + 2Cnmim+

(aq)  (1.6) 

To circumvent these problems, so-called “functionalized ionic liquids” (FILs) have been 

developed and investigated. 

1.4 Functionalized Ionic Liquids (FILs) 

FILs were created to address two significant problems encountered in IL-based LLE 

systems: exchange of the IL cation to the aqueous phase and poor extractant solubility in IL 

phases,50 FILs can also simplify the chemistry found in single extractant LLE systems.51 

While the earliest examples of IL modification involved tethering of the antifungal drug 

miconazole to an imidazolium cation, such “task-specific ionic liquids (TSILs)” have since 

found wide use in metal ion extraction.  Visser et al., for example, studied Cd2+ and Hg2+ 

extraction from water using urea and thiourea derivatives tethered to imidazolium cations.52  

Similarly, Kogelnig et al. examined Cd2+ uptake from water, and paired the Aliquat 336 cation 

with a thiosalicylate anion.53 

In a TSIL, the extracting functional groups can be tethered to either the anion or cation.  

In the alternative, the IL anion can comprise the anionic portion of an acidic extractant.  The 

latter type of IL is often referred to as a “FIL” to distinguish it from “conventional” TSILs.  

Among the published examples of a FIL are deprotonated forms of phthalic and alkyl phosphoric 

acids paired with quaternary ammonium cations for use in rare earth element extraction.54,55  



11 
 

Applying bis(2-ethylhexyl)phosphate (DEHP) as a counteranion in a FIL is attractive as 

HDEHP has limited solubility in short-chained, imidazolium-based ILs.  Sun et al. extracted rare 

earth elements using HDEHP in a series of Cnmim+Tf2N- and BETI- (n = 2-8) ionic liquids but 

was limited to a concentration of 40 mM.  In contrast, the conventional solvent used in the same 

study, diisopropylbenzene, was completely miscible with HDEHP.  The authors then opted to 

pair the DEHP- anion with quaternary ammonium and phosphonium cations to study the 

extraction of the same metals.  Unfortunately, due to the viscosity of the resulting FIL, it was 

necessary to use C6mimTf2N or DIPB as a diluent.56  Thus, studying this family of FILs in pure 

form was not feasible in biphasic systems.  FIL dilution was also employed by Rout et al. to 

study Nd3+ uptake from nitric acid solutions.  Consistent with multiple, single-extractant, 

biphasic systems involving ionic liquids, ion exchange was observed during extraction when 

C6mimDEHP and C6mpyrDEHP were dissolved in C6mim+Tf2N- and C6mpyr+Tf2N-, 

respectively.  Interestingly, when extraction was performed using N4,4,4,4
+DEHP- diluted in 

N4,4,4,4
+Tf2N-

 ion exchange was not observed.  The factors responsible for the occurrence of an 

ion exchange process in certain FIL systems but not others remain unexplained.57 

While dilute FILs or TSILs makes LLE feasible, it obviously means that the FILs and 

TSILs are not being studied in pure form.  Given the inconsistency of the reports of ion 

exchange, this gap in understanding requires study.  These solvents will therefore be applied to 

solid supports in undiluted form for fundamental studies. 

1.5 Extraction Chromatography 

Extraction chromatography offers the selectivity of liquid-liquid extraction while 

avoiding large amounts of waste and inconvenience.  The process involves the use of an inert 

solid support impregnated with pure extractant or a dilute extractant solution as the stationary 
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phase.  The impregnated support is then contacted with an appropriate acid (often HCl or HNO3) 

solution of the target analyte.58 

The earliest support materials, such as cellulose, diatomaceous earth, Kel-F, Hyflo Super 

Cel, Celite-45, and activated charcoal59-64, were impregnated with extractants still used today 

(e.g. tri-butyl-phosphate (TBP), and HDEHP).  Unfortunately, the difficulties encountered with 

these materials, such as low theoretical plate counts and particle size inhomogeneity, quickly 

made these supports obsolete when better alternatives became available.65  

Older extractants such as trioctylamine (TOA), methylisobutyl ketone (MIBK), thenoyl 

trifluoroacetone (TTA) suffered from problems that are easily solved with today’s extraction 

chromatography materials.  TOA was impregnated onto a paper support for separation of 

thorium, uranium, and zirconium.  Using 4 N HCl as the eluent, >90% recovery of each metal 

was achieved.  Unfortunately, the resin capacity was three to four times lower than expected.66  

In another study, MIBK was impregnated onto Chromosorb-W for separation of Sn4+ from a 

series of divalent transition metals.  While reported separation factors were adequate (>10), it 

was necessary to condition the prepared column with dilute extractant solution during the elution 

process to minimize column bleed.67  Lastly, in work by Akaza,68 an MIBK-TTA solution was 

impregnated onto Kel-F for alkaline earth metal extraction.  The large amounts of TTA needed 

cause problems in achieving equilibration.  Difficulty in attaining equilibrium during extraction 

is addressed by impregnating the solid support with a dilute extractant solution, especially when 

the extractant is viscous.  

The phosphorus-based extractants, TBP and HDEHP, have been used since the 1950’s 

and are found today in commercial resins.  TBP paired with n-octyl(phenyl)-N, N-

diisobutylcarbomoyl phosphine oxide (CMPO) on XAD-7, or TRU resin, was used to extract a 
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series of tetravalent actinides with TBP being added to prevent third-phase formation commonly 

seen in CMPO-based extractions.69  For lanthanide separations, EiChrom Technologies markets 

the Ln resin, which is simply HDEHP impregnated onto an inert polymeric support.70  While 

both are well known, each resin requires improvement in efficiency. 

Separation of trivalent americium from trivalent lanthanides (e.g., europium) and curium 

are among the most challenging of separations, due to identical oxidation state and similar ionic 

radii of these ions.71 Thus, this separation has long been of immense interest.  Early reports of 

single-extractant systems displayed inadequate separation of Am3+ from Eu3+.72  In an attempt to 

develop a more selective extraction system, Yamaura et. al.73 devised a synergistic system 

combining CMPO with TBP on XAD-7.  Poor separation was achieved, requiring the use of 

aqueous phase complexants to hold back Am3+.  Saipriya et al.74 tried a similar approach with 

CMPO and HDEHP impregnated onto Tulsion ADS 400, an acrylic polymer.  Synergism was 

achieved below 0.5 M HNO3, but not above.  Even with the addition of citric and 

diethylenetriaminepentaacetic acids as aqueous complexing agents, the best separation factors 

were still less than five.   

Regarding Am3+ and Cm3+ separation, a number of support-extractant combinations have 

been used as shown below (Table 1.1).  Unfortunately, poor separation factors (<4) were 

obtained.  Commercial extraction resins show only modest improvement.  Kurosaki et al.79 used 

CMPO-based TRU resin to achieve a resolution of 1.36 between the two, but this required a flow 

rate of 0.115 mL/minute leading to a 270-minute run time.  Gharibyan et al.80 looked at Am3+-

Cm3+ separations using seven current commercial resins, including TRU resin, with no single 

column achieving separation between the two; rather a combination of DGA and TRU resins was 

needed. 
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Table 1.1: Americium and curium separations using various supports and stationary phases 

Support Stationary Phase Reference 

Kieselguhr Aliquat 336 75 

Dowex 1 x 8 Nitrate-Anion Exchange Resin 76 

Silica Tertiary pyridine 77 

Polyacrylonitrile N,N’-dimethyl-N,N’-
dioctylhexylethoxymalonamide N,N,N’,N’-

tetraoctyl di-glycolamide 

78 

 

To prepare supported extractants, a pure support is slurried in a solution of extractant 

dissolved in a volatile solvent, followed by evaporation of the solvent.  Alternatively, the support 

is contacted with excess extractant dissolved in an organic solvent.  The excess extractant-

solvent solution is filtered off, followed by evaporation of the excess solvent.81  Once prepared, 

the interactions between support and extractant are physical in nature, as opposed to the covalent 

bonds observed between the stationary phases and solid supports used in liquid and gas 

chromatography.82 

The ideal support-extractant (or extractant solution) combination should exhibit sufficient 

capacity, and be thermally and radiolytically stable, easily prepared, and reusable over multiple 

cycles.  Also, the metal ion of interest should be strongly retained, but not so strongly that it 

cannot be eluted with a mineral acid solution of appropriate concentration.  The system should 

also separate the target metal efficiently from interfering metals.  Column efficiency is dependent 

on the support particle size, metal ion diffusion in the mobile and stationary phases, stationary 

phase thickness, and mobile phase velocity.8 
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Diffusion of the metal ion in the pores of the resin is impacted by the viscosity of the 

stationary phase. Accordingly, dilute extractant solutions have often been impregnated onto solid 

supports.83  This is also helpful if the LLE system employs a viscous solvent, thus rendering LLE 

with undiluted extractant impractical.  Often, extraction chromatographic behavior can be 

predicted at least semi-quantitatively using LLE results.  Kimura observed similar behavior of 

Th4+ and U4+ extracted with tri-n-butyl phosphate (TBP) in both free form and impregnated onto 

an Amberlite XAD-4 support.84  Likewise, Horwitz et al. observed similar distribution ratios for 

the lanthanide series extracted using HDEHP, 2-ethylhexyl 2-ethylhexylphosphonic acid, and 

bis(2,4,4-trimethylpentyl)phosphinic acid in free form and impregnated onto Amberchrom CG-

71 resin.85  For some systems, specifically that of crown in 1-octanol impregnated onto XAD-7 

for Sr-85 extraction,58 a loss in extraction efficiency is not observed.  Thus, a cumbersome LLE 

system can be studied more quickly if impregnated onto a solid support. 

Weight distribution ratios (Dw) are measured in extraction chromatography, akin to LLE, 

with the weight of the loaded resin included as shown by Equation 1.7: 

Dw= (
஺೚ି஺ೞ

௪
) (

஺ೞ

௏
)     (1.7) 

where Ao, As, w, and V are the aqueous phase concentration before equilibrium, aqueous phase 

concentration after equilibration, weight of the resin in grams, and volume of the aqueous phase 

in milliliters (Note that Ao and As can also be replaced with absorbance or counts per minute 

before and after equilibration). 

To convert between the volume distribution ratios and weight distribution ratios, 

Equation 1.8 is used: 
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Dv = Dw(
ௗ೐ೣ೟ೝ

௘௫௧௥೗೚ೌ೏
)      (1.8) 

where dextr is the density of the extractant and extrload is the extractant loading onto the resin in 

grams of extractant per gram of resin.  With a resin-packed column, the number of free column 

volumes to peak maximum, or k’, can be predicted from Equation85 1.9 

k’ = Dv (
௩ೞ

௩೘
)      (1.9) 

While Equation 1.9 allows for the prediction of the peak maxima in an elution profile, it does not 

provide a measure of chromatographic efficiency in metal separation.  The calculation of the 

number of theoretical plates (N) is used instead. 

N = 5.54 (
௏ೃ

௪భ/మ
)²     (1.10) 

where VR and w1/2 are the free column volume at peak maximum and width of the elution peak at 

half the peak height.86  The largest possible number of theoretical plates is desired as the eluted 

peaks are narrower allowing for better separation. 

1.6 Overview of the chapters 

 Chapter 2 discusses a new method for measuring extractant solubility in ionic liquids.  By 

taking advantage of the thermal stability of ILs relative to non-aromatic metal ion extractants, 

thermogravimetric analysis (TGA) was applied to degrade and/or evaporate the extractant from 

an extractant-IL solution, leaving behind the IL, and allowing for extractant quantification.  The 

method provides the basis for the results reported in Chapter 3. 

Chapter 3 discusses the solubility of HDEHP in several families of ILs and attempts to 

explain the solvent parameters that influence it.  On the basis of the results, a set of guidelines is 
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proposed that allow for maximum solubility of HDEHP (and by analogy, other extractants) in 

ILs.  The results also provide the basis for the experiments discussed in Chapter 6. 

Chapter 4 discusses the advantages gained in extraction chromatography by incomplete 

loading.  By coupling support surface area measurements with column efficiency data, an in-

depth explanation of the interior pore structure of a commercial solid support, Amberchrom CG-

71m is obtained.  Once the pore structure is understood, these “lightly-loaded resins” are used to 

separate the adjacent lanthanides, Eu3+/Nd3+ and Eu3+/Gd3+. 

Chapter 5 continues the improvement in the understanding of support pore structure 

gained in Chapter 4 by filling the least accessible pores of the support with an inert filler, 1-

dodecanol.  By then adding HDEHP at various amounts to these “stagnantly-pore plugged (SPP) 

resins,” improvements in column efficiency and capacity are achieved.  As in Chapter 4, intra-

lanthanide separations are used to highlight the advantages of these resins. 

Chapter 6 further demonstrates the usefulness of the SPP supports by impregnating them 

with a thin layer of FIL, both in pure form and diluted in n-dodecane or 1-decyl-3-

methylimidazolium bis(trifluoromethanesulfonyl)imide.  These resins, along with sorbents 

incorporating pure or dilute HDEHP, are used for acid, extractant, and nitrate dependencies in 

order to elucidate the extraction mechanism of 152/4Eu and 241Am in these solvents.   
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CHAPTER 2: 

 

DETERMINATION OF EXTRACTANT SOLUBILITY IN IONIC LIQUIDS BY 
THERMOGRAVIMETRIC ANALYSIS 

2.1 Introduction 

Of the characteristics of a metal ion extractant that determine its utility in liquid-liquid 

extraction, none is more important than its solubility in the organic solvent.  While the strength 

of the metal complex(es) formed by the extractant, its selectivity over possible interferents, the 

organic phase solubility of the extracted complex, and the propensity of the extractant toward 

third-phase formation upon loading obviously play an important role in this determination as 

well, without adequate organic phase extractant solubility, other considerations are moot.  For 

this reason, countless studies have sought to improve extractant solubility in various organic 

solvents by the addition of a phase modifier1,2 or co-solvents3 or by various structural 

modifications of the extractant.4 

With the introduction of ionic liquids (ILs) as extraction solvents5 has come yet another 

possible means of improving the compatibility of an extractant with the organic phase, namely, 

structural modification of the solvent itself.  Given the enormous variety of possible IL 

structures6 and the relative ease with which many ILs can be prepared7 this would appear to 

represent a very promising approach. In fact, ILs have been reported to dissolve a wide range of 

substances exhibiting poor solubility in conventional (i.e., molecular) diluents, including 

cellulose,8 proteins,9 wood chips,10 polymers,11 wool,12 and even banana pulp.13  Despite this, 

reports have appeared indicating that certain common metal ion extractants are not particularly 

well solubilized by various ionic liquids.14-16  Recent work, for example, has shown that the 

unexpectedly poor performance of an extraction chromatographic resin incorporating a solution 
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of a crown ether in any of several 1,3-dialkylimidazolium-based ILs as strontium sorbents is 

likely the result, in part, of the limited solubility of the extractant in Cnmim+ ILs.17  Similarly, the 

modest solubility of calixarenes in various Ils18,19 and the inability of short-chain 1,3-

dialkylimidazolium bis[(trifluoromethyl)sulfonyl]imides (Cnmim+Tf2N-) to dissolve bis(2-

ethylhexyl)phosphoric acid (HDEHP) have been noted.20,21 

A number of methods for determining extractant solubility in molecular solvents have 

been described.  Buschmann et al.,22 for example, measured the aqueous solubility of various 

aromatic crown ethers by UV-visible spectrophotometry, and this same approach was 

subsequently employed to determine the solubility of 2,4,6-tri(2-pyridyl)-1,3,5-triazine (TPTZ) 

in nitric acid23 and of several alkyl-substituted calix[4]arene carboxylates in various organic 

solvents (e.g., chloroform, toluene, and hexane).24  UV-visible spectrophotometry was also 

employed by Engle et al.25 as a means of detection for high-performance liquid chromatography, 

in the measurement of the solubility of several alkyl-substituted calixcrown compounds in Isopar 

L, a commercial blend of isoparaffinic hydrocarbons.  Spectrophotometric methods are 

applicable only in cases in which the extractant incorporates a suitable chromophore, however, a 

characteristic clearly not shared by all extractants (e.g., aliphatic crown ethers). 

Principe and Demopoulos employed measurements of phosphorus emission obtained by 

inductively coupled plasma atomic emission spectroscopy (ICP-AES) to determine the solubility 

of selected organophosphorus extractants (e.g., HDEHP) in various aqueous phases (e.g., dilute 

sulfuric acid) following contact with a solution of the extractant in tridecanol-modified 

kerosene.26  The approach appears not to have been applied to the determination of organic phase 

extractant solubility, however.  Moreover, it is clearly applicable only to phosphorus-containing 

extractants. A more broadly applicable approach is suggested by the work of Noganawa et al.,27 
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in which the water solubility of dioctyldiglycolamic acid (DODGAA), a prospective “green” 

extractant for lanthanides, was determined by measurements of the total organic carbon content 

(TOC) of the aqueous phase following equilibration with the extractant.  Finally, Williams et 

al.28 have measured the solubility of the anion receptor α,α’,α”,α”’-mesotetrahexyl- tetramethyl-

calix[4]pyrrole in both water and a range of organic solvents using 1H-NMR.  The measurements 

are neither rapid nor especially convenient, however. 

In this work, we evaluate thermogravimetric analysis (TGA) as a method for the 

determination of the solubility of various extractants in room temperature ionic liquids.  This 

method exploits the high thermal stability characteristic of many RTILs, which under appropriate 

conditions, allows for the decomposition or volatilization of the extractant from its solution with 

the ionic liquid without concomitant mass loss from the IL.  As an illustration of the scope and 

limitations of the approach, its application to the determination of the solubility of several well-

known extractants (e.g., bis(2-ethylhexyl)phosphoric acid (HDEHP)) in a series of Cnmim+-

based ILs is described. 

2.2 Experimental 

2.2.1 Reagents 

All chemicals were of reagent grade and unless otherwise noted, were used as received. 

Lithium bis[(trifluoromethyl)sulfonyl]imide (LiTf2N) was purchased from TCI America 

(Portland, OR), while 1-methylimidazole, lithium trifluoromethane sulfonate (i.e., lithium 

triflate; LiTf), lithium perfluorobutane sulfonate (i.e., lithium nonaflate; LiNfO), and all alkyl 

bromides were obtained from Sigma-Aldrich (St. Louis, MO).  The ionic liquids were 

synthesized via a two-step procedure involving quaternization of the methylimidazole with an 
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appropriate alkyl bromide to yield the halide form of the IL, followed by anion metathesis to 

provide the desired (e.g., Tf2N-) product.29,30  The ILs were then dried for 24 hours in vacuo at 

80°C31,32 and stored in a desiccator until use. HDEHP was purchased from Sigma-Aldrich and 

purified via copper salt precipitation.33  The di-tert-butylcyclohexano-18-crown-6 

(DtBuDCH18C6) was purchased from EiChrom Technologies (Lisle, IL) and purified by HClO4 

precipitation.34  Its 4z,5’z cis-syn-cis isomer was isolated as described previously.17 

Octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide (CMPO) was generously 

provided by Argonne National Laboratory.  Its preparation and purification have been described 

in prior work.35 The calix[4]arene-bis(tert-octylbenzo-crown-6 (“Bob-Calix”) was a generous 

gift from Oak Ridge National Laboratory.  The 2,6-bis(5,5,8,8-tetramethyl-5,6,7,8-

tetrahydrobenzo[1,2,4]tria-zine-3-yl)pyridine (which is hereafter abbreviated as BTP) was 

synthesized according to published methods.36 

2.2.2 Equipment 

A TA Instruments TGA Q50 equipped with a platinum pan was used for all thermal 

property measurements, and all mass loss data were processed using the TA Universal Analysis 

software. 

2.2.3 Procedures 

As a first step, the thermal stability of the IL was evaluated in the absence of added 

extractant. Following measurements using a temperature scan of 10 °C/ min under nitrogen to 

establish the temperature corresponding to the onset of mass loss (Tonset), a series of isothermal 

runs were carried out on the same IL to determine the rate and extent of mass loss at 

temperatures well removed from Td (e.g., Td – 50 °C).  The same process was then repeated for 
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the extractant of interest.  On the basis of these results, conditions (i.e., temperature, hold time) 

were identified whereby the extractant could be volatilized or decomposed without concomitant 

loss of the IL.  Next, the IL was equilibrated with an excess of the extractant for at least six 

hours.  A ca. 25 mg sample of extractant-saturated IL was then taken for thermal analysis. For 

blank determinations, the pure IL was subjected to an identical temperature program. The mass 

loss for each test sample and IL was measured three times.  Finally, to verify the validity of the 

approach, measurements were made under conditions in which a solution of the extractant in the 

same (or a closely related) IL of known concentration (below saturation) could be prepared.  

Comparison of the results obtained to the expected (i.e., as prepared) values of extractant 

concentration provided a measure of the accuracy of the method. 

2.3 Results and Discussion 

The exceptional thermal stability exhibited by many ionic liquids has long been 

recognized37-39 and it remains among the most often-cited advantages of ILs over conventional, 

molecular solvents.  Early investigations suggested that this advantage was quite substantial, 

with a number of ILs exhibiting Td values (the temperature corresponding to the onset of mass 

loss in a thermogravimetric analysis) exceeding 400 °C.32 Subsequent work, however, 

demonstrated that in part, this observation is a consequence of the method employed for 

assessing thermal stability. That is, in evaluating thermal stability, TGA measurements often 

employ a relatively rapid (10 °C/min) temperature ramp to determine the temperature 

dependence of mass loss, resulting in overestimation of the onset temperature.40  It is now known 

that thermal stability is best assessed by isothermal experiments carried out at a series of 

temperatures.  Such studies have revealed that over time, appreciable decomposition of ILs can 

occur even at temperatures well below the Td established on the basis of temperature ramping.41  
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Our work therefore began with a systematic examination of the thermal stability of a series of 

1,3-dialkylimidazolium ILs that included assessment of both the temperature dependence and 

time dependence (at fixed temperature) of the mass loss. 

Figure 2.1 (panel A) shows the results obtained in temperature-ramping studies of three 

Cnmim+Tf2N- ILs (n = 6, 8, and 10), while Figure 1B depicts the results of representative 

isothermal measurements carried out on the C6mim+ compound at both Td and at temperatures 50 

°C and nearly 100 °C below it.  Conventional temperature ramping yields Td values of 397 °C, 

401 °C, and 404 °C, respectively, for the three ILs, values consistent with those reported 

previously.42,43  More importantly, all of these ILs (as exemplified by the C6mim+ compound) do 

exhibit measurable mass loss at temperatures well below Td, a result in agreement with prior 

observations by several investigators for a variety of ILs.44-46  At 50 °C below the onset 

temperature, for example, a 29% loss in mass is observed for the C6-IL over a 60-minute period.  

Therefore, in developing a scheme by which the extractant can be volatilized or decomposed 

while the IL remains intact, it will clearly not suffice to simply select an arbitrary temperature 

below Td.  Rather, it is necessary to identify conditions under which no IL degradation occurs 

over the time frame required for removal of the extractant.  For C6mim+Tf2N-, less than 1% mass 

loss occurs over a period of up to two hours when the temperature is maintained at 150 °C below 

Td.  For extractant solubility determinations then, the ideal situation is one in which the 

extractant is completely lost over this time period at the same (or lower) temperature. 
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(A) 

 

(B) 

 

Figure 2.1:  (A)  TGA thermogram of C6mim+Tf2N- (bottom; closed circles), C8mim+Tf2N- 

(middle; open diamonds), and C10mim+Tf2N- (top; open circles) (B)  Isothermal heating of 
C6mim+Tf2N- at 300 °C (top; open diamonds), 346°C (middle; closed circles), and 396 °C 

(bottom; open squares) for 60 min. 
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Prior work in this laboratory has shown that a number of aliphatic crown ethers can be 

completely volatilized at relatively low temperatures.47  Several cyclohexano- and 

dicyclohexano-derivatives of 18-crown-6, for example, have been found to exhibit Td values 

ranging from ca. 179-225 °C, well below the temperatures necessary to initiate mass loss in 

Cnmim+Tf2N- ILs.  It should therefore be straightforward to remove these extractants from an IL 

solution and thus, to determine their solubility in the ILs.  Indeed, as shown in Figure 2.2, which 

depicts the thermal behavior of 4z, 5’z cis-syn-cis isomer form of DtBuCH18C6, mass loss is 

complete for this extractant if the temperature is held at 250 °C for 60 minutes, conditions under 

which no mass loss is observed for the ILs of interest.  

 

Figure 2.2:  Isothermal heating of DtBuDCH18C6 at 250 °C for 85 minutes. 

As noted above, recent work in this laboratory demonstrating the inadequacy of solutions 

of DtBuCH18C6 in various Cnmim+Tf2N- ILs as the basis of the stationary phase in an extraction 

chromatographic resin for strontium ion showed that problems with the sorbent could be partly 

attributed to limited extractant solubility in the ILs.17  In particular, metal ion uptake studies 
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suggested that the solubility of the 4z, 5’z cis-syn-cis form of DtBuCH18C6 was no more than 

0.6 M, well under the 1 M required for satisfactory sorbent performance. Application of the 

temperature program described above (i.e., 250 °C for 60 minutes) to a saturated solution of this 

isomer in C10mim+Tf2N- yielded a solubility of 0.446 ± 0.009 M, a value consistent with our 

estimate.  To confirm the validity of this result, a solution containing a lesser, known 

concentration (0.0986 M) of the same form of DtBuCH18C6 in C10mim+Tf2N- was subjected to 

the same heating program, and the extractant molarity calculated on the basis of the observed 

mass loss.  The value found, 0.0904 ± 0.0019 M, compares favorably with that expected. 

The limited solubility of octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide 

(CMPO) in short-chain ILs, which necessitates the addition of tri-n-butyl phosphate (TBP) as a 

phase modifier in the liquid-liquid extraction of americium (III) from nitric acid using 

C4mimTf2N, has also been noted.1  Like aliphatic crown ethers, CMPO exhibits a relatively low 

Td (Figure 2.3A) and accordingly, can be readily decomposed by heating the sample to 250 °C, 

in this case for only 45 minutes (Figure 2.3B).  Thus, as was the case for DtBuCH18C6, 

solubility determination for CMPO in the ILs of interest should be straightforward.  As a test of 

the utility of TGA in this determination, a solution of CMPO of known concentration (0.199 M) 

in C6mim+Tf2N- was subjected to the heating program, and the extractant concentration 

calculated on the basis of the observed mass loss.  The molarity determined, 0.188 M ± 0.001 M, 

compares favorably with that expected.  

 

 

 



34 
 

(A) 

 

(B) 

 

Figure 2.3: (A) TGA thermogram of CMPO. (B)  Isothermal heating of CMPO at 250 °C 
for 70 min. 

As noted by Pawlak47 and others32,48,49 molecules incorporating aromatic functional 

groups are often considerably more thermally stable than those that do not.  Accordingly, we 

anticipated that for such compounds, the decomposition of the extractant might actually occur at 

a temperature equaling or exceeding that of the IL.  In fact, as shown in Figure 2.4, which depicts 
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the results of temperature ramping experiments for a representative calix-crown ether, Bob-

Calix, this extractant exhibits thermal stability superior to that of the Cnmim+Tf2N- ILs (Figure 

2.1). Clearly, under these circumstances, destruction or volatilization of the extractant without 

accompanying loss of the IL is not feasible, and for such extractants, solubility determination by 

this approach is not possible. 

 

Figure 2.4:  TGA thermogram of Bob-Calix. 

 

Figure 2.5:  TGA thermogram of BTP. 
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Between the two extremes of extractant stability lie those compounds for which 

decomposition is measurable, yet incomplete, before the start of IL decomposition.  In certain 

instances, as with the decomposition of BTP (Figure 2.5), the overlap with the behavior of the 

ILs is so extensive as to preclude measurement of the loss of extractant alone, regardless of 

conditions. In other cases, however, such as for bis(2-ethylhexyl)- phosphoric acid (HDEHP), 

whose thermal behavior in both a temperature-ramping experiment and at several fixed 

temperatures over an extended period is depicted in Figure 2.6 (panels A and B, respectively), 

the overlap does not preclude the determination.  As shown in Figure 2.6A, HDEHP loses ca. 

75% of its mass between 200-300 °C.  The overall mass loss occurs in two steps, however, with 

the final stage occurring at a temperature at which it is obscured by the decomposition of the IL 

itself.  By determining the fraction of the total mass loss represented by the peak(s) not obscured, 

however, one can calculate the total mass loss associated with the extractant decomposition.  In 

the case of HDEHP in C6mim+Tf2N- (Figure 2.7), it can be seen that the thermal behavior of the 

mixture exhibits features associated with both the extractant (Figure 2.6) and the ionic liquid 

(Figure 2.1).  That is, the initial step corresponds to a weight loss event between 200-300 °C, 

while the bulk of the weight loss, corresponding to both HDEHP and C6mim+Tf2N-, occurs at 

approximately 400 °C.  By calculating the ratio of the mass losses in the first and second steps 

and measuring the mass loss in the first step in a prepared solution, one can determine the total 

HDEHP mass in solution and, thus, its solubility.  In this instance, the solubility of HDEHP in 

C6mim+Tf2N- was found to be 0.0960 M. 
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(A) 

 

(B) 

 

Figure 2.6: (A) TGA thermogram of HDEHP. (B) Isothermal heating of HDEHP at 180°C 
(top; open diamonds), 190 ºC(middle; open squares), 200°C (bottom; closed circles) for 75 

min. 
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Figure 2.7: TGA thermogram of a saturated solution of HDEHP in C6mim+Tf2N-. 

 

In preliminary experiments, it was observed that HDEHP is fully miscible with Cnmim+-

based ILs incorporating a sufficiently long (n ≥ 10) alkyl chain.  This provides a means to assess 

the validity of the TGA approach to the measurement of its solubility in the short-chain ILs of 

interest to us.  To this end, 0.113 and 0.123 M solutions of HDEHP in C8mim+Tf- and 

C8mim+NfO-, respectively, were prepared and subjected to the procedures described.  The 

solutions were found to contain 0.122 ± 0.003 M and 0.115 ± 0.005 M, corresponding to errors 

of 7.96%, and 6.50%, respectively, thus confirming the utility of TGA in the determination of 

HDEHP solubility in these systems. 

2.4 Conclusions  

The results of this study demonstrate that for extractants readily volatilized or 

decomposed, TGA provides a straightforward method for the determination of their solubility in 

an IL.  The approach is simple, requires little sample (<100 mg), and can be completed in as little 
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as a few hours. Although the method is not readily applicable to highly stable extractants, such as 

those incorporating multiple aromatic functional groups, this does not represent a significant 

drawback, as such extractants can often be determined by alternative means (e.g., UV-visible 

spectrophotometry). We anticipate that TGA will prove useful in efforts to establish the 

relationship between the structural characteristics of an IL and its suitability as a medium for 

dissolution of a variety of extractants.  Work addressing this opportunity is now underway in this 

laboratory.  
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CHAPTER 3: 

 

SOLVENT STRUCTURAL EFFECTS ON THE SOLUBILITY OF BIS(2-
ETHYLHEXYL)PHOSPHORIC ACID IN ROOM-TEMPERATURE IONIC LIQUIDS 

3.1 Introduction 

Organophosphorus reagents have long played an important role in the development of 

processes for the extraction and recovery of actinides and lanthanides.1 Beginning with the 

synthesis of tri-butyl phosphate (TBP) and its subsequent application to nuclear fuel reprocessing 

in the 1940’s,2 this family of reagents has grown to encompass a wide variety of important 

extractants, among them other neutral organophosphates (e.g., DAAP; diamyl 

amylphosphonate),3 dialkylphosphinic (e.g., Cyanex 272),4-phosphonic,5 and -phosphoric acids,6 

and phosphine oxides (e.g., TOPO; tri-octyl-phosphine oxide).7 Of these, bis(2- 

ethylhexyl)phosphoric acid (HDEHP) undoubtedly ranks as one of the most useful, a result of its 

ability to efficiently extract a number of metal ions, resistance to hydrolysis, and low water 

solubility.8 In the early 1960’s, it was recognized that the selectivity of HDEHP for the 

extraction of trivalent lanthanides over actinides could be vastly improved by addition of an 

appropriate complexing agent (i.e., an aminopolycarboxylic acid such as diethylenetriamine 

pentaacetic acid, DTPA) to the aqueous phase.9,10 In such systems, extraction selectivity arises 

not from the extractant alone, but also from competitive interactions of the aqueous complexing 

agent added with the various metal ions present. This approach ultimately provided the basis of 

the well-known TALSPEAK (Trivalent Actinide Lanthanide Separations by Phosphorus-Reagent 

Extraction from Aqueous Komplexes) Process, by which trivalent transplutonium actinides can 

be separated from fission product lanthanides.10 Since its first published description in 1968,11 

TALSPEAK has been the subject of extensive investigation to establish its capabilities and 
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limitations.12-15  As a result of such studies, it is now recognized that the process suffers from 

several significant drawbacks that limit its utility, among them the requirement for careful pH 

control, the need for multiple separation stages, and susceptibility to the effects of radiation 

damage.15  There has thus been considerable ongoing effort directed toward the development of 

alternatives to or modifications of the TALSPEAK Process.16-19 

With the introduction of ionic liquids (ILs) as alternatives to conventional extraction 

solvents20-24 has come interest in the possibility of exploiting the unique properties of ILs to 

either completely “reinvent” the process or simply modify it by replacement of the molecular 

diluent ordinarily employed (i.e., n-dodecane or diisopropylbenzene). In pursuing reinvention, 

Shkrob et al.25 have prepared DTPA-functionalized ILs, which are immiscible with organic 

solvents (e.g., cumene), as a replacement for the aqueous phase. Here competitive extraction 

involving this DTPA-IL conjugate and HDEHP in an organic solvent provides the basis for a 

group separation of actinides and lanthanides. While effective (αEu/Am > 250 for certain 

incarnations), the unorthodox nature of the system has meant that interest in more “conventional” 

alternatives continues.26-29 For example, Sun et al.29 have proposed simply replacing the organic 

diluent with an appropriate IL. Unfortunately, HDEHP was found to be poorly soluble in the 

short-chain (n = 2-6) 1-alkyl-3-imidazolium bis[(trifluoromethyl)sulfonyl] imides  

(Cnmim+Tf2N-) examined, necessitating the use of longer-chain analogs (e.g., n = 10) that are 

substantially more viscous.  That HDEHP would apparently be poorly miscible with an IL is 

somewhat unexpected, given the well-known ability of ionic liquids to dissolve a variety of 

solutes. 

In conjunction with our ongoing studies of extractant solubility in ILs and its effects on 

the design of extraction chromatographic (EXC) sorbents employing these diluents,34 we have 
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carried out a systematic examination of the effect of IL structure (i.e., the nature of the IL cation 

and anion) on the solubility of HDEHP in representative examples of two common IL families.  

As will be shown, HDEHP solubility can be related quantitatively to certain structural features of 

the ILs, most notably IL cation and anion molar volume.  This observation, in addition to its 

relevance to the development of new EXC materials, has important implications in efforts to 

devise IL-based analogs of the TALSPEAK Process.  

3.2 Experimental 

3.2.1 Reagents 

All chemicals were reagent grade and unless otherwise noted, were used as received.  All 

water was obtained from a Milli-Q2 system and exhibited a specific resistance of at least 18 MΩ-

cm. Lithium bis[(trifluoromethyl)sulfonyl]imide (LiTf2N) and lithium bis(fluorosulfonyl)imide 

(Li(FSO2)2N) were purchased from TCI America (Portland, OR), while 1-methylimidazole, 

pyridine, lithium trifluoromethane sulfonate (i.e., lithium triflate; LiTf), lithium tetrafluoroborate 

(LiBF4) and all alkyl bromides were obtained from Sigma-Aldrich (St. Louis, MO).  Lithium 

bis(pentafluoroethanesulfonyl)imide (LiBETI) was purchased from the 3M Corporation 

(Maplewood, MN).  1-octyl-3-methylimidazolium perfluorobutane sulfonate (i.e., C8mim+NfO-) 

was purchased from Iolitec (Heilbronn, Germany).  With the exception of C4mim+PF6
-, which 

was purchased from Acros Organics (Geel, Belgium), all ionic liquids were synthesized via a 

two-step procedure involving quaternization of either methylimidazole or pyridine with an 

appropriate alkyl bromide to yield the halide form of the IL (e.g. Cnmim+Br-, CnPyr+Br-), 

followed by anion metathesis to provide the desired (e.g., Tf2N-) product.35,36  To ensure that 

each was free of its halide precursor, the products were extensively washed with deionized water. 

Washing was continued until addition of silver nitrate to an aliquot of the wash solution yielded 
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no observable precipitate (AgBr) formation. As a further check of purity, the ILs were then dried 

for 24 hours in vacuo at 80°C37,38 and subjected to 1H-NMR analysis.  In no case was evidence of 

the presence of protons associated with the halide form of the ILs observed. Finally, all ILs were 

stored in a desiccator until used in the HDEHP solubility studies. HDEHP was purchased from 

Sigma-Aldrich and purified by copper salt precipitation.39  Its purity was verified by 31P-NMR. 

Deuterated methanol, chloroform and methylene chloride were purchased from 

Cambridge Isotope Laboratories (Tewksbury, MA).  Trioctylphosphine oxide (TOPO) was 

purchased from the Eastman Kodak Company (Rochester, NY).   

The 4-nitroaniline and N,N-diethyl-4-nitroaniline were purchased from Sigma-Aldrich 

and Oakwood Products Inc., respectively. Acetonitrile and non-deuterated methylene chloride 

were purchased from Honeywell Corporation (Muskegon, MI). 

3.2.2 Equipment 

A TA Instruments TGA-Q50 thermogravimetric analyzer equipped with a platinum pan 

was used for all thermal property measurements, and all mass loss data were processed using the 

TA Universal Analysis software.  A Shimadzu UV-Vis Spectrophotometer 2450 with a 1-cm 

path length quartz cuvette was used to acquire all UV-Vis spectra.  All spectra were processed 

with Shimadzu UV-Probe version 2.50 software. 

All NMR experiments were performed at 25°C.  1H-NMR spectra were obtained with a 

Bruker DPX-300 NMR spectrometer equipped with a broad-band optimized BBO probe 

operating a frequency of 300.13 MHz and were referenced against TMS.  The 31P-NMR spectra 

were obtained on a Bruker Avance III HD 500-MHz spectrometer equipped with a 5-mm X-

nuclei-optimized BBO Smart™ probe with z-gradients at a frequency of 202.4613964 MHz for 
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31P using an inverse gated decoupling sequence to minimize NOE effects.  Typical acquisition 

parameters for quantitative measurements were a 90° pulse length of 14 μs, a spectral width of 

20,161 Hz and a data size of 65,536 points, resulting in an acquisition time of 1.6 s.  Sixteen 

scans were accumulated with a relaxation delay of 10 s, which was chosen to be longer than five 

times the longest 31P relaxation time measured for any of the samples (0.9 – 1.7 s).   The 31P 

relaxation times for the TOPO internal standard and HDEHP were measured for two 

representative samples using an inversion recovery sequence.  All NMR spectra were recorded 

with Bruker Topspin version 3.5 pl7 software. 

3.2.3 Procedures 

Unless otherwise noted, the solubility of HDEHP in the various ILs was determined by 

thermogravimetric analysis (TGA) using the procedures described in Chapter 2.40 Briefly, the IL 

was equilibrated with an excess of HDEHP for at least six hours. A ca. 25 mg sample of 

extractant-saturated IL was then taken for thermal analysis.  For blank determinations, the pure 

IL was subjected to an identical temperature program.  The mass loss for each test sample and IL 

was measured three times.  For those ILs for which satisfactory results could not be obtained by 

TGA, the solubility of HDEHP was measured either by 31P-NMR (C8mim+(FSO2)2N- and 

C4Pyr+Tf2N) or via phosphorus determination in the extractant saturated IL using ICP-AES 

(C2mim+Tf2N-, C4mim+Tf2N-, C2mim+BETI-, C4mim+BETI-, and C8mim+BF4
-), the latter 

performed at Galbraith Laboratories (Knoxville, TN).  For the 31PNMR measurements, the NMR 

spectra were processed using an exponential function with a line-broadening factor of one, and a 

baseline correction was applied.  The signals of TOPO and HDEHP were integrated, the TOPO 

signal calibrated to one, and the HDEHP signal reported as a fraction of the standard signal. 
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Phosphorus chemical shifts were determined relative to 80% H3PO4 using the deuterium 

chemical shift of the deuterated chloroform signal as an indirect internal reference.    

The hydrogen bond basicity (β) and dipolarity/ polarizability (π*) of the ILs were 

measured following the procedures outlined by Fredlake et. al.41  Each ionic liquid was dried for 

72 hours at 70 °C under vacuum and stored in a desiccator until use.  A 3-mL aliquot of the dried 

IL was combined with a dye-dichloromethane solution such that the absorbance of the resulting 

mixture was approximately 1.   The dichloromethane was then removed in vacuo at 60 °C over a 

period of 30 minutes.  The dye-IL solution was then equilibrated for 30 minutes at 25 °C prior to 

analysis on the UV-Vis.  Each sample solution was scanned three times, and from the average, 

π* was calculated according to the following equation:41,42 

    ʋmax = 27.52-3.182π*            (3.1) 

Here, ʋmax = 10,000/ λmax.  ʋmax (in kiloKaisers, kK) is the wavenumber corresponding to the 

wavelength of the absorbance maxima, where λmax was measured using N,N-diethyl-4-

nitroaniline. 

The solvent parameter β was calculated according to the following equation:41  

β = [1.035ʋ(2)max - ʋ(1)max + 2.64 kK]/2.80    (3.2) 

Here, ʋ(1)max and ʋ(2)max are the absorbance maxima for 4-nitroaniline and N,N-diethyl-4-

nitroaniline, respectively, in kK. 

The hydrogen bond acidity (α) was measured for each imidazolium-based IL according to 

the procedure outlined by Lungwitz et al.43  Briefly, a 1.8 M solution of the IL of interest was 

prepared in deuterated methylene chloride.  The shift of the C-2 proton of the imidazolium ring 
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was then measured by 1H-NMR, and the resulting shift used to calculate α from the following 

equation: 

   δ (ppm) = 12.686 – 7.770α      (3.3) 

The density of each IL was determined by filling a weighed 2-mL volumetric flask to 

volume with it and re-weighing.  From the average of three trials, the molar volume (Ṽ) of each 

IL was then calculated from the IL molar mass and the measured density. 

Regression analyses were performed on Microsoft Excel 2016 with the data analysis tool 

enabled. 

3.3 Results and Discussion  

The ability to solubilize a wide range of solutes is among the most often-cited advantages 

of ionic liquids over conventional (i.e., molecular) solvents.44 Indeed, prior studies have 

demonstrated that such diverse materials as sugars,45 cellulose,46 wood,47 and even bananas48 can 

be dissolved in an appropriate IL.  Unexpectedly, however, several studies have found that the 

solubility of various common extractants in certain ionic liquids is limited.  As already noted, for 

example, the solubility of HDEHP in short-chain Cnmim+Tf2N- ILs is poor.27-29 Along these 

same lines, the adverse impact of the limited solubility of certain crown ethers in ILs upon the 

performance of IL-based EXC materials for strontium has previously been reported.34 Although 

these studies do indicate that an extractant will be better solubilized by an IL whose cation 

incorporates a long alkyl chain than by an analogous short-chain solvent, to the best of our 

knowledge, no reports have appeared attempting to describe quantitatively the effect on 

extractant solubility brought about by changes in IL structure.  Attempts have been made to 

quantify the effect of IL cation and anion structure on the solubility of other solutes, most 
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notably by use of Kamlet-Taft solvent parameters.49-52 These parameters were developed to 

elucidate the role of various solvent properties in determining chemical reaction rates, or in 

influencing such processes as solute dissolution and chromatographic retention.53-56  By using a 

linear combination of parameters representing selected solvent characteristics (e.g., 

polarizability), the property of interest (designated as XYZ) within a given family of solvents can 

often be described by an equation of the general type:  

XYZ = XYZ0 + aA + bB + cC + …    (3.4) 

where a, b, and c constitute measures of the relative susceptibility of property XYZ to solvent 

characteristics A, B, and C, respectively. As applied to the dissolution of a solute in a series of 

solvents, this equation will take the general form:56  

S = S0 + sπ* + aα + bβ + hδH     (3.5) 

where S is the solubility of the solute of interest, π* is the solvent dipolarity/ polarizability, α is 

the hydrogen bond acidity of the solvent (which describes its ability to donate a proton in a 

solvent-to-solute hydrogen bond), β is the hydrogen bond basicity of the solvent (which 

represents its ability to accept a proton in a solute-to-solvent hydrogen bond), and δH is the 

Hildebrand solubility parameter, a measure of the extent of disruption of solvent-solvent 

interactions resulting from the creation of a cavity in the solvent to accommodate the solute. (An 

additional term, eξ, a measure of coordinate covalency, is sometimes incorporated for basic 

solvents.56) While various reports have described correlations involving a single parameter, 

regression analyses including multiple Kamlet-Taft parameters are more common.50, 55, 57 For 

solute dissolution in conventional solvents, such analyses have often found statistically 

significant dependencies of solute solubility on the various K-T parameters, either alone or in 
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various combinations.56 For solute dissolution in ionic liquids, the available data are more 

limited.  Nonetheless, studies of alkane solubility in C4mim+-systems have demonstrated an 

inverse relationship between solubility and the hydrogen bond basicity of the IL anion.49 In 

contrast, the solubility of cellulose has been found to increase with increasing IL anion hydrogen 

bond basicity, as well as with increasing IL cation hydrogen bond acidity.50,51 Taken together, 

these observations indicate that the possible influence of all of the solvent parameters must be 

considered in efforts to understand the effect of IL structure on the solubility of HDEHP.  

As a first step in the present study, prior qualitative observations on the solubility of 

HDEHP in Cnmim+Tf2N- ILs were examined quantitatively. In addition, the solubility of the 

extractant in a series of N-alkylpyridinium-based ILs was determined. Table 3.1 summarizes the 

results obtained. As can be seen, HDEHP solubility in both families of ILs decreases markedly 

as the alkyl chain length on the cation is reduced. For example, while HDEHP is completely 

miscible with C10mim+Tf2N-, its solubility falls to 0.0960 M for n = 6 and declines still further at 

n =2.  Analogous measurements on ILs pairing the same series of cations with other anions yield 

similar results.  
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Table 3.1. Measured solubility of HDEHP in a series of N,N-dialkylimidazolium and N- 
alkylpyridinium ionic liquids (T = 23 ± 2 °C). 

Ionic Liquid Solubility (M)±SD 

C6PyrBETI 0.107 ± 0.010 

C8PyrBETI 0.522 ± 0.026 

C4PyrTf2N 0.0188 ± 0.001 

C6PyrTf2N 0.093 ± 0.006 

C8PyrTf2N 0.460 ± 0.005 

C8mimNfO 0.664 ± 0.019 

C8mimTf 0.341 ± 0.007 

C8mim(FSO2)2N 0.205 ± 0.010 

C8mimBF4 0.108 

C2mimTf2N 0.0046 

C4mimTf2N 0.017 

C5mimTf2N 0.042 ± 0.003 

C6mimTf2N 0.096 ± 0.005 

C7mimTf2N 0.238 ± 0.006 

C8mimTf2N 0.676 ± 0.010 

C2mimBET I 0.0044 

C4mimBET I 0.019 

C6mimBET I 0.101 ± 0.008 

C8mimBET I 0.793 ± 0.007 
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Table 3.2 summarizes the available (experimentally determined or published) Kamlet-

Taft parameters of these same ionic liquids.  The values of α, β, and π* measured here are in 

good agreement with literature values, where available.41,42,58,59 The measured values of α were 

found to be essentially constant regardless of the alkyl chain length, both for the BETI- and the 

Tf2N-   Cnmim+ ILs, making it difficult to employ this parameter in subsequent regression 

analyses.  In fact, all regression analyses performed using α, either alone or in combination with 

other Kamlet-Taft parameters, indicate that it has no statistically significant effect on HDEHP 

solubility.  Subsequent efforts to explain the observed trends in solubility therefore employed 

only β, π*, and the Hildebrand solubility parameter, δH.60,61 Given that it is the free energy of 

dissolution of a solute, ΔGsol’n, that can be correlated with various solvent parameters, and given 

the known relationship between ΔG and ln K, these efforts focused on the relationship between 

the natural logarithm of the HDEHP solubility, ln SHDEHP, and these three solvent properties:  

ln SHDEHP = ln SHDEHP,0 + bβ + sπ* + hδH    (3.6) 
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Table 3.2. Kamlet-Taft solvent parameters and Hildebrand solubility parameters of a 
series of N,N-dialkylimidazolium and N-alkylpyridinium ionic liquids (T = 23 ± 2 °C). 

Ionic Liquid α Β π∗ δH60,61 

C6PyrBETI − 0.24 0.98 − 

C8PyrBETI − 0.36 0.93 − 

C4PyrT f2N − 0.12 0.82 22.58 

C6PyrT f2N − 0.26 1.01 21.40 

C8PyrT f2N − 0.21 1.04 20.39 

C8mimnonaflate 0.47 0.55 0.91 − 

C8mimCF3SO3 0.48 (0.51)58 0.58 0.96 22.73 

C8mim (FSO2)2N 0.53 0.45 1.03 22.39 

C2mimTf2N 0.53 0.23 1.00 23.72 

C4mimTf2N 0.56 0.24 0.98 22.41 

C5mimTf2N 0.053 0.262 (0.26)59 0.984 (0.97)59 21.83 

C6mimTf2N 0.52 (0.51)58 0.26 0.97 21.30 

C7mimTf2N 0.52 0.30 0.97 20.80 

C8mimTf2N 0.52 0.30 0.96 20.33 

C2mimBET I 0.53 0.19 0.95 − 

C4mimBET I 0.52 0.25 0.95 − 

C6mimBET I 0.52 0.29 0.93 − 

C8mimBET I 0.52 0.23 0.98 − 

C8mimBF4 0.4558 0.3941 0.9641 24.14 

Acetonitrile − 0.37 (0.37)41 0.79 (0.78)41 − 

C4mimPF6 − 0.21 (0.21)41 1.02 (1.05)41 − 
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Plots of HDEHP solubility (as ln SHDEHP) versus either π* or β alone failed to yield a 

well-defined trend.  Although the plot of ln SHDEHP against β did exhibit statistical significance (p 

= 0.019), an unacceptably low R2 value (0.28) was obtained.  A regression analysis incorporating 

both parameters was therefore performed, yielding the following equation:  

ln SHDEHP= -0.090(0.94) + 0.83β(0.12) + 0.078π*(0.95)   (3.7) 

Shown in parentheses are the values of p associated with each fit parameter. Because statistical 

significance at the 95% level of confidence requires a p-value of less than 0.05 for a given 

Kamlet-Taft parameter, a combination of π* and β clearly cannot be used to explain HDEHP 

solubility in ILs.  

Attempts to correlate the observed solubility with δH, either alone or in combination with 

other parameters, proved problematic for several reasons.  First, a variety of approaches to the 

determination of the Hildebrand solubility parameter (defined mathematically as per Equation 

3.8, where ΔE is the interaction energy and Ṽ is the solvent molar volume) have been 

described.60-65  Unfortunately, published δH values for a given IL often exhibit significant 

dependence on the method of determination,66 complicating attempts to apply the parameter to 

the interpretation of solubility data. 

δH = -ට
௱ா

Ṽ
     (3.8) 

Next, although Equation 3.5 implies that the solubility of a given solute will vary monotonically 

with δH, it has been reported that solubility increases as the difference between the solubility 

parameters of the solute and solvent decreases; thus, a plot of solubility versus δH will exhibit a 

maximum at the solute δH.67 (Lee et al., for example, observed that lignin solubility in a series of 
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C4mim+-based ILs increased as the solvent δH value approached that of lignin (24.9).)68 Finally, 

in an extensive study involving more than two-dozen solutes and a comparable number of ILs, 

Marcus69 reported difficulty in making solubility predictions on the basis of δH values. Even with 

the addition of an entropic correction term, in fact, acceptable solubility correlations were not 

observed.  For the present data, the absence of an acceptable correlation is best illustrated by the 

results for C4mim+Tf2N-, C4pyr+Tf2N-, and C8mim+CF3SO3
-. That is, despite having essentially 

the same δH, the three ILs provide quite different HDEHP solubility (Table 3.1). All of this 

argues against a role for δH in correlating the HDEHP solubility data.  

Despite this, prior work suggests that a related parameter, solvent molar volume (Ṽ), may 

be useful in rationalizing solute solubility. For example, in a 1993 study of the solubility of 

fullerenes in a number of conventional solvents, Ruoff et al.70 noted that dissolution of C60 

increases with greater solvent molecular size (i.e., Ṽ).  Along these same lines, several previous 

investigations have demonstrated that gas solubility in ionic liquids is directly related to solvent 

molar volume.71,72 Regression analysis using the IL molar volume (Table 3.3) alone was 

therefore carried out, yielding the following:  

ln SHDEHP= -0.84(0.018) + 3.21Ṽ(0.0035)     (3.9) 
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Table 3.3. Density and molar volume (Ṽ) values for a series of N,N-dialkylimidazolium and 
N-alkylpyridinium ionic liquids (T = 23 ± 2 °C). 

Ionic Liquid Density (g/mL) Molar  Volume (L/mol) 

C2mimTf2N73 1.52 0.257 

C4mimTf2N73 1.44 0.291 

C5mimTf2N73 1.40 0.309 

C6mimTf2N73 1.37 0.321 

C7mimTf2N73 1.34 0.343 

C8mimTf2N73 1.32 0.360 

C2mimBETI74 1.597±0.001 0.308 

C4mimBETI
74

 1.507±0.001 0.345 

C6mimBETI
74

 1.445±0.001 0.387 

C8mimBETI
75

 1.37±0.01 0.423 

  C6P yrBET I 1.45±0.01 0.385 

  C8P yrBET I 1.38±0.01 0.424 

    C4PyrTf2N 76 1.50 0.287 

   C6P yrT f2N 1.38±0.01 0.332 

      C8P yrT f2N 1.29±0.02 0.376 

C8mimNfO 1.35±0.02 0.365 

C8mimTf77 1.19 0.368 

C8mim(FSO2)2N 1.28±0.03 0.292 

C8mimBF478 1.12 0.252 
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While this regression did not provide an R² value high enough (R2 = 0.36) to indicate that 

HDEHP solubility is fully and solely explained by solvent molar volume, the p-value (in 

parentheses) indicates that it does play a significant role in determining the solubility of HDEHP 

in the ionic liquids examined.  

As noted above, statistical analysis of the relationship between ln SHDEHP and β indicated 

that this parameter must be included in any treatment attempting to explain HDEHP dissolution. 

A regression analysis of ln SHDEHP as a function of both Ṽ and β was thus performed, yielding the 

following relationship:  

ln SHDEHP = -11.43(0.000) + 20.269Ṽ(0.000) + 7.798β(0.001)   (3.10) 

The resulting (low) p-values, along with an R2 of 0.684, show the improvement in solubility 

prediction (Figure 3.1). (Note that π*, combined with either Ṽ alone or Ṽ and β together, did not 

yield statistically acceptable results.) While the p-values demonstrate the statistical significance 

of β and Ṽ, the modest value of R2 indicates that the explanation of HDEHP solubility in the ILs 

studied remains incomplete.  
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Figure 3.1. Experimentally determined vs. calculated (according to Eqn. 10) solubility of 
HDEHP (as ln SHDEHP) in a series of hydrophobic room-temperature ionic liquids. 

 

In the course of a closer examination of the data relating HDEHP solubility to IL molar 

volume, it was noted that for certain subsets of the data, the relationship between the two 

variables was well defined.  Indeed, when the HDEHP solubility was plotted for a set of ILs 

comprising a fixed cation in combination with various anions (i.e., C8mim+X- ILs), a simple, 

straight-line relationship with a much-improved correlation coefficient (R2 = 0.934) was 

observed (Figure 3.2):  

ln SHDEHP = -0.967(0.007) + 4.332Ṽ(0.002)     (3.11) 
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Figure 3.2. HDEHP solubility (as ln SHDEHP) vs. molar volume (Ṽ) for a series of C8mim+X- 

ionic liquids. 

Similarly, when the IL anion was fixed (as Tf2N-) and the cation varied (Cnmim+, with n = 2-8), a 

linear relationship (R2 = 0.993) between HDEHP solubility and IL molar volume was again 

obtained (Figure 3.3).  Ultimately then, molar volume is seen to be most useful in predicting 

HDEHP solubility in ILs comprising fixed-cation-variable-anion or fixed-anion-variable- cation 

systems.  
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Figure 3.3. HDEHP solubility (as ln SHDEHP) vs. molar volume (Ṽ) for a series of 
Cnmim+Tf2N- ionic liquids. 

Spear et al.79 have previously noted that only limited conclusions can be drawn when 

multivariate analysis is applied to relatively small data sets, such as comprise the nearly twenty 

ILs examined here.  Nonetheless, by demonstrating that both the IL cation and anion should be 

selected as to maximize the solvent molar volume and by quantifying the effect upon HDEHP 

solubility of changes in IL molar volume, our results provide useful guidance in efforts to 

identify ionic liquids providing a suitable medium for the dissolution of HDEHP and by 

extension, other extractants.  
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3.4 Conclusions  

The results of this study represent the first systematic quantitative determination of the 

solubility of HDEHP in ionic liquids.  Previously used to describe gas solubility in ILs, solvent 

molar volume has proven useful as a predictor of HDEHP solubility and thus, as a guide to the 

selection of an IL system that will dissolve concentrations of this extractant of practical 

significance.  While larger (i.e., higher molar volume) ILs dissolve substantially more HDEHP 

than their lower Ṽ analogs, they are also significantly more viscous.80  Efforts to replace 

conventional molecular diluents with ILs in the TALSPEAK Process will thus need to confront 

the increase in process solvent viscosity certain to accompany this replacement.  Although 

raising the temperature will reduce the viscosity of the IL, perhaps substantially,81 this reduction 

may be accompanied by a decrease in metal ion extraction efficiency and/or selectivity,82 a 

clearly undesirable result.   

Of course, highly viscous solvent systems can be employed on solid-supports for metal 

ion extraction,83,84 and this may ultimately prove to be the preferred approach to employing 

HDEHP-IL mixtures (and solutions of extractants in ILs in general) in metal ion separations. 

Work to address this opportunity, as well as to determine the relevance of our results to other 

extractant families, is now underway in our laboratory.  
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CHAPTER 4 

 

SUPPORT LOADING EFFECTS ON THE PERFORMANCE OF AN EXTRACTION 
CHROMATOGRAPHIC RESIN: TOWARD IMPROVED SEPARATIONS OF 

TRIVALENT LANTHANIDES  

4.1 Introduction 

 Since the introduction of the first commercial extraction chromatographic materials more 

than two decades ago,1-6 extraction chromatography (EXC) has become the most widely 

employed technique for the separation and preconcentration of radionuclides for subsequent 

determination,7 largely supplanting classical methods based upon solvent extraction, 

precipitation, and ion exchange.8-10  Extraction chromatography has also attracted increasing 

interest as a possible compliment to or replacement for solvent extraction in the large-scale 

separation of various metal ions in nuclear fuel reprocessing and hydrometallurgy.11-15  Unlike 

conventional liquid chromatography, in EXC, the stationary phase comprises a metal ion 

extractant or a solution of an extractant in a water-immiscible diluent, supported on an inert, 

porous, (typically) polymeric support.  By appropriate choice of mobile (aqueous) phase, the 

retention of the metal ion of interest and ideally, its separation from matrix constituents and 

interfering species, can be effected. 

Despite its widespread application, EXC is not without limitations.16 For example, 

because the extractant molecules are not covalently tethered to the support, physical stability can 

be problematic, despite efforts at improvement.17-18 Along these same lines, because the ability 

of the support to contain extractant is limited, so too is the capacity of an extraction 

chromatographic resin to sorb metal ions.19 While recent results suggest that extractant 

encapsulation in an appropriate polymer may offer a means of increasing the maximum metal ion 

uptake of an EXC sorbent,19 these efforts are still in their early stages.  Lastly, the comparatively 
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large particle size supports typically employed in EXC (often 50-100 μm or larger) means that 

column efficiency is generally poor.  Recent work by the author, for example, has shown that for 

columns of a size (e.g., 200 μL) suitable for high-throughput radiochemical separations (i.e., lab-

on-a-valve format), plate numbers only in the single digits may be observed.20 

With this observation in mind, we have undertaken efforts to improve the column 

efficiency associated with extraction chromatographic materials.  Despite a substantial body of 

literature concerning EXC, systematic investigations of the factors governing column efficiency 

are comparatively few.21-28 Moreover these studies have generally focused on materials prepared 

using such supports as porous silica21,24 or diatomaceous earth,25,26 not the macroporous polymers 

employed in contemporary extraction chromatography.1-6  As a first step in our investigations, 

we have examined the effect of the level of extractant impregnation of a support upon column 

efficiency, as exemplified by HDEHP-loaded Amberchrom CG-71m, macroporous beads of 

poly(methyl methacrylate) (PMMA) that provide the basis of most commercial EXC sorbents.  

The results demonstrate that reduced support loading can lead to a measurable increase in 

column efficiency, in addition to reduced peak tailing.  As will be shown, these improvements 

can have practical significance, as illustrated by their effect on the separation of selected trivalent 

lanthanides. 

4.2 Experimental 

4.2.1 Reagents 

Unless otherwise noted, all chemicals were ACS reagent grade and were used without 

further purification.  All water was obtained from a Milli-Q2 system and exhibited a specific 

resistance of at least 18 MΩ-cm.  Methanol and nitric acid (Optima grade) were purchased from 
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Fisher Scientific.  Polytetrahydrofuran (PTHF) 250, along with trace metal grade (99.9% pure) 

europium (III) nitrate pentahydrate, neodymium (III) nitrate hexahydrate, gadolinium (III) nitrate 

hexahydrate, and cesium nitrate were obtained from Sigma-Aldrich (St. Louis, MO).  The bis(2-

ethylhexyl)phosphoric acid was purchased from Sigma-Aldrich and purified by copper salt 

precipitation prior to use.29  Its purity was verified by 31P-NMR. 

The 152/154Eu and 137Cs radiotracers were obtained from Eckert and Ziegler Isotope 

Products (Valencia, CA). The Ln resin (50-100 μm particle size) was purchased from EiChrom 

Technologies (Lisle, IL). Amberchrom CG-71m (50-100 μm diameter beads of porous 

poly(methylmethacrylate)) was obtained from Rohm and Haas (Philadelphia, PA) and 

preconditioned before use as described previously.30  Briefly, a weighed portion of the crude 

resin was contacted with deionized water for 30 minutes with occasional swirling. The resulting 

slurry was then transferred to a coarse-fritted glass funnel and the water removed by vacuum 

filtration. Methanol was then poured over the wet resin and allowed to percolate through the bed 

under gravity. The last traces of methanol were removed under vacuum. This process was 

repeated twice more, and the washed resin transferred to a round-bottomed flask using a small 

volume of methanol. The methanol was removed under vacuum at 50 °C using a rotary 

evaporator, yielding the dried, purified resin.  

4.2.2 Instrumentation 

The radiotracers were assayed using a Perkin-Elmer Model 2480 Automatic Gamma 

Counter.  Inactive (i.e., non-radioactive) metal ions were quantified using a Shimadzu 

Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) 2030.  Surface area analyses were 

conducted using a Micromeritics ASAP 2020 Plus.  Chromatographic elution profiles were 
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determined on Bio-Rad (Hercules, CA) Econo-Pac® chromatography columns (diameter = 0.5 

cm; height = 5 cm). 

4.2.3 Methods 

4.2.3.1 Resin impregnation   

A weighed portion of purified Amberchrom CG-71m was slurried with methanol, then 

combined with a solution containing an appropriate quantity of PTHF 250 or HDEHP, also in 

methanol.  The mixture was equilibrated for 24 hours, after which loaded support particles were 

recovered by rotary evaporation of the methanol in vacuo at 50°C. 

4.2.3.2 Determination of weight distribution ratios   

Solid-liquid (weight) distribution ratios (Dw) for europium were measured radiometrically 

using a 152/154Eu radiotracer.  For neodymium and gadolinium, Dw values were determined by 

ICP-MS using solutions of inactive Nd(NO3)36 H2O and Gd(NO3)36 H2O, respectively. 

Specifically, the uptake of each metal ion solution from a series of nitric acid solutions by the 

resins was measured by contacting a known volume (typically 1 mL) of 152/154Eu(III)-, Gd(III)-, 

or Nd(III)-spiked acid solution of appropriate concentration with a known quantity of resin (ca. 

20-25 mg).  The ratio of the aqueous phase volume (mL) to the weight of the chromatographic 

material (in grams) typically ranged from 40-50.  Such a ratio was found to provide a readily 

measured decrease in the aqueous phase metal ion content upon contact with the resin.  A two-

hour contact time was used for equilibration.  Following equilibration, an aliquot of aqueous 

phase was withdrawn from each culture tube and the gamma activity or concentration measured.  

From the difference in the activity or concentration of the aqueous phase before and after contact 
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with the resins, the weight distribution ratio (Dw) of europium, neodymium, or gadolinium was 

calculated according to Equation 4.1: 

Dw = [(A0-Af)/Af] (V/w)          (4.1) 

where A0 and Af are the aqueous phase activity (cpm) or concentration before and after 

equilibration, respectively, w is the mass (g) of the resin, and V is the volume of the aqueous 

phase (mL). 

4.2.3.3 Determination of metal ion uptake kinetics.   

Into a series of screw-cap test tubes, each containing the same amount (20-25 mg) of the 

sorbent of interest, was introduced a known volume (generally 1 mL) of an appropriate nitric 

acid solution containing a 152/4Eu radiotracer. At various time intervals following the introduction 

of the tracer solution, during which the samples were periodically mixed to ensure equilibration, 

the aqueous phase was withdrawn from one of the test tubes and filtered through a 0.45 μm 

PVDF filter. From the initial and final activity of the aqueous phases, Dw values were calculated 

as described above (Eqn. 1) and a plot of the time dependence of Dw prepared.  

4.2.3.4 Determination of sorbent capacity 

For capacity determinations, a concentrated solution of inactive europium nitrate (each 1-

mL aliquot containing five times the stoichiometric amount of extractant present) in dilute nitric 

acid (0.025 M, 0.05 M, 0.1 M, and 0.15 M HNO3 for the 10%, 15%, 20%, and 30% (%w/w) 

HDEHP resins, respectively, chosen so as to correspond to >> 99% extraction) was prepared and 

spiked with a 152/154Eu radiotracer.  A weighed quantity (20-25 mg) of the sorbent of interest was 

then placed in a test tube and contacted with 1 mL of the radiotracer-spiked europium solution.  

After vortex mixing, samples were allowed to stand undisturbed for 24 hours, well beyond the 20 
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minutes found in kinetics studies to be required for establishment of equilibrium. The aqueous 

phase was then withdrawn and filtered through a plastic frit.  From the initial and final activity of 

the aqueous phase, the capacity of the sorbent (mg Eu/g of sorbent) was then calculated based on 

the assumption that the fraction of inactive europium taken up corresponds to the fraction of Eu-

152/154 sorbed.  

4.2.3.5 Column preparation and characterization  

To pack a column, a small quantity of the resin of interest was slurried in Milli-Q2 water, 

and aliquots of the slurry transferred to an Econo-Pac® column.  Because the resins settled 

readily, packing was carried out without applied pressure.  When the resin bed reached the 

desired height, a small plug of glass wool was placed atop the bed so that it would not be 

disturbed by the introduction of a sample.  The bed was then preconditioned with 10 free column 

volumes (FCVs) of the desired nitric acid solution.  Unless otherwise noted, all column runs 

utilizing the 50-100 μm particles were carried out as part of studies of the effects of support 

loading were performed without applied pressure, corresponding to a flow rate of 1.57 ± 0.12 

mL/cm2·min.  No systematic changes in gravity flow rates were noted upon changes in the level 

of support loading.  All column runs utilizing 20-50 μm particles were carried out at a flow rate 

of 1.50 ± 0.05 mL/cm2·min. 

The resin density and column parameters such as the bed density, stationary phase 

volume (vs, the volume of liquid extractant contained in the pores of the support), and mobile 

phase volume (vm, the free column volume) were measured using established methods.31  

Specifically, the resin density was determined by adding a small amount of resin to a series of 

nitric acid solutions of increasing concentration until a concentration was found at which the 

resin remained suspended upon mixing.  At this point, the resin density matches that of the 



77 
 

solution, which in turn, can be determined by weighing a known volume of the solution.  The 

bed density was determined by measuring the mass of resin required to prepare a bed of known 

(0.90 mL) volume. The volume of stationary phase, Vs, was determined from the weight of EXC 

material in the column, the resin loading (i.e., the weight percent of extractant present in the 

resin), and the density of the extractant.  The mobile phase volume, Vm, was determined by first 

equilibrating the resin bed with a nitric acid solution of known concentration (ca. 1 M).  A small 

volume (~5 μL) of 137Cs (or inactive cesium nitrate solution) was then added to the top of the bed 

and eluted with the acid solution.  Because HDEHP extracts monovalent cations poorly under the 

experimental conditions,32 cesium will be essentially un-retained.  Therefore, the mobile phase 

volume can be calculated from the average drop volume and the number of the drop in which 

cesium first appears in the column effluent.  All runs were carried out at ambient temperature 

(23±2 ºC). 

4.2.3.6 Elution behavior of europium-152/54.   

The elution profiles of 152/154Eu(III) on packed beds (0.90 mL bed volume) of 5%, 10%, 

15%, 20%, and 30% (w/w) HDEHP on Amberchrom CG-71m and on commercial Ln resin were 

determined using Bio-Rad Econo-Pac® chromatography columns (0.5 x 5 cm) with dilute HNO3 

as the eluent.  Specifically, 0.026 M, 0.045 M, 0.080 M, 0.13 M, 0.22 M and 0.30 M HNO3 were 

employed as the eluent for the 5%, 10%, 15%, 20%, and 30% (w/w) resins and the Ln resin, 

respectively.  Samples of the eluent were collected at intervals necessary to fully define the 

elution curve (typically 1-2 FCVs) and gamma counted. 
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4.2.3.7 Elution behavior of neodymium, gadolinium and (inactive) europium.   

After column preconditioning with 10 FCV of an appropriate nitric acid solution, a ~10-

μL aliquot of a stock solution combining Eu(III) (2.5 mM), Nd(III) (2.3 mM), and/or Gd(III) (2.5 

mM) (the precise combination depending on the separation of interest) was introduced atop the 

resin bed and eluted using the same acid solution.  The eluent was collected in 1-2 FCV fractions 

and assayed using the ICP-MS.  All runs were carried out at ambient temperature (23-25ºC). 

4.3 Results and Discussion 

4.3.1 Effect of pore structure on support filling   

Any discussion of the effect of support loading on the column efficiency observed for an 

EXC resin must begin with consideration of the internal structure of the support employed, in 

particular, the nature, size, and arrangement of the pores present.  Prior work by Arias et al.,33 in 

which the impregnation of Amberlite XAD-7 with a tetraalkylphosphonium ionic liquid (i.e., 

trihexyl(tetradecyl)phosphonium chloride, abbreviated hereafter as [P666,14
+

 ][Cl-]) was 

systematically examined, concluded that the interior of the resin comprises interconnected pores 

of three distinct size ranges: micropores 50 Å or less in diameter, mesopores 50-200 Å in 

diameter, and macropores greater than 200 Å in diameter.  Figure 4.1, which depicts the effect of 

loading various quantities of either a low molecular weight polymer (PTHF 250) or an 

organophosphorus extractant (bis(2-ethylhexyl)-phosphoric acid) into a smaller-particle analog 

of the same support (i.e., Amberchrom CG-71m) on its total surface area, supports this view.  

That is, as can be seen, the surface area vs. loading plots exhibit two discontinuities (i.e., slope 

changes), the first at a loading level (expressed as the volume fraction filled) of 0.18 and the 

second at 0.30.  
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Figure 4.1: Effect of support loading on the surface area of Amberchrom CG-71m for two 
fillers.  () PTHF 250; () HDEHP. 

Because the decline in surface area is steepest at low loading levels, the first of these must 

correspond to the transition from the filling of the smallest pores to the filling of intermediate-

size pores.  Similarly, the second must represent the start of the filling of the largest pores.  From 

the perspective of optimizing the level of extractant impregnation, it is instructive to consider a 

pictorial representation of the support (Figure 4.2), first suggested by Arias et al.33 on the basis 

of surface area vs. loading data for [P666,14
+

 ][Cl-] on XAD-7.  From this, it is clear that low levels 

of loading, which will serve to confine the extractant primarily to the smallest and least 

accessible pores (Figure 4.2C), are not desirable.  Of course, as has already been noted, high 

loading levels that result in filling of the entirety of the support (Figure 4.2E), such as are 

employed in commercial EXC resins, do not yield acceptable column efficiencies.  (Moreover 

they are known to reduce the physical stability of the sorbent.17,19)  This suggests that an 

intermediate level of loading, in particular one that leaves a significant portion of the extractant 
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deposited as a thin film on the walls of the mesopores (Figure 4.2D), should yield the highest 

column efficiency. 

 

Figure 4.2A-E: Representation of the interior structure of Amberlite XAD-7 filled to 
increasing levels with the ionic liquid P666,14+Cl-.33 

4.3.2 Effect of support loading on column performance 

  Prior studies concerning loading effects on column efficiency for various extractants on 

other supports, it should be noted, have yielded inconsistent results. In an examination of tri-n-

butyl phosphate (TBP) supported on a macroporous styrene-divinylbenzene copolymer (i.e., 

Amberlite XAD-4), for example, Louis et al.27 observed a decrease in plate height (i.e., an 

increase in the number of theoretical plates, N) as the support loading was increased.  Horwitz et 

al.,26 however, observed an increase in plate height (decreased N) as HDEHP loading on a 
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hydrophobic Celite support was increased, while Sochaka et al.22 observed analogous behavior 

for the same extractant on kieselguhr.  Finally, an examination of the effect of impregnation level 

on the behavior of HDEHP-loaded Amberlite XAD-4 (macroporous PS-DVB) in the extraction 

of uranium showed no such monotonic variation.28 Instead the relationship between the column 

efficiency and loading exhibited a minimum in plate height (maximum N) at intermediate (ca. 

43% w/w) loading, with significantly decreased efficiency (lower N) at higher or lower loading 

levels.  Similar behavior was reported by Horwitz et al.25 in an examination of Cf(III) elution on 

hydrophobic Celite loaded to various levels with HDEHP.  In the absence of detailed information 

on support structure (such as has been described for the Amberchrom CG-71 resin used here), 

however, it is difficult to fully rationalize these observations.  

Figure 4.3 depicts the elution behavior of Eu(III) on a column of an extraction 

chromatographic material comprising 5% (w/w) HDEHP on the Amberchrom support.  As might 

be expected from the fact that the extractant is present largely in the least accessible pores of the 

support, the elution is protracted, and is in fact incomplete even after more than 100 free column 

volumes (FCVs) of eluent have passed, far beyond the peak maximum at ca. 8 FCVs.  Increasing 

the support loading to 10% (w/w) provides an obvious improvement in the chromatographic 

behavior (Figure 4.4A) and makes feasible the determination of the plate number associated with 

the elution.  Calculation of the number of theoretical plates according to Equation 4.2 yields a 

value of 20 (i.e., H = 0.24 cm).   

N = 5.54*(
௧ೃ

ௐబ.ఱ೓
)2      (4.2) 

As has been noted elsewhere, the number of theoretical plates is not the sole factor 

governing the effectiveness of a particular sorbent as a medium for chromatographic separation; 
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rather, the extent of peak tailing is also an important consideration.34 Two parameters are 

commonly employed to quantify tailing,35 the peak asymmetry factor (As), defined as per 

Equation 4.3:  

As = 
௕

௔
       (4.3) 

and the peak tailing factor (Tf), defined by Equation 4.4:  

Tf = 
௔௖

ଶ௔௕
      (4.4) 

 

Figure 4.3: Elution behavior of 152/4Eu(III) on a column (0.90 mL bed volume) containing 
5% (w/w) HDEHP-loaded Amberchrom CG-71m resin. (50-100 μm particle size; mobile 
phase = 0.026 M HNO3.)  Note that the data is plotted in semi-log form to emphasize the 

extent of tailing. 
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Table 4.1:  Effect of support loading on the elution behavior of Eu(III) on Amberchrom 
CG-71m - supported HDEHP 

______________________________________________________________________________
______________________________________________________________________________ 

Support loading (% w/w) Tf As H (cm) N Capacity (mg Eu/mL bed) 

10 1.67 2.21 0.239 20 1.25 

15 1.36 1.47 0.239 20 1.94 

20 1.11 1.14 0.140 33 3.81 

30 1.24 1.40 0.191 25 10.28 

40 1.36 1.74 0.199 24 11.04 

  Experimental conditions:  Vcolumn = 0.90 mL; Lcolumn = 4.77 cm; Flow rate: 1.57 ± 0.12 
mL/cm2·min. 

Application of these equations to the chromatogram shown in Figure 4.4A yields values of 2.21 

and 1.67, respectively, for As and Tf.  The remaining panels of Figure 4.4 (panels B-D) depict the 

effect of increasing support loading with HDEHP on the elution behavior of Eu3+, and the 

corresponding values of N, H, As, and Tf are summarized in Table 4.1.  Also included in this 

table are values for the sorbent capacity for metal ion (i.e., Eu3+) retention.  Several important 

conclusions can be drawn from these data.  First, as anticipated from consideration of the pore 

structure of the support (Figure 4.2), the number of theoretical plates passes through a maximum 

(i.e., H reaches a minimum) at intermediate levels of support loading.  That is, at a loading level 

of 20% (w/w), N=33, nearly a factor of two improvement over the poorest of the values seen.  In 

addition, peak tailing is at its minimum at the same level of support loading.  Lastly, and 

unfortunately, the improvements in column efficiency and peak tailing come at the expense of 

column capacity.  That is, at a support loading of 20% (w/w), the capacity of the sorbent is less 

than half of that observed for a 40% loaded (commercial) resin.  Taken together, these results 

suggest that in applications for which high metal ion uptake capacity is not the primary 

consideration, peak capacity (i.e., the number of peaks that can successfully be resolved in any 
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given chromatographic run) can be enhanced simply by employing an intermediate level of 

support loading. 

A B

C D 

Figure 4.4A-D: Elution behavior of 152/4Eu(III) on a column (0.90 mL bed volume) 
containing HDEHP-loaded Amberchrom CG-71m resin.  (A) 10% (w/w) loaded; (B)  15% 

(w/w) loaded; (C) 20% (w/w) loaded; (D) 30% (w/w) loaded.  (50-100 μm particle size; 
mobile phase = 0.045, 0.080 0.13, 0.22  M HNO3, respectively. 

 

4.3.3 Effect of reduced support loading on trivalent lanthanide separations 

Although metal ion sorbents comprising HDEHP supported on a porous substrate have 

been known since the early 1960’s,36,37 it was not until more than three decades later that the first 

such material (“Ln resin”, EiChrom Technologies) was commercialized and systematic 

characterization data reported for it.38,39  Of particular significance in the present context are data 
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describing the acid dependency of the retention of the trivalent lanthanides on the resin, which 

provide an indication of the feasibility of their separation under various solution conditions.  

Such separations, in particular analytical-scale trivalent actinide/ lanthanide (An/Ln) and intra-

lanthanide separations, are important in radiochemical analysis, in areas ranging from personnel 

monitoring40 and nuclear forensics41,42 to environmental monitoring42 and nuclear fuel and waste 

characterization.43 These separations remain a significant challenge, however.44-46  It is therefore 

of interest then to determine if they can be facilitated by the increased column efficiency and 

diminished tailing associated with reduced extractant loading.  

To this end, we have examined two representative separations − Nd(III)/Eu(III) and 

Eu(III)/Gd(III) – to determine the extent of improvement of their resolution made possible using 

a “lightly loaded” support.  Certain prior work indicates that these separations are not entirely 

satisfactory on the Ln resin.  In a recent study by Bertelsen et al.,47 for example, in which the 

separation of Nd(III) and Eu(III) in nitric acid media using HDEHP-impregnated mesoporous 

silica nanoparticles was compared to that obtained using the commercial resin, nearly complete 

overlap of the elution bands was observed for the two metal ions on the latter sorbent.  While the 

columns employed in the study were small (200 μL), and thus the number of theoretical plates 

(while not specified) was undoubtedly low, unsatisfactory results were also noted in a study by 

Payne et al.48 in which a much larger (2-mL) pre-packed column of the Ln resin was employed.   

In this instance, incomplete separation of Nd(III) and Eu(III) was again noted, even when a nitric 

acid step-gradient was employed for elution. 

As a starting point in our investigations of Nd(III)/Eu(III) separation, batch studies were 

performed in which weight distribution ratios for the two ions were measured for Amberchrom 

CG-71m containing 20%(w/w) HDEHP.  The observed Eu/Nd separation factors (αEu/Nd), 
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defined as the ratio of the respective Dw values, suggest that their separation should be feasible 

(e.g., αEu/Nd = 21 at 0.15 M HNO3).  Indeed, as shown in Figure 4.5, which depicts the elution 

behavior of the two ions on the 20%(w/w) HDEHP resin, their complete separation is easily 

accomplished.  Curiously, and in contrast to the report of Payne et al.48, results for the Ln resin 

(not shown) indicate that it too is capable of providing a satisfactory separation of the two ions, 

although the resolution achieved with the “lightly loaded” resin (R = 7.7), defined as per 

Equation 4.5, is superior to that obtained with the commercial material (R = 2.1). 

  Rs =  2 (tR2 – tR1)/(wb1 + wb2)    (4.5) 

where Rs is the chromatographic peak resolution, tR is the retention time, and wb is the peak width 

at baseline. 

 

Figure 4.5: Separation of Nd(III) and Eu(III) on a column (0.90 mL bed volume) 
containing 20% (w/w) HDEHP-loaded Amberchrom CG-71m resin.  (50-100 μm particle 

size; mobile phase = 0.13 M HNO3). (o) Nd;  () Eu. 

The case of Eu(III) and Gd(III) represents a more challenging separation, and one of 

considerable practical significance.  In addition to its growing importance as a low-energy 

gamma source (as 153Gd) for single-photon emission computed tomography (SPECT) imaging,49 
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gadolinium finds application in radiochemical analysis in the determination of the extent of burn-

up of nuclear fuels (as 154Gd-157Gd)41 and in nuclear forensics (as 157Gd) to establish an 

attribution of radioactive materials.43 These applications generally require the separation of 

gadolinium from other lanthanides, in the case of 153Gd, for example, from the Eu2O3 from which 

it is produced.  The difficulty in achieving satisfactory Eu(III)/Gd(III) separation using extraction 

chromatography employing HDEHP or related organophosphorus reagents has long been 

recognized.37,38,42,48-51  In a study employing a pre-packed (2-mL), gravity-flow Ln resin column, 

for example, Payne et al.48 observed essentially complete overlap of the elution bands of the two 

ions, even when a nitric acid step gradient was employed.  Such results have led other 

investigators to employ lengthy/large volume chromatographic columns,38 or to 

electrochemically52 or photochemically53 reduce the europium prior to introduction of the Eu/Gd 

mixture to the EXC column in an effort to improve the separation. 

As was the case in our examination of Nd(III)/Eu(III) separation, our studies of Eu(III) 

and Gd(III) separation began with weight distribution ratio measurements for the two ions 

between a series of nitric acid concentrations and Amberchrom CG-71m containing 20%(w/w) 

HDEHP.  The observed Eu/Gd separation factors (αEu/Nd), defined as the ratio of the respective 

Dw values, suggested that their separation may be feasible (e.g., αEu/Gd = 2.53 at 0.1 M HNO3), 

albeit incomplete.  Indeed, as shown in Figure 4.6 (panel A), although baseline separation of 

Eu(III) and Gd(III) is not achieved (R = 0.89), the resolution of the two ions is significantly 

better than that obtained using the conventional Ln resin (R = 0.53 at 0.30 M HNO3), shown in 

panel B.  For the latter material, the lack of separation is consistent with batch uptake (Dw) 

measurements that showed essentially identical retention behavior (αEu/Gd= 0.97 at 0.25 M nitric 

acid; αEu/Gd = 0.92 at 0.30 M nitric acid) for the two ions over a range of concentrations. 
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6A 6B 

Figure 4.6.A-B: (A) Separation of Eu(III) and Gd(III) on a column (0.90 mL bed volume) 
containing 20% (w/w) HDEHP-loaded Amberchrom CG-71m resin.  (50-100 μm particle 
size; mobile phase = 0.13 M HNO3); ()Eu;  (o) Gd. (B) Separation of Eu(III) and Gd(III) 

on a column (0.90 mL bed volume) containing Ln resin (40% (w/w) HDEHP-loaded 
Amberchrom CG-71m resin;  (50-100 μm particle size; mobile phase = 0.30 M HNO3); 

()Eu (o) Gd.   

 

In an effort to put the improvement arising from reduced support loading into 

perspective, the elution behavior of Eu(III) and Gd(III) was also examined on the smallest 

particle size Ln resin commercially available, comprising 20-50 μm particles of Amberchrom 

CG-71m resin fully-loaded (40% w/w) with HDEHP.  Figure 4.7 shows the results obtained for 

elution of the two ions using 0.30 M HNO3 as the mobile phase.  Resolution (0.91) comparable 

to that observed for the larger particle size, “lightly loaded” resin was observed, despite a 

somewhat greater column efficiency (N=54).  Stated another way, in this instance, reduced 

support loading has the same effect as decreasing the particle size of the support.  We note, 

however, that the small particle size material requires the application of pressure to the column to 

maintain a satisfactory flow rate (ca. 1.5 mL/cm2·min). 

 In effort obtain the greatest resolution between Eu and Gd, small particle resin was 

impregnated to 20% (w/w) HDEHP.  Unfortunately, the resulting elution, shown in Figure 4.8, 
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was unexpected.  The resolution obtained, 0.76, is not an improvement over the small particle Ln 

resin nor the large particle 20% (w/w) HDEHP.  Ultimately, should the interested reader wish to 

obtain an improved separation, simply decreasing the support particle size would have the 

greatest effect. 

 

Figure 4.7: Separation of Eu(III) and Gd(III) on a column (0.90 mL bed volume) 
containing small particle size (20-50 μm) Ln resin (40% w/w HDEHP on Amberchrom CG-

71m), mobile phase = 0.30 M HNO3. ()Eu; (o) Gd. 

 

 

Figure 4.8: Separation of Eu(III) and Gd(III) on a column (0.90 mL bed volume) 
containing small particle size (20-50 μm) 20% w/w HDEHP on Amberchrom CG-71m,  

mobile phase = 0.127 M HNO3). ()Eu (o) Gd. 
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4.4 Conclusions 

The results presented here not only illustrate the beneficial effects of reduced support 

loading on the quality of metal ion separations possible with EXC, but also demonstrate clearly 

the importance of understanding the pore structure of the support in developing new extraction 

chromatographic materials.  Although our initial efforts have focused on the separation of 

trivalent lanthanides, the potential utility of  “lightly loaded” sorbents is by no means confined to 

this separation.  Indeed, a number of radionuclide separations of interest in nuclear medicine,54 

among other areas, could benefit from the availability of more efficient extraction 

chromatographic resins. Obviously, the reduced capacity resulting from decreased loading 

represents a potential drawback of these materials in certain applications.  This capacity 

reduction may be of no consequence in many tracer-level separations, however.  Of course, an 

ideal extraction chromatographic sorbent would combine high capacity and high efficiency, and 

work to develop such materials is now underway in this laboratory. 
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CHAPTER 5: 

INCREASING COLUMN EFFICIENCY IN EXTRACTION CHROMATOGRAPHY 
MATERIALS THROUGH STAGNANT PORE PLUGGING 

5.1 Introduction 

Numerous extraction chromatographic materials have been developed for a wide range of 

applications, particularly in the field of radiochemical separations.1-10  One of the most difficult 

challenges is separating metal ions of similar chemical and physical makeup.  No region of the 

periodic table better illustrates this than the f-elements.  Known for their similar ionic radii and 

oxidation state, these metal ions remain a challenge to separate not only in extraction 

chromatographic applications, but in liquid-liquid and ion-exchange separations as well.11-14 

Several commercial extraction chromatographic resins (manufactured by EiChrom 

Technologies, LLC (Lisle, IL)), consist of an inert support (e.g. Amberchrom CG-71m) 

impregnated with a suitable extractant,15 which are designed to be selective for these families of 

metal ions.  The DGA resin, for example, is used to extract both lanthanides and actinides while 

the Ln and Ac resins are selective to lanthanides and actinides, respectively.  To ensure adequate 

metal ion uptake capacity, the pores of the support are generally filled nearly to capacity with 

extractant (40% (%w/w) loading).16-18  Unfortunately, this near-capacity filling produces long 

metal ion diffusion paths within the resin, reducing column efficiency.  The modest column 

efficiency of the material is reflected in their inadequate performance in certain important 

applications.  For example,  Gharibyan et al. attempted to separate Am3+ from Cm3+ using seven 

different EiChrom resins, but observed nearly identical elution behavior for the two ions on all 

resins.19  Similarly, Bertelsen et al. attempted to separate Eu3+ from Nd3+ using EiChrom Ln 

resin but observed almost complete overlap between the two during elution studies.20 
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 Column efficiency, expressed below as the height equivalent to a theoretical plate 

(HETP), is governed by several factors, expressed mathematically in the van Deemter Equation: 

HETP = A + B/u + (Cm + Cs)u    (5.1) 

where A, B, Cs, Cm, and u represent the eddy diffusion of the analyte between particles, its axial 

diffusion within the column, its mass transfer rate between the mobile and stationary phases, and 

the mobile phase velocity, respectively.21 

 Commercial supports possess a complex system of micro- (<2 nm), meso- (2-50 nm), and 

macropores (>50 nm),22 resulting in an essentially infinite number of paths for analyte diffusion 

and thus, sources of inefficiency.  As shown in Chapter 4 (Figure 4.2), the micropores are mostly 

found within the larger meso- and macropores.  During the filling of the empty support with 

extractant, the micropores are filled first, with the meso- and macropores acting as transport 

pores.23  Given the location of the micropores, metal ions trapped within would almost certainly 

cause band broadening during elution.  Blocking these pores within the support should therefore 

decrease this source of band broadening, provided that the blocking reagent (i.e. filler) is 

carefully chosen.  In attempting to fill the mesoporous materials MCM-41 and SBA-15 with 

C6mim+Tf2N-, C6mim+CF3SO3
-, and C6mim+OAc-, for example, Heinze et al. noted the 

formation of droplets of the hydrophobic C6mim+Tf2N- in the presence of the hydrophilic support 

surface due to the preference of the IL cation for interaction with the IL anion rather than the 

silica support surface. In contrast, hydrophilic ILs tended to form parallel monolayers on the 

silica surface.24  Clearly then, a reagent for pore blocking should not react with the support, but it 

should not be completely incompatible with it either.  In addition, given the volume of aqueous 

solution passed through during column during use (e.g. free-column volume (FCV) 

determination, elution profile testing, etc.), the filler should be water-immiscible. 
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 Once a suitable filler has been chosen, the loading level at which the micropores are 

completely filled (or nearly so) must be determined.  As discussed in Chapter 4, Arias et al. 

measured the surface area of Amberlite XAD-7 loaded with varying amounts of Cyphos 101®.  

The changes in slope of the surface area vs. loading plot were attributed to the loading levels at 

which the pores of size <40 Å, 40-200 Å, and >200 Å were filled.25  This information, coupled 

with our own observations (also described in Chapter 4) provides a clear map of the bead 

interior, from which the appropriate loading with filler  can be determined. 

 In this chapter, we build on the results presented in Chapter 4.  In particular, we examine 

the effect of an inert, pore-blocking reagent, selected to maximize its compatibility with the 

support and minimize its water solubility, on the properties of an extraction chromatographic 

resin loaded to various levels with bis(2-ethylhexyl)phosphoric acid (HDEHP).  The utility of the 

resultant EXC materials in the separation of trivalent lanthanides is then evaluated. 

5.2 Experimental 

5.2.1 Materials 

All water was obtained from a Milli-Q2 system and exhibited a specific resistance of at 

least 18 MΩ-cm.  HDEHP, 1-dodecanol, 1-bromododecane, 1-bromohexadecane, 1-

methylimidazole, lithium tetrafluoroborate (LiBF4), silver nitrate, cetyl alcohol, eicosane, 

dimethylammonium dimethylcarbamate (DIMCARB), formic acid (HCOOH), N,N-

dimethylethanolamine (DMEA) and polytetrahydrofuran (PTHF) 250 were obtained from 

Sigma-Aldrich (St. Louis).  Lithium bis[(trifluoromethyl)sulfonyl]imide (Li+Tf2N-) was 

purchased from TCI America (Portland, OR) .  1-ethyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide (C2mim+Tf2N-) was purchased from Covalent Associates Inc. 
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(Woburn, MA).  Methanol (ACS Grade), hexanes (ACS Grade), and nitric acid (Optima) were 

purchased from Fisher Scientific (Hampton, NH).  Ethanol (200 proof) was purchased from 

KOPTEC (King of Prussia, PA).   Trihexyltetradecylphosphonium 

bis(trifluoromethanesulfonyl)imide (P66614
+Tf2N-) and its chloride (P66614

+Cl-), and 

tetrafluoroborate (P66614
+BF4

-) analogues were a generous gift from Cytec Industries (Woodland 

Park, NJ).  The N,N-dimethylethanolamine formate was synthesized according to published 

procedures.26  Briefly, equimolar amounts of DMEA and HCOOH were mixed for one hour in an 

ice bath.  The C12mim+Tf2N-, C12mim+BF4
-, and C16mim+Tf2N- were synthesized via a two-step 

procedure involving quaternization of the methylimidazole with 1-bromododecane or 1-

bromohexandecane to yield the halide form of the IL (Cnmim+Br-), followed by anion metathesis 

to provide the desired (e.g., Tf2N-) product.27,28  The resulting IL was water washed until no 

precipitate (AgBr) was observed upon mixing the water wash with silver nitrate.  Its identity was 

confirmed by 1H-NMR.  Ln resin and Pre-filter (20-50 μm) material were purchased from the 

EiChrom (Lisle, IL).  (Note that the Pre-filter resin is simply a small particle analogue of 

Amberchrom CG-71m).  Amberchrom CG-71m was purchased from Sigma and was purified as 

described previously.  Briefly, the Amberchrom CG-71m or Pre-filter resin was contacted with 

deionized water for 30 minutes with occasional swirling and then removed.  The resin was then 

contacted with methanol, which was allowed to flow through the resin under gravity.  The 

process was repeated twice more until the methanol wash was clear and colorless and the water 

wash was pH ≤7.  The 152/154Eu and 137Cs radiotracers were purchased from Eickert and Ziegler 

(Berlin, Germany).  Europium (III) nitrate pentahydrate, neodymium (III) nitrate hexahydrate 

and gadolinium (III) nitrate hexahydrate were trace metal grade (99.9% pure) and purchased 
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from Sigma-Aldrich.  Elution profiles were obtained on BioRad Econo-Column chromatography 

columns (Hercules, CA) with dimensions of 0.5 x 5 cm or 0.5 x 10 cm. 

5.2.2 Instrumentation 

 The radiotracers were assayed using a Perkin-Elmer Model 2480 Automatic Gamma 

counter.  Inactive metal ions were assayed using a Shimadzu Model 2030 Inductively-Coupled 

Plasma-Mass Spectrometer (ICP-MS) 2030.  Surface area determinations were conducted using a 

Micromeritics ASAP 2020 Plus.  1H-NMR spectra were obtained with a Bruker DPX-300 NMR 

spectrometer equipped with a broad-band optimized BBO probe operating a frequency of 300.13 

MHz and referenced against TMS.  All NMR spectra were recorded with Bruker Topspin 

(version 3.5 pl7) software.  All NMR experiments were performed at 25°C.  The phosphorus 

profile of the materials was determined using a Hitachi Model S4800 field emission scanning 

electron microscope (SEM) with an energy dispersive x-ray spectrometer (EDX).  SEM-EDX 

experiments were performed on the [DMEA][HCOO] resins loaded with 10% (%w/w) HDEHP.  

To mount the sorbents in the SEM column, a cylindrical graphite pole was used.  One end of the 

pole was formed into the shape of a trapezium (Figure 5.1), on which two-ton adhesive from 

Devcon (Danvers, MA) was applied and allowed to dry for ~30 minutes.  The resin was then 

sprinkled on top of the trapezium and allowed to settle overnight.  The following day, the resin-

adhesive surface was cut in half to expose the bead interior, thereby permitting examination of 

the cross-section of the bead under SEM.  The exposed interior was then carbon-coated to ensure 

surface conductivity. 
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Figure 5.1: Example graphite, trapezium-shaped pole. 

5.2.3 Methods 

5.2.3.1 SPP Resin Preparation 

 Beads of pure Amberchrom CG-71m or Pre-filter resin were slurried with methanol and 

then mixed with the desired amount of filler as a solution in methanol.  The mixtures were then 

shaken for 24 hours, after which the methanol was removed using rotary evaporation at 55 ºC 

under vacuum (dry impregnation) to yield the filler-loaded sorbent.  C12mim+Tf2N-, P666,14
+Tf2N-, 

P666,14
+BF4

-, C12mim+BF4
-, eicosane, DIMCARB, and [DMEA][HCOO] were loaded to the full 

available volume of the resin.  In addition, a series of other resins were prepared in which the 

support was filled to various levels.  For example, support was filled with C16mim+Tf2N- to a 

volume fraction of 0.80.  Similarly, the support was filled with either PTHF 250 or cetyl alcohol 

to a fraction of 0.30 of the total volume.  Lastly, 1-dodecanol was used to fill the support to a 

volume fraction of 0.15.  For surface area determinations, HDEHP, PTHF 250, P666,14
+Cl-, and 

C2mim+Tf2N-  were loaded to various loading levels. 
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5.2.3.2 Addition of HDEHP to impregnated resins 

Beads of Amberchrom CG-71m beads or Pre-filter material (filled to 0.15 volume 

fraction with 1-dodecanol) were slowly added to a small volume of HDEHP-methanol solution.  

The methanol was then quickly dried by rotary evaporation at 55 ºC with vacuum.  Pre-filter 

material was also loaded to 10% (%w/w) with HDEHP only, also using rotary evaporation at 55 

ºC with vacuum.  Amberchrom CG-71m was used to prepare the remaining resins. 

5.2.3.3 Determination of Weight Distribution Ratios 

 Solid-liquid (weight) distribution ratios (Dw) for Eu3+ were measured radiometrically 

using 152/154Eu3+ radiotracer.  For Nd3+ and Gd3+, inactive neodymium (III) nitrate hexahydrate 

and gadolinium (III) nitrate hexahydrate solutions were quantified using ICP-MS.  Specifically, 

the uptake of each radiotracer or inactive metal ion from a series of nitric acid solutions by the 

resins was measured by contacting a known volume (mL) of 152/154Eu-spiked or Gd3+- or Nd3+-

spiked acid solutions of appropriate concentration with a known quantity of resin (20-25 mg).  

The ratio of the aqueous phase volume (mL) to the weight of the chromatographic material (in 

grams) typically ranged from 40-50.  This ratio generally produces an easily measured decrease 

in the aqueous phase activity or concentration upon contact with the resin.  A two-hour contact 

time was used for equilibration.  Following equilibration, an aliquot of aqueous phase was 

withdrawn from each culture tube and the activity counted or concentration measured.   

 From the counts or metal ion concentration present in the aqueous phase both before and 

after contact with the resins, the weight distribution ratios (Dw) of 152/154Eu3+, Nd3+, and Gd3+ 

were calculated by using Eqn. 5.2: 

Dw = [(A0-Af)/Af] (V/w)    (5.2) 
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where A0 and Af are the aqueous phase activity (cpm) or concentration before and after 

equilibration, respectively, w is the mass (g) of the resin, and V is the volume of the aqueous 

phase (mL). 

5.2.3.4 Capacity of the resins 

 In this work, a solution of cold europium (III) nitrate hexahydrate in dilute nitric acid 

containing five times the stoichiometric amount of extractant present was prepared and spiked 

with 152/154Eu3+ radiotracer.  Each resin was weighed (20-25 mg) into separate test tubes and 

contacted with 1 mL of this radiotracer solution.  After mixing, samples were equilibrated for 24 

hours, far longer than the time required for equilibrium.  The acid concentration chosen was such 

that a distribution ratio of 300-400 (corresponding to >99% extraction) was obtained.  After 

equilibration, the aqueous phase was withdrawn and filtered through a fritted plastic column.  

Assuming the fraction of inactive europium corresponds to the fraction of 152/154Eu3+ sorbed, then 

the capacity of the sorbent (mg Eu/ g of sorbent) can be calculated.  Data was obtained for the 

10-30% (w/w) HDEHP resins and the commercial resin (40% (w/w) HDEHP). 

5.2.3.5 Column preparation and characterization 

To pack a column, a small quantity of the resin was slurried in 18 MΩ-cm MilliPore 

water and transferred to the column.  Packing was carried out under flow of gravity.  When the 

resin bed reached the desired height, a small plug of glass wool was added so that the bed would 

not be disturbed upon sample introduction.  Prior to sample introduction, the column was 

preconditioned with 10 free column volumes (FCVs) of the desired nitric acid solution.  Unless 

otherwise noted, all column runs utilizing 50-100 μm particles carried out as part of studies of 

the effects of support loading with pore-blocked resins were performed without applied pressure, 
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corresponding to a flow rate of 1.39 ± 0.08 mL/min·cm².  No systematic changes in gravity flow 

rates were noted upon changes in the level of support loading.  All small particle size (20-50 μm) 

runs were carried out at a flow rate of 1.50 ± 0.05 mL/cm2·min with applied pressure. 

 The bed density, resin density, stationary phase volume (vs, the volume of liquid 

extractant contained in the pores of the support), and mobile phase volume (vm, the free column 

volume) were determined using the following methods outlined in Chapter 4.  Specifically, the 

bed density was determined for bed volumes of 0.9 mL and 1.9 mL for the 1- and 2-mL columns, 

respectively.  The resin density was calculated by adding a small quantity of resin to solutions of 

nitric acid of known density.  The resin density matched that of the nitric acid solution when it 

remained suspended after mixing. The stationary phase volume was calculated from the resin 

mass, the extractant loading (%w/w), and the extractant density. The mobile phase volume was 

determined by first equilibrating the column with a concentrated (~1 M) nitric acid solution of 

known density.  A small volume (~5 μL) of 137Cs+ was then added to the top of the bed.  As 

HDEHP extracts a negligible amount of this monovalent cation,30 it elutes through the column 

unretained.  Individual drops of acid were collected and counted.  From the average drop volume 

and the number of the drop in which cesium nitrate is first detected, and the total elution volume, 

which corresponds to the mobile phase volume, was determined.  All runs were carried out at 

ambient temperature (23 ± 2ºC). 

5.2.3.6 Elution curves of 152/154Eu3+ for resin characterization 

 The elution profiles of 152/154Eu3+ on packed beds of resin comprising Amberchrom CG-

71m filled to 0.15 volume fraction filled with 1-dodecanol and loaded to 5, 10, 15, 20, and 30% 

(w/w) HDEHP were determined using BioRad Econo-Columns (0.5 x 5 cm or 0.5 x 10 cm) using 

dilute HNO3 as the eluent.  Column characteristics (Table 5.1) were determined prior to elution 
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experiments using the procedures outlined in 5.2.3.4.  For the 5, 10, 15, 20, and 30% resins and 

the commercial Ln (40% w/w) resin, 0.0257 M, 0.045 M, 0.086 M, 0.097 M, 0.17 M HNO3 and 

0.30 M HNO3 were used as the eluents, respectively.  Eluent volumes of two FCVs were 

collected, with 100 μL of each subsequently sampled for gamma counting.  The theoretical plate 

count (N) and height (H), tailing factor (Tf), peak asymmetry (As), and resolution (when a second 

ion is present) were calculated from the resultant elution plots according to Equations 5.3, 5.4, 

5.5, 5.6, and 5.7 respectively. 

 N = 5.54*(
௏ೃ

ௐబ.ఱ೓
)2      (5.3) 

H=
௅

ே
        (5.4) 

Tf = 
௔

ଶ௕
       (5.5) 

As = 
௖

ௗ
       (5.6) 

Rs =  2 (VR2 – VR1)/(wb1 + wb2)    (5.7) 

where VR is the number of FCVs at which the metal ion concentration reaches a maximum, w0.5h 

is the peak width at half-height, L is the column length, a is the full peak width and b is the front 

half-width at 5% of the peak height, c is the width of the front half of the peak and d is the width 

of the back half of the peak at 10% of the peak height, and Rs is the chromatographic peak resolution, 

VR is the retention time, and wb is the peak width at baseline. 
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Table 5.1 Characteristics of prepared and commercial Ln resins and packed columns 

Bulk Materials 
1-dodecanol used 

5% HDEHP-
loaded SPP 

resin 

10% 
HDEHP-

loaded SPP 
resin 

10% 
HDEHP-

loaded SPP 
resin 

15% 
HDEHP-

loaded SPP 
resin 

20% 
HDEHP-

loaded SPP 
resin 

30% 
HDEHP-

loaded SPP 
resin 

Ln resin 
(40% 

HDEHP) 

Stationary Phase HDEHP HDEHP HDEHP HDEHP HDEHP HDEHP HDEHP 

Support 
Amberchrom 

CG-71m 
Amberchrom 

CG-71m 
EiChrom Pre-

filter  
Amberchrom 

CG-71m 
Amberchrom 

CG-71m 
Amberchrom 

CG-71m 
Amberchrom 

CG-71m 
Particle Diameter 75 μm 75 μm 35 μm 75 μm 75 μm 75 μm 75 μm 

Extractant Loading 5% 10% 10% 15% 20% 30% 40% 

Density of 
extractant-loaded 
beads 

1.17 1.13  1.21 1.12 1.12 1.11 1.14 

Packed columns 

Vs, mL/mL of bed 0.01324 0.02829 0.06383  0.04519 0.05059 0.09815 0.15 

Bed Density (g/mL) 0.2840 0.3033  0.3422 0.3230 0.2712 0.3898 0.36 

Vm, mL/mL of bed 
(also FCV) 

0.672 0.690 1.14 0.694 0.686 0.663 0.69 

Vs/Vm 0.020 0.041  0.056 0.065 0.074 0.148 0.217 

Capacity, mg Eu/ 
mL of bed 

N/A 3.50 N/A 5.10 6.25 14.35 11.04 

 

5.2.3.7 Elution curves of cold Eu3+, Nd3+, and Gd3+   

After column conditioning with designated eluents as described in 5.2.3.4, ~10 μL each 

of solutions of Eu3+ (2.5 mM), Nd3+ (2.3 mM), and Gd3+(2.5 mM)  were introduced at the top of 

the column, depending on the separation, and eluted using the appropriate acid.  The eluent was 

collected in 1-2 FCV fractions and assayed using the ICP-MS.  All runs were carried out at 

ambient temperature (23 ± 2ºC).   

5.3 Results and Discussion 

 In initial experiments, so-called “outside-in stripping” (first described by Momen31) was 

carried out in an effort to prepare a support whose porous region is confined largely to the near-

surface areas of the support beads.  In the work of Momen, polypropylene glycol (PPG) 400 was 

used as the filler, and completely-filled PPG 400 beads were stripped with hexanes.  Because the 
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support is hydrophilic while hexane is hydrophobic, it would be expected that hexane would not 

be able to penetrate the interior of the support.32  Thus, the PPG 400 filler should be stripped 

only from the outermost regions of the filled support.  Indeed, this was observed.  The near-

surface space once occupied by the PPG 400 was then filled with HDEHP to a loading level of 

~20% (w/w).  Concerns over interaction between PPG 400 and HDEHP was assuaged by SEM-

EDX analysis, which showed that phosphorus (i.e. the extractant) was present only in the near-

surface regions of the impregnated support (Figure 5.2).31  Thus, even though PPG 400 and 

HDEHP are completely miscible, they are not interacting within the support.  Also, as hoped, 

minimal loss of filler due to its water-miscibility was observed, as apparently the filler is not 

exposed to the aqueous elution solvent.  Finally, and also as hoped, the resulting extraction 

efficiency substantially increased (N = 43) compared to that of EiChrom Ln resin (N = 25).   

 

Figure 5.2: Phosphorus profile obtained using SEM-EDX for a PPG 400-loaded, 20% 
(%w/w) HDEHP resin. 

 On the downside, initial studies suggested that the process for stripping the PPG 40 filler 

is only poorly reproducible.  That is, removal of the filler in a consistent manner is not 

straightforward.  For this reason, other fillers, stripping solvents, and stripping protocols were 
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examined.  As a first step in these studies, the suitability of ionic liquids as fillers was examined.  

In principle, their extraordinary tunability could make them useful in this application.  In 

particular, CnmimTf2N ILs are water-insoluble and their viscosity equals or exceeds that of PPG 

400, thus minimizing potential interaction with HDEHP.33,34  Unfortunately, these ILs are 

hexane-immiscible, and thus require a more polar solvent to strip.  With this in mind, various 

ethanol-hexane mixtures were employed to strip a resin containing Cnmim+Tf2N- ILs as the filler.  

Figure 5.3 shows the results obtained for two trials in which beads loaded with C12mim+Tf2N- 

were stripped with a 12% (v/v) ethanol in hexane solution.  As can be seen, the amount of filler 

stripped increased as a function of contact time for one trial (as expected), but inexplicably 

decreased during a second trial with an identically prepared set of beads.  To determine if this 

irreproducible behavior is simply a characteristic of C12mim+Tf2N-, several other ILs - 

P66614
+Tf2N-, P66614

+BF4
-, and C12mim+BF4

-
 - were next evaluated using the same bead 

preparation and stripping procedure.  Unfortunately, the resins prepared using either P66614
+Tf2N- 

or P66614
+BF4

- as the filler floated, making them impractical.  Along these same lines, 

C12mim+BF4
--loaded resin was found to be physically unstable, as the IL readily leached from it 

upon passage of aqueous phase. 
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Figure 5.3: Stripping of ionic liquid from a C12mimTf2N-impregnated resin as a function of 
contact time with an ethanol (12 %v/v) solution in hexane. 

 These results led us to revisit a hexane-miscible filler. This time, however, a filler was 

sought that would solidify in the pores of the support, thereby minimizing any possible 

interaction with the extractant.  Eicosane (C20H42), a waxy material at room temperature, was 

therefore evaluated as a filler.  Unfortunately, eicosane deposited largely on the exterior of the 

beads rather than in the pores.  Apparently, it is simply too hydrophobic to be taken into the 

interior of such a hydrophilic resin.   

 Distillable ionic liquids (DILs) were next considered as fillers.  In contrast to 

conventional fillers, which require a strip solution for their removal, beads impregnated with 

DILs can be stripped using only heat and reduced pressure, such as can be achieved with a rotary 

evaporator.  Of course, this approach will work only if the filler does not evaporate with the 

impregnation solvent.  Unfortunately, even with an easily evaporated impregnation solvent, 

methylene chloride (boiling point = 39.6 ºC at ambient pressure), the first distillable IL used, 

dimethylammonium dimethyl carbamate (DIMCARB; boiling point = 60 ºC at ambient pressure) 
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co-evaporated, and therefore could not be used further.  The second distillable IL used, N,N-

dimethylethanolammonium formate, had greater thermal stability35,36 than DIMCARB, and did 

not co-evaporate with the CH2Cl2 during support impregnation.  Unfortunately, following the 

addition of HDEHP, SEM-EDX analysis showed that phosphorus is distributed throughout the 

bead, rather than being confined to the near-surface regions (Figure 5.4).  Because this and our 

other attempts at the “outside-in” approach to support preparation did not yield the desired 

results, alternate methods of resin preparation were pursued. 

 

Figure 5.4: Phosphorus profile obtained using SEM-EDX [DHEA][HCOO] resin 
impregnated with 10% (%w/w) HDEHP 

As discussed in some detail in Chapter 4 and elsewhere,25  the pore structure of 

commercial solid supports such as Amberchrom CG-71m is complex.  Despite this, surface area 

measurements carried out at various levels of impregnation enable one to determine where the 

various types of pores present become filled.  As shown in Figure 5.5, which depicts the effect of 

PTHF 250 impregnation on the surface area of Amberchrom CG-71m, two points at which the 

slope changes are readily evident.  These correspond to a loading level at which the smallest 

pores are essentially filled (0.18), while the second (0.30) corresponds to the filling of the 
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intermediate pores.  As an alternative to the “outside-in” method of achieving a readily 

accessible layer of extractant, at this point an “inside-out” approach, in which extractant would 

be deposited atop a quantity of filler placed in the least accessible, deep interior pores was 

investigated.   

 

Figure 5.5: Surface Area (m2/g) of PTHF 250-impregnated resins 

Work by Momen31 has established that PPG 400 was not lost during column elution when 

employed as a filler.  Therefore, a structurally similar, low molecular weight polymer 

polytetrahydrofuran 250 (PTHF 250) was investigated in this application.  In our initial 

experiment, the empty support was filled to a loading level of 0.30.  Unexpectedly, significant 

loss of this PTHF 250 was observed when it was topped with HDEHP and the resultant resin 

subjected to water rinsing.  In fact, using either a gravimetric method or 1H-NMR indicates that 

ca. 89% of the filler initially present was lost during column preconditioning.  Clearly then, it 

cannot be assumed that the water-immiscible HDEHP completely covers the filler in this method 

of support preparation.  Therefore, a more water-immiscible filler was required. 
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Water-immiscible ionic liquids (ILs), specifically short-chain, imidazolium-based ILs (as 

they have ≤5 mM HDEHP solubility37) were therefore evaluated.  C2mim+Tf2N- was thought to 

be a proper choice, but upon resin preparation and column preconditioning, a significant amount 

of a water-immiscible liquid, determined by 1H NMR to be the IL, was observed to have leached 

from the column.  It is important to note that although this IL is often regarded as water-

immiscible,38 only a few milligrams are present on the column while over 100 mL of aqueous 

solution are added during the column preparation, preconditioning, and elution process.  Clearly 

then, this IL is simply too water-soluble under the experimental conditions to be used as the 

filler. 

Up to this point, it was known that water-immiscibility and support compatibility were 

the two most important factors in choosing a filler, but the importance of another factor soon 

became evident.  From Figure 5.6, it can be seen that for a given level of support loading,  

P666,14
+Cl- yields a higher measured surface area than either PTHF 250 or C2mim+Tf2N-.  As 

shown in Table 5.2, the viscosity of P666,14
+Cl- is significantly higher than that of the other two 

fillers.  Apparently, this high viscosity limits access of the filler into the smallest pores of the 

support.  The next filler tested, cetyl alcohol, is water-immiscible, and should be compatible with 

the support given its hydroxyl functional group.  Although it is a solid at room temperature, if 

heated to 55º C, it is a liquid with a viscosity of only 9.3 cP,39 less than that of either PTHF 250 

or C2mim+Tf2N- at room temperature.  Unfortunately, this particular filler loaded to a volume 

fraction level of 0.30 had a surface area not in agreement (Figure 5.6) with that of either 

C2mim+Tf2N- or PTHF 250.  Accordingly, it was not used going forward. 
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Figure 5.6: Surface Area (m2/g) of PTHF 250- (□ ), C2mim+Tf2N- (     ), P666,14+Cl- (+), and 
Cetyl Alcohol ()-impregnated resins. 

Table 5.2: Viscosity of Select Fillers at 25 ºC 

Filler Viscosity at 25 ºC (cP) 

PTHF 250 158 

C2mim+Tf2N- 33 

P666,14
+Cl- 1824 

 

Figure 5.5 also appears to show that regardless of filler viscosity or polarity, filling the 

support to near capacity (~80% of the available volume) yields much the same surface area.  

With this in mind, C16mim+Tf2N- was evaluated next, as such a long-chain IL will be much less 

water soluble than any of the other ILs used.  As hoped, loading the support to a volume fraction 

of 0.80 with the IL, then flushing a column (1 mL) packed with the sorbent with water (40 mL or 

40 bed volumes) resulted in no detectable C16mim+Tf2N- leaching from the support.  

Unfortunately, as shown by Figure 5.7, 10% (%w/w) HDEHP loading of a C16mim+Tf2N--filled 
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support did not yield a greater column efficiency (N = 8) compared to the commercial Ln resin 

(N = 24).  

 

Figure 5.7: C16mim+Tf2N--impregnated, 10% (%w/w) HDEHP (□, cpm) (Eluent: 0.608 M 
HNO3, Flow Rate = 1.38 ± 0.02 mL/min.·cm2, T = 23 ± 2ºC, 0.9 mL bed volume) and 

commercial Ln (, concentration (ng/mL)) resins (Eluent: 0.30 M HNO3 T = 23 ± 2ºC, 0.9 
mL bed volume)  152/4Eu3+Elution Profile. 

In an effort to explain these unexpectedly poor results, published data on the size of 

various Cnmim+Tf2N- ILs were extrapolated to estimate the diameter of C16mim+Tf2N- (0.801 

nm) and C2mim+Tf2N- (0.629 nm).40  Published surface area data on Amberlite XAD-7, the large 

particle analog of Amberchrom CG-71m, shows the presence of pores with diameters less than 

that of C16mim+Tf2N-.41  Accordingly, it would be expected that its use as a filler would leave 

small pores unfilled.  Indeed, as can be seen from Figure 5.8, which compares the pore 

distribution of C2mim+Tf2N-- (panel B) and C16mim+Tf2N--filled (panel A) resins (filled to a 

volume fraction of 0.80), pores of less than 0.801 nm are present in the C16mim+Tf2N--loaded 

resin.  In contrast, for C2mim+Tf2N-, no pores below 10 nm in diameter are present, proving that 
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the smallest pores are completely filled with the smaller IL.  Thus, despite its other favorable 

properties, C16mim+Tf2N- is simply too large to fill the small pores that are present in the 

support.  It therefore cannot be considered further. 

(a) (b) 

Figure 5.8: Pore distribution of C16mim+Tf2N-- (a) and C2mim+Tf2N- (b)-impregnated 
supports.  80% of the available resin volume is filled for both resins. 

Up to this point, none of the fillers had been employed at a loading level of less than 

0.30.  To gain further insight into the nature of the support interior, thus providing information to 

guide additional studies of fillers, the column efficiencies of 10, 15, 20 and 30% (w/w) HDEHP 

resins, discussed in Chapter 4, were considered.  As shown by the theoretical plate counts (N) in 

Table 4.1, nothing is gained by operating at loading levels ≤15% (%w/w) HDEHP.  However, 

the 20% (%w/w) HDEHP resin shows an increase in theoretical plate count. Surface area 

analysis (Figure 5.9) of the same resin indicates that the majority of the HDEHP is consumed in 

complete filling of the micropores of the support.  What remains is probably present as a thin 

layer on the walls of the intermediate pores as evidenced by the increase in column efficiency.  

For resin loaded with 30% (w/w) HDEHP, a similar explanation is appropriate.  That is, based on 

surface area data, at this level of loading, nearly all of the intermediate pores of the resin have 

been filled, leaving the remaining HDEHP on the surface of the large pores.  However, while a  
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layer of HDEHP on the walls of the intermediate pores produces a gain in column efficiency, an 

analogous layer present on the walls of the macropores, does not provide a comparable 

efficiency gain. 

 

Figure 5.9: The effect of support loading (%w/w) with HDEHP (□) or PTHF 250 () on the 
surface area of Amberchrom CG-71m resin. 

 The question thus remains as to how much of the filler and HDEHP to use.  Again, on the 

basis of surface area data, the 15% (w/w) support loading with  HDEHP appears to nearly 

completely fill the smallest pores (Figure 5.9).  Moreover, the column efficiency of this same 

resin, as indicated by the plate counts (N) shown in Table 4.1 indicates that at this loading level a 

thin layer of extractant is not present in the mesopores, as is the case for the 20% (w/w)-loaded 

HDEHP resin.  Taken together, these observations indicate that the empty support should be 

loaded with filler to the same volume filled by the 15% (w/w) HDEHP resin, and that HDEHP 

should be placed atop the filler at a yet to be determined thickness. 
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 From the results described thus far, it is clear that a suitable filler must be inert, water-

immiscible yet compatible with a hydrophilic support,32 and relatively non-viscous.  These 

requirements led us to revisit the use of aliphatic alcohols, this time those with a carbon chain 

shorter than that of cetyl alcohol (C16).  Our initial efforts focused on 1-dodecanol, which 

ultimately proved to be satisfactory.  In particular, the surface area of a 1-dodecanol-impregnated 

support (299.65 m2/g) was found to be in good agreement with that observed for a support 

impregnated with HDEHP (282.91 m2/g) when both resins were loaded to the same volume 

fraction.  Furthermore, upon flushing the resin with water (40 mL or 40 bed volumes), no 1-

dodecanol was detected in the column effluent by 1H-NMR analysis.  Empty solid supports were 

then filled with 1-dodecanol to the same volume fraction as that occupied by the 15% (w/w) 

HDEHP, and atop this filler was loaded extractant (HDEHP) to levels ranging from 5 to 30% 

(w/w).   

 The characteristics used to assess the performance of these resins are shown in Table 5.4.  

These values are derived from the plots shown in Figure 5.10, panels A-E, which depict the 

elution behavior of Eu on packed columns of the materials.  That the highest plate count is 

observed for the resin containing 10% (w/w) HDEHP is reasonable, given that the 10% (w/w) 

HDEHP SPP (i.e. 1-dodecanol loaded) resin occupies a volume fraction (~0.26) of the support 

similar to that observed for the 20% HDEHP resin (~0.22).  Just as important is that the results 

suggest that no interactions between the 1-dodecanol filler and the HDEHP extractant are taking 

place.  That is, if HDEHP did interact with the filler, the column efficiency, peak tailing, and 

peak asymmetry values would have been unsatisfactory due to the retention of metals ions in the 

deep, inaccessible pores of the support.  
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Table 5.4: Theoretical plate height (H) and count (N), tailing factor (Tf), and peak 
asymmetry (As), and capacity for HDEHP-stagnantly-pore plugged resins. 

            
 

Resin ((%w/w) 
SPP HDEHP) Tf As H N 

Capacity (mg 
Eu/mL bed) 

Moles HDEHP 
consumed/ Moles 

HDEHP present*100 

10 1.18 1.27 0.145 33 3.50 66.8 

15 1.15 1.19 0.164 29 5.10 67.0 

20 1.18 1.29 0.251 19 6.25 73.3 

30 1.07 1.15 0.281 17 14.35 78.1 

40 - - - - - 80.4 

  Experimental conditions:  Vcolumn = 0.90 mL; Lcolumn = 4.77 cm; Flow rate: 1.39 ± 0.08 
mL/cm2·min. 

 
In considering results for resins loaded to other levels, it can be seen that for the 5% 

(w/w) HDEHP SPP resin (Figure 5.10A), 152/4Eu3+ elutes from the column almost immediately, 

but that complete elution is nonetheless protracted, as was the case for the 5% (w/w) pure 

HDEHP resin.  Thus, no calculation of the performance metrics was attempted.  As can also be 

seen, the 10% (w/w) HDEHP SPP resin is the most efficient and, thus, apparently an 

appropriately thin extractant layer in the intermediate pores.   
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A 

B C 

D E 

Figure 5.10A-E: 5%-30% (w/w) HDEHP stagnantly-pore plugged (SPP) resins, 0.9 mL be 
volume (Temperature: 23 ± 2ºC, eluents: 0.026, 0.045, 0.086, 0.097, and 0.17 M HNO3, 

respectively) 

 The decrease in column efficiency with loading, noted here (Table 5.4), has been 

previously observed for other EXC sorbents.  For example, Sochacka et al. noted an increase in 

plate height with increasing HDEHP loading with a diatomaceous earth support.42  Horwitz et 
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al.43 observed the same effect with HDEHP-loaded Celite.  As the Celite was loaded with 

HDEHP, the authors noted, the smaller pores filled first, allowing a thin layer of extractant to 

coat the larger pores.  Loading past intermediate levels, however, only increased the diffusion 

distance of the metal ion in the support, resulting in decreased column efficiency.43  The trend in 

column efficiency shown in Table 5.4 is consistent with the explanation posed by Horwitz et al.  

That is, the 1-dodecanol occupies the smallest and least accessible pores in the support, thereby 

allowing the HDEHP to be present at different layer thicknesses in the larger pores.   

 Besides improved column efficiency, plugging of small pores by addition of the 1-

dodecanol to the various resins leads to a near-constant value of the tailing (1.1-1.2) and peak 

asymmetry (1.15-1.30) factors, regardless of the support filling level.  The support micropores, 

therefore, must be the source of peak tailing in this support, an observation which to the 

knowledge of the authors, has not been previously reported.  

 Unexpectedly, the observed improvements in column efficiency and peak tailing were 

also accompanied by higher metal ion uptake.  As can be seen in Table 5.4, the capacity of the 

10-20% (w/w) HDEHP SPP resins is about double that of their pure HDEHP analogues.  More 

interesting is that the capacity of the 30% (w/w) HDEHP SPP resin actually exceeds that of the 

commercial Ln resin which is loaded to a higher level.  Also notable from Table 5.4 are data for 

fraction of available extractant consumed for the SPP resins.  As shown, the SPP resins allow for 

~70-80% of the available extractant to be used.  In contrast, the HDEHP-only resin can exhibit as 

little as ~30% capacity utilization, as illustrated by the 10% (%w/w) HDEHP resin.  In published 

literature, HDEHP is frequently described as existing as a dimer in solution.44  If this were the 

case here, however, for the prepared SPP resins, the capacity would be more than 

stoichiometrically possible.  The only possible explanation is that the HDEHP is present in 
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monomeric form.  Apparently then, micropore filling allows for improvements not only in tailing 

but in resin capacity as well. 

5.4 Applications in Intra-lanthanide Metal Ion Separations 

5.4.1Eu3+/Nd3+ Separation 

 The data shown in Table 5.4 show the potential of the SPP resins.  Should the desired 

separation be possible with the commercial Ln resin, however, then the use of SPP resins 

becomes unnecessary.  Given the reported difficulty in separating trivalent europium from 

neodymium,48 the separation of these two metal ions was the first attempted.  It is clear from the 

Dw values for Eu and Nd and the corresponding separation factors (SFs), that a separation of the 

two metal ions should be possible with either the 10% (%w/w) HDEHP SPP resin or 

conventional Ln resin.  While distribution ratio data allow one to predict where a metal ion will 

elute on a given column, it does not prove that complete separation will occur.  Thus, the two 

metal ions were applied to both 10% (%w/w) HDEHP SPP and Ln resin columns and their 

elution behavior determined.  As shown in Figures 5.11 and 5.12, complete resolution is 

achieved with both the 10% HDEHP SPP and the Ln resin.  The ability of the latter to resolve the 

two metal ions was certainly unexpected given the published results.20, 48  Wishing to 

demonstrate that a sorbent employing blocked stagnant pores can provide separation ability 

superior to that of the Ln resin, a more challenging separation, that of Eu3+ and Gd3+, was 

pursued. 
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Figure 5.11: 10% (%w/w) SPP HDEHP resin separation of Eu3+ (Filled)/Nd3+ (Open), 0.9 
mL bed volume (Temperature: 23 ± 2ºC, eluents: 0.045 M HNO3 followed by 1 M HNO3 at 

FCV = 17) 

 
 

Figure 5.12: Ln resin separation of Eu3+ (Filled)/Nd3+ (Open), 0.9 mL bed volume 
(Temperature: 23 ± 2ºC, eluents: 0.3 M HNO3) 
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5.4.2 Eu3+/Gd3+ Separation 

 Metal ions directly adjacent to one another in the periodic table are among the most 

difficult to separate.  The separation of americium and curium is a well-known example of such a 

problem,45-47 which is especially evident with commercial resins.19  Therefore, the separation of 

europium and gadolinium was attempted, as these metal ions are directly above americium and 

curium, respectively, in the periodic table and been cited as difficult to separate in numerous 

published works.48-50  As before, a comparison of DEu, DGd, and SF data of both the 10% HDEHP 

SPP and Ln resins was done first.  The Ln resin was found to extract Eu3+ and Gd3+ equally well 

at both 0.25 M (Dw,Eu = 163; Dw,Gd = 158) and 0.30 M HNO3 (Dw,Eu = 90; Dw,Gd = 83).  While the 

SFs improve at 0.15 M (Dw,Eu = 610; Dw,Gd = 1144)  and 0.20 M HNO3 (Dw,Eu = 195; Dw,Gd = 

352), both metal ions are strongly retained, making their separation difficult.  At 0.40 M HNO3 

(Dw,Eu = 20; Dw,Gd = 37),  conversely, the metals ions are not held strongly enough, and both 

would be eluted from the column almost unretained. 

 Contrary to the Ln resin, a separation between the two metal ions seems possible for the 

10% (%w/w) HDEHP SPP resin.  Between 0.025 M HNO3 (Dw,Eu = 823; Dw,Gd = 1280) and 0.05 

M HNO3 (Dw,Eu = 76; Dw,Gd = 117), the metals ions are not too strongly retained for baseline 

resolution to occur.  Furthermore, the SFs (1.56 and 1.54 for 0.025 M and 0.05 M HNO3, 

respectively) at the same acidities indicate a separation should occur.  The remaining acidities 

(0.075-0.15 M HNO3) show the column would not retain the metal ions strongly enough (Dw < 

40), and each would be eluted almost unretained. 

 Elution profiles for the two resins are shown in Figures 5.13 and 5.14.  Unexpectedly and 

unfortunately, resolution values of 0.42 and 0.53 are observed for the 10% (%w/w) HDEHP SPP 

and Ln resins, respectively.  The poor resolution by the SPP column indicates that simply 
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applying a thin layer of extractant to a porous resin is not enough to completely separate the two 

metal ions.  Thankfully, other changes can be made to solve the problem. 

 

Figure 5.13: 10% (%w/w) SPP HDEHP separation of Eu3+ ()/Gd3+ (□), 0.9 mL bed volume 
(Temperature: 23 ± 2ºC, eluent: 0.045 M HNO3) 

 

Figure 5.14: Ln resin separation of Eu3+ ()/Gd3+ (□), 0.9 mL bed volume         
(Temperature: 23 ± 2ºC, eluent: 0.3 M HNO3) 

 According to the van Deemter Equation (Eq. 5.1), decreasing the resin particle size 

should decrease the theoretical plate height by lowering the A and C terms, as the column bed 

should be more uniformly packed and the metal ion will spend less time diffusing through the 
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mobile phase and more time interacting with the stationary phase.21  Horwitz et al.51 discussed 

improvements in strontium ion separations by simply decreasing the particle size of the support 

material.  In eluting 85Sr using a resin impregnated with 1.0 M 4, 4’(5’)-bis(t-butylcyclohexano)-

18-crown-6 in 1-octanol solution, the 100-125 μm resin displayed a theoretical plate height of 

0.53 cm, while that of the 50-100 μm resin was 0.11 cm.50  Besides lowering the resin particle 

size, simply lengthening the column will increase the number of theoretical plates.   

 Identical 10% (w/w) HDEHP SPP beads were then prepared as previously described but 

the pre-filter material (20-50 μm particle size) was used instead of the Amberchrom CG-71m 

(50-100 μm particle size).  In addition, the column length was increased from 5 to 10 cm.  

Similarly, a small particle analogue of the commercial resin was prepared by impregnating the 

pre-filter material with 40% (w/w) HDEHP.  The Eu3+/Gd3+ elution profiles for the two resins 

are shown in Figure 5.15 and 5.16.  By decreasing the particle size of the 10% (%w/w) HDEHP 

SPP resin and lengthening the column, the resolution was improved to 0.79 (vs. 0.42 for a 0.9 

mL bed of 50-100 μm particle size resin).  Decreasing the particle size and lengthening the 

column also gave an improved Eu3+/Gd3+ separation for the Ln resin, as the resolution improved 

from 0.53 to 1.09.  As the small-particle 10% (%w/w) HDEHP SPP resin had a thinner layer of 

extractant compared that of the small-particle Ln resin, it should have given a more resolved 

chromatogram.  Previous work by these authors, however, has shown that by simply decreasing 

the particle size of the Ln resin, comparable improvement in resolution (0.92) is observed 

compared to a decreased loading level (0.89 of the 20% (w/w) HDEHP).  Under these conditions 

then, column efficiency must be more strongly controlled by column height and particle size than 

stationary phase thickness.  
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Figure 5.15: Small particle 10% (%w/w) SPP HDEHP separation of Eu3+ ()/Gd3+ (□), 1.8 
mL bed (Temperature: 23 ± 2ºC, eluent: 0.045 M HNO3) 

 

Figure 5.16: Small particle Ln resin separation of Eu3+ ()/Gd3+ (□), 1.8 mL bed 
(Temperature: 23 ± 2ºC, eluents: 0.3 M HNO3) 

5.5 Conclusion 

 The results of this study demonstrate the advantages of a stagnantly-pore plugged (SPP) 

supports, as it provides improvements in column efficiency, peak tailing, and column capacity.  

While other methods used in metal ion separations involve more complicated resin preparation, 
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these materials are easily prepared with only a balance and rotary evaporator, available in almost 

all chemistry laboratories.  An ideal filler, as has been shown, must be water-immiscible, support 

compatible, and inert to the support and extractant, properties that solvents other than 1-

dodecanol undoubtedly have. 

 Surprisingly, the separation ability of the prepared resins for Eu3+/Gd3+ was not 

significantly greater than that of the commercially available Ln resin.  Apparently, column length 

and particle size have a much greater influence on the separation ability of a sorbent than the 

thickness of the stationary phase.  Therefore, the SPP supports would be of greatest value in 

applications where the additional theoretical plates provided by a thinner stationary phase layer 

would be most useful.  Such an application was recently described by Kaminski et al. and 

involved the rapid determination 90Sr2+ in human urine.  By using two commercial resin columns 

in tandem, one a cation exchange resin and the other a Sr-selective EXC material, the throughput 

of human urine samples was increased by a factor of at least four over existing methods.  

Nonetheless, it was still not fast enough to satisfy the Centers for Disease Control goal of 

processing 10,000 samples per day in the event of a nuclear attack.  The authors commented on 

potentially increasing the sample flow rate to increase sample throughput.  This would come at a 

cost to the column efficiency, however, already at a meager N = 1.3 plates at the highest flow 

rate.52  The extra plates provided by the SPP resins would no doubt prove useful in this 

application.  Work to address this issue is currently underway in this laboratory. 
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CHAPTER 6 

 

COMPARISON OF BIS(2-ETHYLHEXYL) PHOSPHORIC ACID (HDEHP) TO DEHP-
BASED FUNCTIONALIZED IONIC LIQUIDS IN f-ELEMENT EXTRACTION 

6.1 Introduction 

 Isolating individual and groups of metals of the f-element group can be thought as the 

“last frontier” of metal separations.  Commonly found in the trivalent oxidation state and with 

similar ionic radii,1 lanthanide and actinide series elements represent a major separation 

challenge.  Early attempts at their separations dating back to the 1950s2 focused on single-

extractant systems.  Unfortunately, acceptable selectivity between these two families in these 

single-extractant systems was not achieved.3-5 

As it became clear that single-extractant systems would not yield adequate lanthanide-

actinide separation, adding a complexant to the aqueous phase to establish competition as the 

basis for selectivity was studied, and the TALSPEAK (Trivalent Actinide Lanthanide Separation 

with Phosphorus reagent Extraction from Aqueous Komplexes) Process was born.  Using a 

bis(2-ethylhexyl)phosphoric acid (HDEHP)-diisopropylbenzene (DIPB) organic phase and a pH 

3.5 sodium lactate-sodium diethylenetriamine-N,N,N’,N’’,N’’-pentaacetic acid (DTPA) buffer as 

the aqueous phase, separation factors of ~100 were achieved between trivalent europium and 

americium.6   

With separation achieved, intense investigation into the process ensued, and as a result, 

its weaknesses became evident.  For example, the extraction kinetics were slow, resulting in 

lengthy equilibration times.7  Also metal ion distribution ratios were modest (~10), so multistage 

cycling was required to obtain acceptable Eu3+ extraction into the organic phase.6  TALSPEAK 
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also requires strict pH control, a result of the fact that metal ion extraction exhibits a third-power 

dependence on pH.7  Clearly then, system modification was necessary.    

Ionic liquids (ILs) are a relatively new class of solvents known for their thermal 

stability,8 tunability,9 low volatility,10 high ionicity,11 and ability to dissolve a wide range of 

solutes, including wool,12 bananas,13 and proteins,14 to name a few.  Of the fields best-suited for 

these solvents, metal ion extraction has been among the most studied.15-20  Anticipating water-

immiscible ILs would exhibit enhanced metal-ion extraction due to the “like-dissolves-like” 

principle,21 liquid-liquid extraction experiments with a multitude of extractant-IL systems have 

been performed.22-24  As expected, ILs can provide substantially improved (up to 50x) efficiency 

for the extraction of metal ions from aqueous solution under appropriate conditions.25 

 As the number of publications in the field increased, two problems became evident.  

First, metal ion extraction into ILs is governed by multiple processes, one type of which (i.e., ion 

exchange) is detrimental to the long-term stability of the solvent.  That is, in some extraction 

systems, the cation of the IL is exchanged for the metal-extractant complex in stoichiometric 

proportion, degrading the solvent.26  In an ideal extraction employing a solution of HDEHP in an 

IL, a stoichiometric number of HDEHP dimers will exchange n protons with the Mn+ ion, as 

shown in Equation 6.1 below, allowing the metal ion-extractant complex to partition into the 

organic phase.27  A second, completely unexpected, problem encountered was the limited 

solubility of metal ion extractants.  HDEHP, the extractant of choice in the TALSPEAK process, 

exhibits limited (<0.1 M) solubility in short-chain (n = 2-6) Cnmim+Tf2N- ILs.28   

Mn+
(aq) + n(HDEHP)2(org) → nH+

(aq) + n(HDEHP·DEHP)3(org) (6.1) 
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So-called functionalized ionic liquids (FILs) were developed by making the anionic form 

of the extractant a part of the IL, in part, to address the shortcomings discussed above.29 

Unfortunately, the viscous nature30,31 of FILs makes a liquid-liquid experiment difficult or 

completely impractical.  Rather, they must be impregnated as a thin layer onto extraction 

chromatographic supports for studies on these solvents in pure form.      

 For the FILs to be considered useful, they will need to exhibit greater extraction 

efficiency, selectivity and/or stability than the corresponding extractants in either pure form or 

diluted with a conventional solvent or a conventional (i.e., non-functionalized) ionic liquid.  Sun 

et al.37 assessed the extractability of almost the entire lanthanide series using HDEHP dissolved 

in DIPB and several Cnmim+X- ILs (n = 4, 6, 8, 10; X- = Tf2N-, BETI-).  Unexpected to the 

authors was the increased distribution ratios of the light and heavy lanthanides relative to the 

middle lanthanides (e.g. Eu3+).  The uptake of the middle lanthanide ions was similar for HDEHP 

in C10mim+Tf2N- and DIPB.  The authors also observed the presence of an ion exchange process 

with the short-chain ionic liquids (e.g. C4mim+Tf2N-),37 contrary to published work by Cocalia et 

al., who noted the absence of the ion-exchange mechanism when using HDEHP dissolved in 

either n-dodecane or C10mimTf2N to extract Am3+ and Eu3+.38  While HDEHP dissolved in the 

short-chain C4mim+Tf2N- did extract more efficiently than HDEHP dissolved in DIPB, the same 

trend was not observed for C10mimTf2N.  While ion exchange is limited with long-chained IL 

cations (e.g. C10mim+), it apparently comes at a cost to metal ion extractability.    

The hydrophobicity of the DEHP- anion would be expected to limit ion exchange, but 

published data indicate otherwise.  For example, Rout et al. synthesized imidazolium-, 

pyridinium-, and quaternary ammonium-based FILs with DEHP as the anion and used a solution 

of the FIL in C6mimTf2N to extract Nd(III) from nitric acid media.  Ion exchange was observed 
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in both the imidazolium- and pyridinium-based systems, but not in the quaternary ammonium 

system.  Disappointingly, only limited comment was made, leaving the results largely 

unexplained.32  Clearly, however if these solvents do exhibit ion exchange, their reuse over 

multiple extraction cycles would be difficult or impossible.   

Selectivity is also used in assessing solvent performance, which is especially important 

considering the near overlap of Eu3+ and Am3+ acid dependencies.  For example, Rout et al.43 

observed separation factors of 1-2 across the entire acid range used when extracting these two 

metal ions using 0.05 M HDEHP in C8mimTf2N.  Similar separation factors (1-2) for the same 

pair of ions were observed by Swami et. al.27 using 0.25 M HDEHP in n-dodecane.  If the FIL 

does not exhibit increased metal ion extraction efficiency versus HDEHP, perhaps it will 

outperform HDEHP in terms of Eu3+/Am3+ extraction selectivity. 

In this chapter, we describe our efforts to evaluate the utility of FILs in the separation of 

trivalent f-elements.  C10mimDEHP or HDEHP, either in pure form or diluted in n-dodecane or 

C10mimTf2N.  The extraction of 241Am3+ and 152/4Eu3+ will then be measured to assess the 

kinetics, extraction efficiency, and selectivity of both neat and dilute HDEHP and C10mimDEHP 

towards the two metal ions.  In addition, nitrate and extractant dependencies will be carried out 

to determine if ion-exchange is occurring and therefore the resin stability.  Finally, resin capacity 

and metal ion stripping will be examined. 
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6.2 Experimental 

6.2.1 Materials 

All chemicals were of reagent grade and unless otherwise noted, were used as received. 

Lithium bis[(trifluoromethyl)sulfonyl]imide (LiTf2N) was purchased from TCI America 

(Portland, OR).  1-decyl-3-methyl-imidazolium chloride (C10mimCl), silver nitrate and sodium 

ethoxide were purchased from ACROS Organics (Pittsburgh, PA).  Two hundred proof ethanol 

was purchased from KOPTEC (King of Prussia, PA).  HDEHP, methanol, n-dodecane (n-dd), 1-

methylimidazole, 1-bromodecane, 1-dodecanol, sodium nitrate, sodium hydroxide, methylene 

chloride and OptimaTM nitric acid were obtained from Sigma-Aldrich (St. Louis, MO).  Aqueous 

nitric acid solutions were prepared using water from a Milli-Q2 system (specific resistance ≥18 

MΩ-cm) and standardized using sodium hydroxide solutions with a phenolphthalein indicator 

(Ricca, Arlington, TX).   C10mimTf2N was synthesized via a two-step procedure involving 

quaternization of the methylimidazole with 1-bromodecane to yield the halide form of the IL,34 

followed by anion metathesis to provide the desired (e.g., Tf2N-) product.35  The IL was then 

dried for 24 hours in vacuo at 80°C and stored in a desiccator until use.  C10mimDEHP was 

synthesized  by first mixing a C10mimCl-ethanol solution with an equimolar amount of sodium 

ethoxide.  The mixture was stirred for 24 hours and the supernatant was decanted and mixed with 

an equal volume of water for 30 minutes.36  An equimolar solution of HDEHP in ethanol was 

added and mixed for an additional 4 hours.  Methylene chloride was added while decanting the 

aqueous layer.  The organic phase was then washed with water until no precipitate was observed 

upon mixing the water wash with silver nitrate solution.  The methylene chloride was then 

removed using rotary evaporation.  The identity of all ILs was confirmed using 1H NMR.  

152/154Eu and 241Am were purchased from Eickart and Ziegler.  Amberchrom CG-71m was 
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purchased from Rohm and Haas (Philadelphia, PA) and was purified according to published 

methods.  Briefly, the impure resin was contacted with water for 30 minutes with occasional 

swirling, then removed.  Methanol was contacted with the same resin and allowed to percolate 

through the resin under gravity flow.  The entire process was repeated twice more until the water 

wash was pH ≤7 and the methanol wash was clear and colorless. 

6.2.2 Methods 

6.2.2.1 Filler-Impregnated Resin Preparation 

 A weighed quantity of purified Amberchrom CG-71m beads was slurried with methanol, 

then mixed with a 1-dodecanol-methanol solution containing sufficient 1-dodecanol to fill 15% 

of the available volume of the beads.  The mixture was then equilibrated (w/ shaking) for 24 

hours and the 1-dodecanol-loaded beads recovered by rotary evaporation (T = 55 ºC) under 

reduced pressure. 

6.2.2.2 Stagnantly-Pore Plugged (SPP) Resin Preparation 

 After impregnation of the resin beads with the 1-dodecanol filler, HDEHP, a 1 M solution 

of HDEHP in n-dodecane, a 1 M solution of HDEHP in C10mimTf2N, C10mimDEHP, a 1 M 

solution of C10mimDEHP in n-dodecane, and a 1 M solution of C10mimDEHP in C10mimTf2N, 

all in methanol were slowly added to weighed quantities of 1-dodecanol-impregnated 

(stagnantly-pore plugged) resin.  The methanol was then immediately removed with rotary 

evaporation (T = 55 ºC with reduced pressure), leaving sorbents whose least accessible pores are 

blocked by 1-dodecanol and whose remaining pores are partially occupied by the extractant of 

interest or its solution. 
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6.2.2.3 Determination of Weight Distribution Ratios 

 Solid-liquid (weight) distribution ratios (Dw) were measured radiometrically using 

152/154Eu and 241Am radiotracers.  Specifically, the uptake of each radiotracer from a series of 

nitric acid solutions by the resins was measured by contacting a known volume (mL) of 152/154Eu- 

or 241Am-spiked acid solutions of appropriate concentration with a known quantity of resin.  The 

ratio of the aqueous phase volume (mL) to the weight of the chromatographic material (in grams) 

typically ranged from 40-50.  This ratio produces an easily measured decrease in the aqueous 

phase activity or concentration by contact with the resin.  A two-hour contact time was used for 

equilibration.  Following equilibration, an aliquot of aqueous phase was withdrawn from each 

culture tube and the activity counted.   

 From the counts or concentration of the aqueous phase both before and after contact with 

the resins, the weight distribution ratio (Dw) of 152/154Eu or 241Am was calculated by the 

following: 

Dw = [(A0-Af)/Af] (V/w)     (6.2) 

where A0 and Af are the aqueous phase activity (cpm) or concentration before and after 

equilibration, respectively, w is the mass (g) of the resin, and V is the volume of the aqueous 

phase (mL). 

 Separation factors were calculated by the following equation: 

Separation Factor (SF) = DEu/ DAm    (6.3) 
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6.2.2.4 Metal Ion Uptake Kinetics 

 Into a series of culture tubes, 20-25 mg portions of resin were weighed.  Each resin was 

contacted with 1 mL of dilute nitric acid solution spiked with the appropriate radiotracer.  At 

specific time intervals, the aqueous phase was withdrawn from one of the test tubes, filtered 

through a plastic frit and its activity counted. 

6.2.3 Equipment 

A Bruker DPX 300 MHz NMR spectrometer equipped with a broad-band optimized BBO 

probe operating at a frequency of 300.13 MHz and referenced against tetramethylsilane at 25ºC 

was used for all NMR measurements.  The radiotracers were assayed using a Perkin-Elmer 

Model 2480 Automatic Gamma counter equipped with WIZARD2 software. 

6.3 Results and Discussion 

Any attempt to change the chemistry of the TALSPEAK system must begin with a 

comparison of the distribution ratios of the lanthanide ions extracted to that of americium 

(Am3+), a model actinide ion.  If the changes do not provide increased separation factors relative 

to the conventional system, then they will not be adopted.  McAlister et al. measured the resin 

capacity factor, k’, where k’ = 0.57Dw,M
n+, of several organophosphorus extractant-impregnated 

commercial resins in the extraction of a series of lanthanides, actinides, and selected divalent 

metal ions.  For Eu3+ and Am3+, two ions that can serve as the basis for assessing the 

effectiveness of new systems for lanthanide-actinide separations, the commercial Ln resin was 

unable to provide adequate separation at either 0.01 M or 1 M HNO3, but did at 0.1 M HNO3, 

where SFEu/Am ~ 5.  These results will be useful in evaluating the performance of the FIL.33 
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Prior work with solutions of DEHP-based ILs has shown that they can provide increased 

metal ion uptake efficiency vs. analogous solutions of HDEHP.  For example, Sun et al. prepared 

three quaternary ammonium and phosphonium, DEHP-based FILs, and examined their 

performance, dissolved in C6mimTf2N, relative to that of the HDEHP solution in the extraction 

of lanthanides from a “TALSPEAK-like” aqueous phase.  As noted above, increased distribution 

ratios were observed for the light and heavy lanthanide ions relative to those of the middle 

lanthanide ions.  The FILs exhibited middle lanthanide ion (e.g. Eu3+) extraction similar to that 

seen for the HDEHP solution, however.39  Curiously, these authors did not measure the 

extraction of Am3+.  There is thus no way to evaluate the utility of any of these systems as 

prospective improvement to conventional TALSPEAK. 

Previous work by these authors and others has shown that the solubility of HDEHP in 

common IL families is often too low to be useful.28,37,39  On the basis of results obtained in this 

laboratory (Chapter 3), we have been able to avoid the issue of HDEHP insolubility.  That is, 

HDEHP is completely miscible with conventional solvents (e.g. n-dodecane) and with long-

chain, Cnmim+ ILs (n≥10).  In fact, 1 M solutions of both HDEHP and C10mimDEHP can be 

prepared readily in either C10mimTf2N or n-dodecane, and all of these solutions can serve as the 

stationary phase in an extraction chromatographic material.  On the basis of the results discussed 

in Chapters 4 and 5, the best chromatographic performance can be expected for materials 

incorporating a thin layer of extractant in the intermediate size pores.  The need for a thin 

stationary phase layer is even more important here given the high viscosity of FILs.40,41 In fact, 

loading the support beyond the volume occupied in the 10% (%w/w) HDEHP SPP resin may 

lead to lengthy equilibration times.  Therefore, the volume occupied by the HDEHP in this resin 

will be used for all of the sorbents prepared here.   
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A B 

C D 

E F 

Figure 6.1A-F: Effect of nitric acid concentration on metal ion uptake in (A) undiluted HDEHP and 
C10mimDEHP w/ Eu3+ (B) undiluted HDEHP and C10mimDEHP w/ Am3+  (C) 1 M HDEHP and 

C10mimDEHP in n-dodecane w/ Eu3+ (D) 1 M HDEHP and C10mimDEHP in n-dodecane w/ Am3+  
(E) 1 M HDEHP and C10mimDEHP in C10mimTf2N w/ Eu3+ (F) 1 M HDEHP and C10mimDEHP in 
C10mimTf2N w/ Am3+.  HDEHP (); C10mimDEHP (□); T = 23 ± 2ºC.  All extractants are supported 

on Amberchrom CG-71m resin whose deep pores have been blocked by 1-dodecanol (see text) 
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In our initial extraction studies, Dw,Eu and Dw,Am were measured for both neat HDEHP 

and C10mimDEHP and their solutions in either n-dodecane or C10mim+Tf2N- impregnated into a 

SPP (1-dodecanol-loaded) resin.  As shown in Figure 6.1A-F, all resins impregnated with 

HDEHP exhibit increased Eu3+ and Am3+ uptake efficiency (i.e. higher Dw values) relative to 

C10mimDEHP.  Consistent with published work as well was the similar Eu3+ uptake of HDEHP 

in both diluents.37  The similar Eu3+ ion uptake of C10mimDEHP dissolved in C10mimTf2N and 

n-dodecane is consistent with that shown by Sun et al.39  The flattish dependence of Dw,Am on the 

C10mimDEHP-based resins on acid concentration is consistent with the fact that the extractant 

lacks a proton to exchange with the metal ion.  Unexpectedly, however, the uptake of Eu3+ on the 

same resins does show a dependence on the aqueous acidity.  Although the reason for this 

observation is unknown at present, it is clearly potentially useful in achieving extraction 

selectivity for Eu over Am. 

Of course, once a metal ion has been extracted (and ideally separated from other ions), it 

must be recovered (i.e., back-extracted) from the organic phase, which is often accomplished by 

exploiting “acid swings” (i.e., changes in aqueous acidity).  Obviously, this approach will be 

difficult (or even impossible) for systems with acid dependencies of Dw,M exhibiting near zero 

slopes (such as are seen in Figure 6.1A-F) or with high distribution ratios over a wide acidity 

range.  Others have noted the insensitivity of Dw to aqueous acidity and the associated difficulty 

in stripping extracted metal ions when ILs incorporating an extractant are employed.  Mohapatra 

et al., for example, noted the difficulty in stripping Am3+ from a diglycolamide extractant 

tethered to a C4mim+ cation, a so-called “task-specific ionic liquid (TSIL)”, and observed a trend 

in the acid dependency similar to that seen here.  This made necessary the use of 0.05 M 

ethylenediaminetetraacetic acid (EDTA) or DTPA in 1 M guanidine carbonate solutions to strip 
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the Am3+ from the TSIL.44
  While adding a complexing agent may be effective in metal ion 

stripping, the use of nitric acid is preferred, as it would keep the overall process simple.  Sun et 

al. achieved almost 100% recovery of extracted Eu3+ after stripping from Aliquat 336+DEHP- 

with 0.01 M HNO3.45  Similar recovery was also achieved while recovering lanthanide metal 

ions from a trioctylmethyl ammonium bis(2-ethylhexyl)phosphate FIL using 6 M HNO3.39  

Unfortunately, contacting a DEHP-based FIL with a nitric acid solution at pH ≤ 2 can protonate 

the DEHP- anion.46  HDEHP would be made but so would a nitrate ionic liquid.  This newly 

made IL could be significantly water-soluble, risking loss to the aqueous phase.  Based on the 

acid dependencies observed here with both dilute and undiluted HDEHP, stripping these resins 

with HNO3 should be simpler than with C10mimDEHP. 

Apparent from Figure 6.2A-F, a re-plot of that data from Figure 6.1A-F, is the selectivity 

(SFEu/Am) provided by both the pure and dilute HDEHP resins.  This selectivity is certainly not 

expected given published results for analogous liquid-liquid systems,27 but it is consistent with 

that observed in extraction chromatographic systems.33  Upon dilution, the 1 M HDEHP in n-

dodecane resin reached SFEu/Am = 28 at 0.005 M HNO3 while dilution in C10mimTf2N reached 

SFEu/Am = 19 at 0.0075 M HNO3.  The highest separation achieved by the undiluted HDEHP-

based resin was SFEu/Am = 13 at 0.025 M HNO3.  With no separation factor below nine for 

HDEHP, dilution does seem to buy enhanced selectivity.      
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A B 

C D 

E F 

Figure 6.2A-F: Effect of nitric acid concentration on Eu3+ () and Am3+ (□) uptake in 
undiluted HDEHP (A), undiluted C10mimDEHP (B), 1 M HDEHP in n-dd (C), 1 M 

C10mimDEHP in n-dd (D), 1 M HDEHP in C10mimTf2N (E) and 1 M C10mimDEHP in 
C10mimTf2N (F); T = 23 ± 2ºC. 
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The C10mimDEHP, in both pure and dilute form, exhibits comparable selectivity to the 

pure and dilute HDEHP resins, with no separation factor less than seven for all resins and a high 

of 27 for the 1 M C10mimDEHP in C10mimTf2N at 0.0001 M HNO3.  The undiluted 

C10mimDEHP exhibits a maximum separation of 10 at 0.01 M and 0.001 M HNO3 while that of 

1 M C10mimDEHP in n-dodecane reaches as high as 12 at 0.01 M HNO3.  Similar to the HDEHP 

SPP resins, the dilution of C10mimDEHP does seem to exhibit increased resin selectivity. 

Although extraction via ion exchange should be minimal for C10mim+ given its 

hydrophobicity,42 and the Eu3+ and Am3+ acid dependencies for C10mimDEHP show a near-zero 

slope, nitrate and extractant dependencies were measured for the C10mimDEHP resins.  The only 

other possible extraction mechanism, ion exchange, is unlikely, given the hydrophobicity of the 

C10mim+ cation and the similar Am3+ extraction mechanism of HDEHP diluted in both               

n-dodecane and C10mimTf2N.38  Like the flattish acid dependency, the effect of nitrate 

concentration on metal ion uptake, shown in Figure 6.3A-F, is negligible, indicating the absence 

of nitrate in the extraction mechanism.   

As both the nitrate and acid dependencies exhibit near zero slopes, the only possible 

extraction mechanism for the C10mimDEHP is through ion exchange of the C10mim+ cation.  The 

extractant dependencies shown in Figure 6.4, indicate three C10mimDEHP molecules are used, 

allowing for an ion exchange process to occur with Eu3+ and Am3+. 
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D E F 

Figure 6.3A-F: Nitrate dependence on Am3+ uptake for undilute C10mimDEHP (A), 1 M 
C10mimDEHP in n-dd (B) and 1 M C10mimDEHP in C10mimTf2N (C) and Eu3+ uptake for 
undilute C10mimDEHP (D), 1 M C10mimDEHP in n-dd (E) and 1 M C10mimDEHP in C10-

mimTf2N (F). 
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A B  

C D  

Figure 6.4A-D: Extractant dependence on Am3+ and Eu3+ uptake for 1 M C10mimDEHP in   
n-dd (A,B) and 1 M C10mimDEHP in C10mimTf2N (C,D). 

Previous reports discuss HDEHP diluted in short-chained, Cnmim+ ILs (n = 4,6), as the 

organic phase, which are much more hydrophilic than that used here, C10mim+, allowing for 

enhanced lanthanide ion uptake relative to DIPB but at a cost of losing the IL cation to the 

aqueous due to the ion exchange extraction mechanism.37  Given that HDEHP dissolved in 

C10mimTf2N exhibits similar DEu values compared to HDEHP dissolved in n-dodecane and 

DIPB, this may explain the enhanced metal ion uptake for the HDEHP systems compared to that 

of the C10mimDEHP discussed here.  As C10mim+ nearly suppresses all cation exchange,42 thus 

exhibiting comparable extraction behavior to conventional diluents, and the C10mimDEHP 
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possesses no proton to exchange with the trivalent metal ions, the distribution ratios exhibited by 

the undiluted and dilute C10mimDEHP should be decreased compared to the undiluted and dilute 

HDEHP as the trivalent metal ions can more easily exchange with H+ than the hydrophobic, 

C10mim+.   

To verify the extraction mechanism was ion exchange, the aqueous phase was spiked 

with the C10mim+ cation.  As shown in Figure 6.5, the distribution ratios drop immediately from 

0 to 10 mM C10mim+ proving that ion exchange of C10mim+ for Eu3+ or Am3+ is the extraction 

mechanism.  These results were certainly unexpected given the hydrophobicity of the C10mim+ 

cation and that published previously showing the similar extraction mechanism (i.e. the absence 

of ion exchange) of 1 M HDEHP in n-dodecane and C10mimTf2N.38  While HDEHP loses H+ to 

the aqueous phase, obviously, during extraction, this is readily replaced by contacting the organic 

phase with dilute HNO3.  A similar process could be used to replenish the C10mim+ lost during 

extraction by contacting the resin with dilute C10mim+NO3
- solution.  Unfortunately, this would 

be an expensive endeavor, giving the HDEHP resins yet another advantage over their 

C10mimDEHP counterparts. 
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Figure 6.5: Effect of spiking aqueous phase with C10mim+ cation on Eu3+ uptake for 
undiluted C10mimDEHP SPP resin 

The results of the last metric to assess C10mimDEHP performance relative to HDEHP, 

kinetics, are shown in Figure 6.6 and Table 6.1.  Equilibrium for both resins is essentially 

achieved in approximately 30 minutes well before the contact time of two hours used in all 

experiments.  The undiluted HDEHP resin does achieve equilibrium more quickly than the 

undiluted C10mimDEHP resin.  This is responsible given the viscous nature of FILs in published 

works.30,31  Should the application warrant the use of a FIL, however, equilibrium can be 

achieved in a short time with the loading used here.  Increased loading of the FIL into the SPP 

support would no doubt increase the time required to achieve equilibrium. 
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A B  

Figure 6.6A-B: Kinetics of the uptake of europium ion from 0.05 M and 0.005 M HNO3 by 
10% (%w/w) HDEHP SPP and 9.69% (%w/w) C10mimDEHP SPP resins, respectively. 

Table 6.1: Kinetics of the uptake of europium ion from 0.05 M and 0.005 M HNO3 by 10% 
(w/w) HDEHP SPP and 9.69% (w/w) C10mimDEHP SPP resins, respectively 

        

Resin 
%Equilibrium at 2 

minutes 
%Equilibrium at 20 

minutes 
Time to achieve 90% 

equilibrium 

10% HDEHP SPP 70.7 93.3 14.1 

9.69% C10mimDEHP SPP 66.9 89.1 21.8 

6.4 Conclusions 

 The results presented here provide a direct comparison of an undiluted extractant to its 

FIL analogue in terms of metal ion extractability, Eu3+/Am3+ selectivity, physical stability, and 

ease of stripping.  Of the sorbents characterized here, that containing 10% (w/w) undiluted 

HDEHP provided better metal ion extraction efficiency and Eu3+/Am3+ selectivity equal to or 

better than that observed for undiluted C10mimDEHP or its solutions in n-dodecane or 

C10mim+Tf2N-.  While some DEHP-based FILs have been reported to exhibit higher metal ion 

extraction efficiency than dilute HDEHP,39 loss of IL cation to the aqueous still occurs even with 

long-chained (e.g. C10mim+) cations.  
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Lengthening the cation alkyl chain may further suppress ion exchange but could come 

with undesirable side effects.  Wankowski et al. noted the presence of micelle formation in 

pyridinium-based ILs with n =12,14 which, unexpectedly, led to the loss of the IL cation to the 

aqueous phase.  As this process favored ion exchange, the resulting acid dependencies of these 

same ILs were almost superimposable with short-chained ILs (e.g. n = 7).47  As observed here, 

the C10mimDEHP exhibited increased metal uptake in dilute nitric acid solutions but at a cost to 

ion exchange.  Furthermore, the loss of DEHP- is also possible should more concentrated acids 

be used (pH ≤ 2).46  Clearly then, interested readers must be mindful of all exchange processes in 

pursuing their own applications. 

 Previous work by this author noted the limited solubility of HDEHP in ILs, especially 

those with short alkyl chains (i.e. C2mim+, C4mim+).28  In mixing equal volumes of 

C10mimDEHP and C2mimTf2N, though, complete miscibility was observed.  As several FILs 

exhibited increased metal ion uptake with the light and heavy lanthanides relative to HDEHP, 

should the loss of the IL cation be acceptable, the use of a FIL may be appropriate in this 

instance.  If one is interested in studying the middle lanthanide ions and is limited by IL stability, 

however, simply using HDEHP impregnated onto the SPP extraction chromatographic support 

will suffice. 
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Chapter 7:  

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

 In this work, the solubility of a well-known lanthanide extractant and the basis of the 

TALSPEAK Process, HDEHP, was measured in a series of ILs using a novel, thermogravimetric 

method.  In particular, the method was employed to determine the effect on solubility of the IL 

cation and anion.  While knowledge of extractant solubility is essential in designing a liquid-

liquid extraction system, few studies have been published on this topic.  Even so, certain families 

of extractants, such as non-aromatic crown ethers lack a suitable detection tag.  Phosphorus-

based extractants such as HDEHP may be quantified via ICP-MS or 31P NMR but either require 

large amounts of sample or are inconvenient, respectively.  As ILs and non-aromatic metal-ion 

extractants possess starkly contrasting thermal stabilities, degrading the extractant while leaving 

the IL intact made possible the quantification of three different extractants using 

thermogravimetric analysis.   

Understanding the solvent characteristics necessary to maximize the solubility of HDEHP 

in ILs was essential in order to prepare a HDEHP solution to compare to a DEHP-based IL in 

pure form and in solution. Because extractions of lanthanide and actinide metal ions using 

HDEHP dissolved in ILs would be eventually carried out, the solubility of HDEHP in several 

families of ILs was measured.  With the results indicating an effect of both IL cation and anion 

on solubility, the impact of each was studied.  The alkyl chain length of the IL cation, solvent 

molar volume, and IL anion hydrogen bond basicity were used to explain trends in solubility, 

with molar volume having the greatest impact.  With factors governing HDEHP solubility 
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known, the experimental concentrations for studying metal ion extraction in FILs using both 

liquid-liquid extractions and extraction chromatographic systems were determined. 

As FILs are highly viscous solvents2, they are most conveniently evaluated following 

impregnation into a solid support for extraction.  A thin layer of FIL impregnated into a solid 

support is required to avoid lengthy equilibration times.  With this goal in mind, a clear map of 

the interior of the solid support was constructed using surface area and column efficiency 

measurements to obtain a support filled as planned.  First, the surface area of an inert, 

hydrophilic support Amberchrom CG-71m impregnated with a hydrophilic filler, PTHF 250, was 

measured.  By plotting surface area as a function of support loading, the loading levels 

corresponding to filled micro- and mesopores were determined.   The same support was then 

loaded with HDEHP to assess column efficiency, with the idea that the most efficient material 

would correspond to the thinnest extractant layer in the mesopores.  In filling the support with 

HDEHP to loading levels bracketing the points corresponding to filled micro- and mesopores 

and then measuring column efficiency, the loading that produced a thin layer of extractant was 

determined.  The results showed that the  number of theoretical plates exhibited a maximum at 

intermediate levels (20% (w/w) HDEHP) of extractant loading.  These results proved useful not 

only in designing the studies employing FILs for extraction, but also in separating adjacent 

lanthanides.  In particular, the separation of trivalent europium and neodymium, as well as of 

trivalent europium and gadolinium was achieved simply by varying the extractant loading of the 

support.  Previous works in intra-lanthanide separations required expensive mesoporous 

materials3, laser reduction4 of Eu3+ to Eu2+, or extractant incorporation into the solid support 

matrix to separate Eu3+ from adjacent lanthanide ions5.  These elaborate procedures often did not 

produce adequate resolution3, produced hydroxyl radicals4, or required multiple columns for 
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separation.5  The 20% (%w/w) HDEHP resin merely required a laboratory balance and rotary 

evaporator for resin preparation and dilute nitric acid for elution.  During column elution of 

Eu3+/Gd3+, the same resin exhibited improved resolution compared to the commercial Ln resin 

due to its increased theoretical plate count.  

By filling the smallest pores of the support to near capacity with a water-insoluble, inert 

filler and then adding an extractant atop this filler, substantial improvements in column 

efficiency and peak shape were also observed.  Several fillers were evaluated to determine which 

characteristics are most important.  Again, column efficiencies were measured with HDEHP atop 

filler to determine the appropriate layer thickness.  Ultimately, 1-dodecanol was chosen as the 

best filler due to its viscosity at room temperature, support compatibility, and hydrophobicity.  

The reduced peak asymmetry was found to facilitate both the separation of europium and 

neodymium and that of europium and gadolinium.  Contrary to the resin impregnated with pure 

HDEHP, 10% (%w/w) HDEHP SPP was the most efficient loading.  Besides the improved 

column efficiency relative to the commercial resin, the near constant peak asymmetry (1.1-1.2) 

for all loadings was another welcomed surprise.  With the peak asymmetry for the supports filled 

with pure HDEHP spanning a greater range (1.14-1.67), metal ion diffusion into the unfilled 

micropores proved to be the source of peak asymmetry.   

Once the bead interior had been completely mapped, FILs were examined to assess their 

utility in metal ion separations versus their conventional analogues.  Once the support 

micropores were filled with an inert filler, a thin layer of FIL was added atop.  Of the sorbents 

characterized, undiluted HDEHP provided better metal ion extraction efficiency and Eu3+/Am3+ 

selectivity equal to or better than that observed for undiluted C10mimDEHP or its solutions in n-

dodecane or C10mim+Tf2N-.  Furthermore, the loss of the FIL cation to the aqueous phase still 
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occurs even with long-chain (e.g. C10mim+) cations calling into question their physical stability.  

The highly viscous nature of the FIL also caused slower metal ion uptake kinetics relative to 

HDEHP.  The lone advantage of DEHP-based FILs relative to neat or dilute HDEHP is their 

ability to efficiently extract the light and heavy lanthanides. 

7.2 Recommendations 

 The following are a series of recommendations for improving extraction chromatographic 

materials as well as recommended studies to address the poor solubility of metal ion extractants 

in ILs.  This is by no means a comprehensive list, but it will open the door to a new family of 

extraction chromatographic materials. 

7.2.1 Assessing extractant solubility in ILs 

 While ILs are known to dissolve a wide variety of substances, the poor solubility of 

several metal ion extractants has been well documented.6,7  Fortunately, the families of 

extractants, BTPs and calixarenes, for which thermogravimetric analysis was not applicable 

possess aromatic rings making UV-Vis analysis possible.  Furthermore, no solubility study of 

these extractants in ILs has been undertaken.  Such a study will undoubtedly prove useful for 

BTPs given their selectivity in lanthanide-actinide separations.  It would also be worthwhile to 

learn if the same factors governing HDEHP solubility in ILs, especially molar volume, control 

that of BTPs and calixarenes. 

7.2.2 Effect of extractant loading on solid supports with high surface area 

 By varying the loading of extractant on a solid support, a new option will be available to 

separate the f-elements that merely requires commercially available materials without further 

modification.  A similar study would be useful with a support of higher surface area and/ or a 
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different pore structure.  Mesoporous materials, such as SBA-15 (≥550 m²/g)8, MCM-41 (>800 

m²/g)9 or KIT-6 (600-800 m²/g)10, are hydrophilic, uniform porosity supports with greater 

surface area than Amberchrom CG-71m (500 m²/g).  Due to the uniform porosity these supports, 

varying the extractant load may not yield the same effect on column efficiency as Amberchrom 

CG-71m, but the higher surface area will permit greater extractant loading while maintaining a 

thin layer on the support. 

7.2.3 Filling a solid support with a thermally-polymerizable monomer 

 1-dodecanol proved a useful filler due to its viscosity at room temperature, compatibility 

with the support, and, apparently, minimal interaction with the extractant, HDEHP.  While 1-

dodecanol was not detected during column preparation and use, it still possesses a finite water 

solubility11 raising concerns over its long-term column stability.  Impregnating the support with a 

thermally-polymerizable monomer, such as styrene, would address that issue.  Styrene possesses 

a lower octanol-water partitioning coefficient (log Pow = 2.95)12 than 1-dodecanol (log Pow = 

5.13)11 meaning it should be just as, if not more, compatible with the support than 1-dodecanol.  

As styrene can polymerize into polystyrene thermally,13 no polymer initiator is needed thereby 

simplifying the process. 

7.2.4 Applying a thin layer of extractant in controlled-porosity supports 

 The development of controlled porosity supports produced a near two-fold improvement 

in efficiency over the commercial support.  As HDEHP is a common extractant in metal ion 

extraction, preparing the same support with another commercially available extractant, such as 

N,N,N′,N′‐Tetraoctyl Diglycolamide (TODGA) would be worth pursuing.  Horwitz et al. 

mentioned the lack of selectivity among heavier lanthanides of a TODGA-impregnated resin.14  
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Gharibyan noted the poor separation between americium and curium with several commercial 

resins, including EiChrom’s Ln resin (HDEHP-based) and DGA Normal (TODGA-based) 

resins.15  Because americium and curium are actinides, nitrogen-based extractants are more 

applicable to these metals, whereas phosphorus-based extractants, such as HDEHP, are preferred 

by the lanthanides.  A controlled porosity support with a thin layer of TODGA for Am/Cm 

separation is worth consideration.  
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