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ABSTRACT 

 The lanthanides are some of the most challenging elements to separate from one another, yet 

the need for high-purity lanthanides is crucial for several different disciplines. Extraction 

chromatography (EXC) is a separation technique that offers multiple separation stages in a single 

column to achieve high-purity separations. Common EXC supports for lanthanide separations are 

made of porous polymeric materials. This dissertation focuses on ordered mesoporous carbon 

(OMC) nanoparticles as an alternative support material for lanthanides separations. 

 The initial effort centers on the applicability of OMC as an extraction chromatographic 

support. OMC physisorbed with bis-(2-ethylhexyl) phosphoric acid (HDEHP) was compared to 

an analogous, commercially available EXC resin. The distribution coefficient for Eu3+ was greater 

using HDEHP-OMC than the EXC resin, even after adjusting for differences in extractant 

concentration. The maximum Eu3+ adsorption capacity for the HDEHP-OMC was at least twice 

that of the EXC resin. The results indicate that the high surface area of the OMC plays a significant 

role in the adsorption capacity, and therefore distribution coefficient, of the lanthanide ion. An 

improved chromatographic separation of Nd3+ and Eu3+ was achieved with the HDEHP-OMC 

material. Maximum Eu3+ adsorption studies using OMC physisorbed with N,N,N',N'-tetra-n-octyl 

diglycolamide (TODGA) and an analogous EXC resin showed hyperstoichiometric uptake of Eu3+ 

by both supports.  

 Electroanalytical techniques were used to probe the redox properties of Eu adsorbed on 

TODGA-OMC. The results show that the trivalent oxidation state is stabilized by the complexation 

with TODGA and that through controlled polarization, desorption of a reduced Eu2+ species is 

possible. Differential pulse voltammograms from matrix confined Eu in the TODGA-OMC 
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electrodes indicated that under high Eu3+ loading, Eu species—resembling an aquated Eu cation—

were present. Small-angle X-ray scattering (SAXS) and extended X-ray absorption fine structure 

(EXAFS) techniques were used to examine the TODGA-OMC and analogous EXC resin under 

varying Eu3+ loading conditions. These results show that under high Eu3+ loading conditions, 

microcrystalline-like domains exist for the TODGA-OMC material but are absent for the EXC 

resin.   
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CHAPTER ONE 

INTRODUCTION 

1.1  Motivation 

The lanthanides, along with scandium and yttrium, make up the rare earth elements (REEs) 

and share similar chemical properties. The REE have a predominant trivalent oxidation state due 

to their electronic configuration (Table 1.1). The chemical similarity of their electronic 

configurations creates a difficult separations challenge. A decrease in the atomic and ionic radii 

across the lanthanide series occurs as a result of poor nuclear shielding by the 4f electrons. In turn, 

the decrease in radius with increasing atomic number accompanies an increase in the charge 

density. The lanthanide contraction is typically exploited for separations: the higher the charge 

density, the greater the binding affinity. This allows for intragroup separations as a heavier 

trivalent cation preferentially binds with an extractant over a lighter member of the series. The 

need for separation techniques that deliver high-purity lanthanides spans across a diverse field of 

disciplines including rare earth element sciences, nuclear forensics, and nuclear medicine. 

The optical, electrical, and magnetic properties of the REEs make them useful for many 

modern technologies including permanent magnets in wind turbines (Nd, Pr), catalysts in catalytic 

converters (La), dopants in fiber optic cables (Y, Eu, Tb, Er), and phosphors for smart phone 

screens (Y, Eu, Tb, Gd, Ce).1 In 2011, the U.S. Department of Energy (DOE) listed Y, Nd, Eu, Tb, 

and Dy as critical for the 2015–2025 term.2 The DOE 2020 White Paper addressed the need to 

diversify the supply of critical materials by increasing separations research and development,3 with 

interest in alternative technologies. Because the REEs are typically found together in ore deposits 
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due to their similar chemical properties, the efficiency of the electronic and optical devices may 

diminish with the occurrence of other REE impurities 

 

Table 1.1: Electronic configurations and ionic radii of the rare earth elements. 

 Z 

Electronic configuration, 
REE 

Electronic configuration, 
REE3+ 

Effective ionic radius, 
REE3+ (Å, CN = VIII)4 

Sc 21 [Ar] 3d1 4s2 [Ar] 0.870 
Y 39 [Kr] 4d1 5s2 [Kr] 1.019 
La 57 [Xe] 5d1 6s2 [Xe] 1.160 
Ce 58 [Xe] 4f1 5d1 6s2 [Xe] 4f1 1.143 
Pr 59 [Xe] 4f3 6s2 [Xe] 4f2 1.126 
Nd 60 [Xe] 4f4 6s2 [Xe] 4f3 1.109 
Pm 61 [Xe] 4f5 6s2 [Xe] 4f4 1.093 
Sm 62 [Xe] 4f6 6s2 [Xe] 4f5 1.079 
Eu 63 [Xe] 4f7 6s2 [Xe] 4f6 1.066 
Gd 64 [Xe] 4f7 5d1 6s2 [Xe] 4f7 1.053 
Tb 65 [Xe] 4f9 6s2 [Xe] 4f8 1.040 
Dy 66 [Xe] 4f10 6s2 [Xe] 4f9 1.027 
Ho 67 [Xe] 4f11 6s2 [Xe] 4f10 1.015 
Er 68 [Xe] 4f12 6s2 [Xe] 4f11 1.004 
Tm 69 [Xe] 4f13 6s2 [Xe] 4f12 0.994 
Yb 70 [Xe] 4f14 6s2 [Xe] 4f13 0.985 
Lu 71 [Xe] 4f14 5d1 6s2 [Xe] 4f14 0.977 

 

Uranium ore deposits also contain REEs. The relative abundance of the lanthanides in uranium 

ore does not change after processing to uranium concentrate (yellowcake).5 Because the lanthanide 

concentrations vary regionally, they can provide a unique nuclear forensics’ signature for verifying 

the geographical origin of a uranium sample.5 Furthermore, the lanthanides are also produced in 

the fission process. In a post-detonation event, the lanthanides can provide insight into the neutron 

energetics, and therefore, the device design. A lanthanide isotope of particular interest in this 
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regard is 147Nd. The fission yield of 147Nd remains relatively constant despite the energy of the 

incident neutron energy used for fission and can be used as a benchmark for analysis. 

While the lanthanides are chemically similar, radioisotopes of the lanthanides vary greatly in 

their half-lives and beta-decay energies. Some of these radiolanthanides have nuclear properties 

that would make them useful for nuclear medicine (Figure 1.1).6,7 For example, four terbium 

radioisotopes (149Tb, 152Tb, 155Tb, and 161Tb) cover the main therapeutic modes of nuclear 

medicine: α, β–, Auger electron therapies, positron-emission tomography (PET), and single-photon 

emission computed tomography (SPECT).7 The β– emitting radionuclide, 177Lu, has found success 

in clinical trials as a lower β– energy alternative to the well-established 90Y for 

radiopharmaceuticals.7 

 

 

Figure 1.1: Current or potential applications of lanthanides for nuclear medicine. Adapted from 
Kostelnik, T. I.; Orvig, C., Radioactive Main Group and Rare Earth Metals for Imaging and 
Therapy. Chemical Reviews 2019, 119 (2), 902-956.7 Copyright 2019 American Chemical Society. 
 

1.2  Separation processes 

1.2.1 Liquid-liquid extraction 

Perhaps the most common industrial separation process for REE separations is that of LLE. In 

LLE, an analyte of interest is partitioned between two immiscible phases—usually a non-polar, 

organic phase and a polar, aqueous phase—based on its solubility in each phase. As charged 

species, the lanthanides are initially solvated in the aqueous phase. During agitation of the two 

phases, organic soluble extractants are used to facilitate the transfer of the metal ions from the 
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aqueous phase to the organic phase. Ideally, LLE processes will be pH dependent. This allows for 

metal loading into and metal stripping from the organic phase by altering the aqueous solution 

acidity, without the need for additional complexants. 

The affinity an extractant has for a metal ion can be described by a distribution ratio (DM, 

Equation 1.1), 

 𝐷M = [M]𝑜𝑟𝑔[M]𝑎𝑞  (1.1) 

where [M]org and [M]aq are the metal concentrations in the organic and aqueous phases, 

respectively. The separation factor (α, Equation 1.2) describes an extractant’s ability to separate 

two metal ions and is a ratio of distribution ratios. 

 𝛼 = 𝐷A𝐷B (1.2) 

Liquid-liquid extraction processes are industrially straightforward and can recover kg quantities 

of metal ions,8 but typically require numerous separation stages. This separation technique also 

requires large volumes or organic solvent, which are often toxic, volatile, and/or corrosive (e.g. 

kerosene). Separation methods that replace or limit the use of organic solvents by replacing them 

with an inert stationary phase, such as extraction chromatography (EXC), have been investigated 

as environmentally friendlier approaches. 

1.2.2 Extraction chromatography 

Extraction chromatography, a type of liquid-liquid chromatography, can be described as 

maintaining the selectivity provided by LLE while preserving the numerous separation stages 

offered through the chromatographic process.9 Development of EXC materials is typically based 

on well-characterized LLE systems. This is due to the preparation of EXC materials, in which the 

same extractants used in LLE are physisorbed (not covalently bound) on porous chromatographic 
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supports. The physisorbed extractant is called the stationary phase and is analogous to the 

extractant dissolved in the organic solvent in LLE. Like LLE, an analyte is partitioned between 

two liquid phases, the extractant (stationary phase) and an aqueous eluent (mobile phase). The 

affinity the analyte has for the stationary phase will determine the length of time the analyte spends 

on the chromatographic material. Extraction chromatographic materials provide a means to probe 

extractant behavior while confined in a porous material in the absence of a diluent. 

Both batch and column methods are used to investigate EXC processes. In the batch—or 

static—process, a known volume of aqueous phase is contacted with a known mass of resin. In 

this manner, the results can be compared to those obtained in LLE. In the column—or dynamic—

process, a single equilibration does not exist, but rather numerous equilibrations known as 

theoretical plates. For batch mode extraction, the affinity an extractant has for a metal ion can be 

described using a weight distribution ratio (Dw, Equation 1.3), 

 𝐷w = [M]𝑎𝑞∘ −[M]𝑎𝑞𝑚resin [M]𝑎𝑞𝑉𝑎𝑞⁄  (1.3) 

where [M]ºaq is the initial metal concentration in the mobile phase, [M]aq is the metal concentration 

in the mobile phase at equilibrium, mresin is the mass of the chromatographic material (g), and Vaq 

is the volume of the mobile phase (mL). While LLE often provides a good basis for EXC process 

designs, it is not known if the extractant behavior—particularly in terms of aggregation and long-

range ordering of neutral, solvating extractants—is disrupted through confinement within a porous 

solid support. 

Common extraction chromatographic resins, such as those presented in Chapter Two, use a 

polymer matrix as the solid support for the extractant. Recently mesoporous support materials, 

specifically ordered mesoporous silicas, have been explored for f-element separations.10 The high 
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surface area of the mesoporous material allows for greater functionalization, and in turn, greater 

analyte adsorption. Although the mesoporous silicas are chemically and thermally stable, harsh 

operating conditions present (i.e. high acid, oxidizing environments) for some f-element separation 

processes may be an issue. The robust chemical stability of ordered mesoporous carbons (OMC) 

are expected to withstand these environments, while maintaining high surface areas. The attractive 

properties of OMC as a solid support material for f-element separations are explored throughout 

this dissertation. 

1.2.3 Redox-facilitated separations 

Although the lanthanides are most stable in the trivalent oxidation state, some lanthanides are 

able to access the di- and/or tetravalent oxidation states (Figure 1.2).11 Redox-based adjacent 

lanthanide separations typically use chemical12-14 or electrochemical processes.13,14 Compared to 

chemical redox methods, electrochemical processes limit the introduction of impurities from the 

oxidant or reductant and benefit from faster electron transfer.15 The redox-based separations, 

however, are done in a step-wise fashion such that the redox active lanthanide undergoes an 

electron transfer process prior to the separation procedure (e.g., LLE or EXC).12,14,16,17 Generally 

with different oxidation states, it is thought that separation processes will be capable of producing 

purer products.18 

 

 

Figure 1.2: Accessible oxidation states for the lanthanides.11,19,20 
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1.3  Lanthanide extractants 

Two extractant classes used to bind with the lanthanides are acidic organophosphorus 

extractants and the diglycolamides (DGAs). These extractants are amphiphilic in nature, composed 

of hydrophobic regions to promote solubility in the organic phase and hydrophilic regions 

accessible for metal ion interactions at the aqueous phase interface. Both the acidic 

organophosphorus extractants and diglycolamides are uniquely interesting for lanthanide 

separations. Further understanding of the fundamental chemistry behind their separation 

capabilities could provide insight into the design of new extraction systems. 

1.3.1 Bis-(2-ethylhexyl) phosphoric acid, HDEHP 

Acidic organophosphorus extractants contain C, H, O, and P and use a cation exchange 

mechanism for metal extraction. One of the most notable extractants in this class is bis-

(2-ethylhexyl) phosphoric acid, or HDEHP (Figure 1.3, left). In aliphatic diluents, HDEHP forms 

a dimer, with three dimers trading a single proton each for a trivalent metal ion according to 

Equation 1.4. 

 Ln3+(aq) + 3(HDEHP)2(org) ⇌ Ln[H(DEHP)2]3(org) + 3H+(aq) (1.4) 

The resulting metal-extractant complex has a net zero charge and is soluble in the organic phase. 

HDEHP provides an average separation factor of 2.5 between adjacent lanthanides—with 

individual separation factors ranging from 1.5 to 4.5—and a selectivity of over five orders of 

magnitude between La and Lu.21,22  

1.3.2 N,N,N',N'-tetra-n-octyl diglycolamide, TODGA 

The diglycolamide (DGA) extractants are diamide derivatives with an ether oxygen linking 

two amide groups forming a tridentate extractant. As neutral, solvating extractants, DGAs  
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Figure 1.3: Structures of bis-(2-ethylhexyl) phosphoric acid (HDEHP, left) and N,N,N',N'-tetra-
n-octyl diglycolamide (TODGA, right). 
 

encourage metal partitioning by forming reverse micelles,23-26 with the hydrophobic regions 

oriented toward the bulk organic phase. The polar core surrounds the metal cation and coextracts 

charge-neutralizing anions. One of the most promising DGAs is N,N,N',N'-tetra-n-octyl 

diglycolamide (TODGA, Figure 1.3, right) due to its solubility in aliphatic diluents and high 

affinity for trivalent f-elements.27  

The common structural motif for extraction from organic diluent involves three tridentate 

TODGA molecules coordinated to a homoleptic trivalent lanthanide, Ln(TODGA)3
3+.28-33 The 

proposed equilibrium equation is given in Equation 1.5. 

 Ln3+(aq) + 3NO3−(aq) + 3TODGA(org) ⇌ Ln(TODGA)33+⦁ 3NO3−(org) (1.5) 

While TODGA has a high affinity for the trivalent lanthanides, it is prone to third phase formation. 

Long-chain alcohols, such as 1-octanol or iso-decanol, have been used as phase modifiers in 

TODGA LLE systems.26,34-36 It has been suggested that the increase in diluent polarity disrupts the 

long-range ordering within the organic phase, preventing third phase formation.37 It is not known 

if the long-range ordering of TODGA persists when physisorbed on solid supports, such as those 

used for EXC.  
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1.3.2.1 Aggregation behavior of TODGA 

Since the trivalent lanthanides have a coordination number of 9,38 traditional coordination 

chemistry cannot explain the mechanism of extraction by TODGA and accompanying counter 

anions. Previous density functional theory (DFT) calculations,39 extended X-ray absorption fine 

structure analyses (EXAFS),28,40 and time-resolved laser-induced fluorescence spectroscopic 

(TRLIFS) studies41 indicate that the coextracted anions and water molecules reside in the outer-

coordination sphere of the metal-TODGA complex. Therefore, the unusual extraction behavior of 

TODGA cannot be fully explained using standard coordination chemistry approaches.  

Jensen et al. demonstrated the micellar aggregation of TODGA molecules using tensiometry 

and small-angle neutron scattering (SANS).23 The tensiometry data suggested that in the absence 

of a metal ion, 0.1 M TODGA in n-octane will form reverse micelles when contacted with 0.7 M 

HNO3, which also correlates to the acid concentration at which water begins to accumulate in the 

organic phase. Using SANS, it was found that reverse micelles, composed of four TODGA 

molecules, were the dominant species at acid concentrations > 1 M HNO3. Reverse micelles 

formed in the presence of Nd salts over the entire range of acid concentrations studied (0.48–2.0 M 

HNO3 and 4.0 M HCl). This aggregation behavior appears to be instrumental in the unusual 

selectivity TODGA has for the trivalent f-elements. It is not obvious if the aggregation behavior—

promoted by the presence of trivalent metal ions or elevated nitric acid concentrations—persists 

when TODGA is confined within a porous solid support with or without an organic diluent. 

Under certain conditions, TODGA aggregation in a nonpolar organic diluent is known to form 

a third phase.25 Third-phase formation is often correlated to high acid or metal loading in the 

organic phase, owing to the reverse micelle formation conditions found by Jensen et al.23,42 

Because hydrometallurgical processes are designed to handle biphasic separation systems, phase 
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splitting is undesirable. In LLE systems, phase modifiers are used to disrupt the extractant 

aggregation behavior and/or increase the diluent polarity to eliminate third phase formation.37 One 

such modifier is 1-octanol. It has been postulated that at low concentrations, 1-octanol acts as a 

cosurfactant by increasing the surface of the polar head groups in the reverse micelles.34 As the 

concentration of 1-octanol in the organic phase increases, the alcohol becomes a cosolvent and 

impedes the micellar organization of the extractant. Since extractants are physisorbed on 

chromatographic supports without an organic diluent, TODGA molecules may be present in a 

polymeric/oligomeric framework. An alcoholic modifier could act as a dispersant to break up the 

polymer-like chains, allowing for an increase in interfacial interactions. 

1.4  Analytical approaches 

1.4.1 Radiochemical methods 

Small sample volumes, low metal concentrations, and rapid sample analysis can be achieved 

using radiochemical methods.43 Because the lanthanides naturally occur as primordial nuclides 

(with the exception of Pm), they must first be made radioactive to study by radiotracer methods. 

This can be achieved through neutron capture (Equation 1.6) at the U.S. Geological Survey TRIGA 

reactor at the Denver Federal Center in Lakewood, CO. 

 Ln𝑍𝐴 (𝑛,𝛾)→  Ln𝑍𝐴+1  (1.6) 

The resultant radionuclides can then be used as radiotracers for extraction investigations. The 

primary decay mode of the lanthanides is β– decay, which is typically followed by γ emission. 

When a single lanthanide is of interest, gross gamma counting is a simple method used to evaluate 

the radioactivity of the aqueous phase before and after equilibrium as well as in the organic phase 

(for LLE). When multiple lanthanides, or radionuclides, must be discerned from one another, the 

radioactivities are evaluated from their discrete gamma energies found using a high-purity 
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germanium (HPGe) detector. In radiotracer experiments, radioactivity replaces metal 

concentration in distribution ratio calculations (DM or Dw in Equations 1.1 and 1.3). The primary 

investigative method for lanthanide extraction systems will involve radiotracer experiments due to 

the access of the TRIGA reactor for radionuclide production and the radiochemistry laboratories 

at the Colorado School of Mines. 

1.4.2 Electroanalytical methods 

Cyclic and differential pulse voltammetry are electroanalytical methods used to measure 

electrical current under varying potentials. In the presence of a redox-active species, the variation 

in potential will cause the transfer of electrons from the electrode to the analyte. This process, in 

its simplest form, is summarized as Equation 1.7, in which ‘Ox’ represents the oxidized species 

and ‘Red’ is the reduced species. 

 Ox + 𝑛𝑒− ⇄ Red (1.7)  

The electrode potential of the electrochemical system (E) can be related to the standard potential 

(E0) using the Nernst Equation (1.8). In this equation, R is the universal gas constant, T is absolute 

temperature, n is the number of electrons, F is Faraday’s constant, and Q is the reaction quotient. 

 𝐸 = 𝐸0 − 2.3026 𝑅𝑇𝑛𝐹 log 𝑄 (1.8) 

By increasing the potential scan rate in cyclic voltammetry, the current intensity increases due to 

the decrease in the diffusion layer size.44,45 Using this principle, the electrochemical reversibility 

of the electron transfer process can be described through the relationship between the peak current 

(ip, A) and scan rate (υ, V s–1). Equations 1.9 and 1.10 show two electrochemically reversible 

electron transfer processes relating to mass transfer (diffusion) and surface adsorption, 

respectively. 
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 𝑖p = 0.446𝑛𝐹𝐴𝐶O (𝑛𝐹𝜐𝐷O𝑅𝑇 )1 2⁄  (1.9) 

 𝑖p = 𝑛2𝐹2𝜐𝐴𝛤∗(4𝑅𝑇)−1 (1.10) 

Here, CO is the bulk concentration of the oxidized species (mol cm–3), DO is the diffusion 

coefficient of the oxidized species (cm2 s–1), and Γ* is the surface coverage of the adsorbed species 

(mole cm–2). 

Of the multivalent lanthanides, Eu has a fairly stable divalent oxidation state, with a standard 

electrode potential of –0.35 V vs. SHE (Table 1.2),46 owing to its half-filled 4f 7 electron 

configuration.13 In Chapter Four, the redox properties of Eu are explored using TODGA 

functionalized ordered mesoporous carbon (OMC) nanoparticles in cavity microelectrodes. Under 

controlled polarization, these extractant functionalized carbon electrodes could provide a means 

for redox controlled adsorption/desorption-based separations to obtain high-purity lanthanides. 

 

Table 1.2: Standard electrode potentials at 298.15 K in water for lanthanides with available (IV/III) 
or (III/II) redox couples in solution. 

 Eº (V, vs SHE)46 
Ce(IV/III) 1.72 
Pr(IV/III) 3.2* 
Sm(III/II) –1.55 
Eu(III/II) –0.35 
Tb(IV/III) 3.1* 
Yb(III/II) –1.05 
* Estimated 
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1.4.3 Synchrotron radiation methods 

1.4.3.1 Small-angle X-ray scattering 

Small-angle X-ray scattering (SAXS) is an analytical technique that probes the structure of a 

system at the mesoscale (1 to 100 nm). In this method, incident X-rays are scattered by the 

electrons of particles in a sample. The scattered X-rays from each particle can either cause 

constructive or destructive interference. These interferences appear as dark (destructive) or light 

(constructive) patterns on the detectors and relate to the size, shape, distribution, and electron 

density of scattering particles in the sample. Figure 1.4 shows the basic SAXS setup, where an 

incident X-ray is scattered by a sample particle. The data collected from the scattered X-rays at 

angle 2θ is reduced via azimuthal integration to a 1D SAXS profile of scattering intensity versus 

momentum transfer (or scattering vector), q (Å–1). The momentum transfer is related to the 

scattering angle through Equation 1.11,  

 𝑞 = 4𝜋 sin𝜃𝜆  (1.11) 

where λ is the incident X-ray wavelength (Å). In a system that contains a high degree of order, a 

 

 

Figure 1.4: A general SAXS setup. In the SAXS experiment, an incident X-ray is transmitted 
through a particle. The electrons of the particle will scatter the X-ray at an angle 2θ. Multiple 
scatterers will produce a 2D pattern. A 1D SAXS profile is presented as a function of the 
momentum transfer, q, after azimuthal integration. 
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peak can appear in the SAXS profile. Peak periodicity may indicate crystalline-like alignments of 

the particles. The length scale in real space, d (Å), of the peaks can be interpreted using 

Equation 1.12. 

 𝑞 = 2𝜋𝑑  (1.12) 

1.4.3.2 Extended X-ray absorption fine structure 

X-ray absorption fine structure (XAFS) is a technique that measures the absorption of X-rays 

by atoms resulting in the excitation of core electrons. The XAFS spectrum is sensitive to the spatial 

environment of the absorbing atom, such as the identity of the neighboring atoms, coordination 

number, and distances. The ejected core electron initiates a photoelectron wave. Neighboring 

atoms will backscatter the propagating photoelectron waves causing constructive or destructive 

interferences giving rise to oscillations in an XAFS spectrum. The information provided by XAFS 

is element specific. That is, an X-ray wavelength is chosen based on the absorbing atom of interest. 

The probability the atom will absorb the incident X-ray radiation (I0) is based on Beer’s Law 

(Equation 1.13), 

 𝐼 = 𝐼0𝑒−𝜇𝑡 (1.13) 

where I is the transmitted intensity, μ is the absorption coefficient, and t is the sample thickness. 

The three regions in XAFS spectrum are the pre-edge, the edge jump, and the post-edge. The 

oscillations present in the post-edge region are known as the extended X-ray absorption fine 

structure (EXAFS) region (refer to Figure 1.5a). These oscillations are defined as a function of 

χ(E), such that 

 𝜒(𝐸) = 𝜇(𝐸)−𝜇0(𝐸)Δ𝜇0 . (1.14) 
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The edge jump is Δμ0 and a smooth background function over the oscillating region is μ0 (see 

Figure 1.5a). Using Equation 1.15, incident X-ray energy in EXAFS is converted to a 

photoelectron wavenumber k (Å–1).  

 𝑘 = √2𝑚(𝐸−𝐸0)ℏ2  (1.15) 

Here, m is the electron mass, E0 is the absorption edge energy, and ℏ is the reduced Planck constant. 

The oscillation function, χ(E), is redefined as a function of k, and the EXAFS plot is often 

multiplied by powers of k to accentuate the oscillations (Figure 1.5b).   

 

 

Figure 1.5: XAFS data. (a) The absorption coefficient as a function of energy with the edge jump, 
Δμ0, and smooth background function, μ0(E) (red) shown. (b) The k3-weighted EXAFS spectrum, 
k3χ(k), from the energy spectrum. (c) The Fourier transform (FT) EXAFS.  
 

The transformation to k space enables the characterization of structural parameters through the 

EXAFS equation. 

 𝜒(𝑘) = ∑ 𝑁𝑗𝑆02𝑓𝑗(𝑘)𝑒−2𝜎𝑗2𝑘2𝑒−2𝑅𝑗 𝜆(𝑘)⁄𝑘𝑅𝑗2𝑗 sin[2𝑘𝑅𝑗 + 𝜙𝑗(𝑘)] (1.16) 

Here, N is the number of neighboring atoms, S0 is an amplitude reduction factor, f(k) is the 

backscattering amplitude from the neighboring atoms, σ2 is the Debye-Waller factor (which 

accounts for disorder and thermal vibration of the neighboring atoms), R is the distance to the 

neighboring atoms, and ϕ(k) is the total phase shift of the photoelectron. The sinusoidal EXAFS 
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data are usually presented as a Fourier transform from k-space to R-space, allowing for spatially 

meaningful visual representation of the data. 

1.5  Research purpose and outline 

The theme of this dissertation is to address different aspects of liquid-solid separations for the 

lanthanides using a tailored support material—ordered mesoporous carbon (OMC). The 

dissertation will report how OMC could be utilized to improve lanthanide chromatographic 

separations,  as an electrode for redox-facilitated separations, and for future engineering prospects 

through crystallization for trivalent f-element separations. 

Chapter Two provides an overview of two common EXC resins using HDEHP (LN Resin) and 

TODGA (DGA Resin) as the physisorbed extractant. These resins serve as the baseline comparison 

EXC materials within this dissertation. Chapter Three is an investigative comparison into the 

separation performance of OMC functionalized with HDEHP and LN Resin. This research 

demonstrated the first f-element chromatographic separation using OMC as the solid support. The 

successful outcome for OMC as a chromatographic support led to functionalizing with another 

lanthanide-selective extractant—TODGA. The extraordinary hyperstoichiometric Eu3+ uptake 

exhibited by the TODGA functionalized OMC and DGA Resin prompted deeper investigation into 

the support-extractant-metal relationship. Because OMC is graphitic in nature, Chapter Four 

examines the Eu(III)/Eu(II) redox couple as it relates to TODGA binding on the solid support. The 

electroanalytical results indicate an avenue for adjacent lanthanide separations under controlled 

potential. This work also indicated deviations from traditional stoichiometries under high Eu3+ 

loading conditions that were further probed in Chapter Five. The work in Chapter Five examines 

DGA Resins and TODGA functionalized OMC at the meso- and microscopic scales using SAXS 
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and EXAFS, respectively. The comparison between the two different support materials informs 

the extractant confinement effects, particularly under high metal loading.  
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CHAPTER TWO 

A SURVEY OF EXTRACTION CHROMATOGRAPHIC f-ELEMENT SEPARATIONS 

DEVELOPED BY E. P. HORWITZ 

Adapted with permission from Solvent Extraction and Ion Exchange 

Erin R. Bertelsen,1 Jessica A. Jackson,1 and Jenifer C. Shafer1,2 

The following chapter has been abbreviated and adapted from the published review article. 

Sections pertaining to extractants and EXC resins unrelated to this dissertation have been omitted. 

2.1  Abstract 

An extensive suite of f-element extraction chromatographic (EXC) resins was developed by  

E. Philip Horwitz and his groups at Argonne National Laboratory, PG Research Foundation, and 

Eichrom Technologies, Inc. The separation character of the specific resins is largely determined 

by the extractant physisorbed on the solid support. Modelled after solvent extraction systems 

employing the same extractants, TEVA, UTEVA, TRU, DGA, Actinide, and the LN family of 

resins have become benchmarks for research comparisons and are available for commercial 

applications. The f-elements separations community has applied these resins in a multitude of 

analytical fields from nuclear medicine isotope production to environmental analysis. As the field 

of extraction chromatography begins to explore innovative solid supports and ingenuity in the 

applicability of the EXC resins themselves, the tremendous contributions of Horwitz must be 

considered. This review examines the EXC materials developed by Horwitz, specifically for 

f-elements, and discusses separation schemes and process development. 

 
1 Department of Chemistry, Colorado School of Mines, Golden, CO 80401, USA 
2 Nuclear Science and Engineering Program, Colorado School of Mines, Golden, CO 80401, USA 
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2.2  Introduction 

E. Philip Horwitz has over 60 years of radiochemistry experience with significant contributions 

in solvent extraction (SX) and extraction chromatography (EXC) processes. Horwitz worked at 

Argonne National Laboratory for 38 years, during which he established Eichrom Technologies, 

Inc. After leaving Argonne, he founded and acted as the director of the PG Research Foundation.47 

Some of his most notable contributions to the separations community include the separation and 

purification of multicurie 242Cm for lunar surface analysis,48 development of the novel solvent 

extraction processes known as TRUEX (transuranium extraction)49 and SREX (strontium 

extraction),50 and the development of a suite of EXC resins. These EXC resins, made commercially 

available by Eichrom Technologies, Inc., have provided the separations community with numerous 

separation capabilities such as the isolation and purification of Pb from geological sample,51 

quantifying the presence of actinides in urine samples,52 and the separation of 177Lu for nuclear 

medicine.53 A large portion of his work has been dedicated to f-element separations. 

Starting from research efforts made by Horwitz in 1969,54 the LN family of resins was 

developed. These resins employ acidic organophosphorus extractants as a stationary phase with 

early work using diatomaceous earth as a support material54-59 before switching to Amberchrom 

CG-71.22,53 These EXC materials have been extensively characterized in terms of acid 

dependencies and through comparisons with SX systems using neat and diluted extractants. The 

results generated from these studies highlight the utility of employing SX extractants to EXC and 

the discrepancies seen between neat extractants physisorbed on inert supports and the neat 

extractant SX systems.22,60 Work presented in this review will show that the LN family of resins 

could be used for the separation of adjacent trivalent lanthanides and actinides as well as group 

lanthanide and actinide separations.54,56,57,60 
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The most recent EXC resins, developed by Horwitz in 2003, make use of diglycolamide 

extractants with straight chain or branched alkyl groups on the amide nitrogens. The 

diglycolamide, or DGA, resins demonstrate a high uptake of Am(III)—particularly for the straight-

chain diglycolamide.61 Additionally, the DGA resins also recover trivalent lanthanides and can be 

used for the group separation of trivalent f-elements or adjacent trivalent f-element separations. 

Unlike the acid dependence of the LN family of resins, where metal ions are loaded in dilute acid 

and stripped with high acid concentrations, the DGA resins adsorb the f-elements under high acid 

conditions and elute under dilute acid conditions. 

This review aims to focus on the EXC resins developed by Horwitz specifically for f-element 

separations. The higher oxidation states of Th, U, Np, and Pu can be utilized for their separation 

from the lanthanides and trivalent actinides.62 Separating the predominately trivalent lanthanides 

from the transplutonium actinides (referred to as “minor actinides” hereinafter) is more difficult 

owing to their similar chemical properties as well as the similarity of the ionic radii among the two 

groups.62 Using classically employed SX extractants, the EXC resins developed by Horwitz are 

often considered the state-of-the art materials available for EXC f-element separations. By 

understanding the extraction behavior of these metal ions through the well-established EXC resins 

developed by Horwitz and his colleagues, new EXC materials can be applied to further improve 

f-element separations. 

2.3  EXC resin supports 

Development of EXC materials often starts by considering SX systems, such as the EXC resins 

covered in this review. The SX systems are typically well characterized in terms of distribution 

ratios, acid dependencies, and even proposed extraction mechanisms. While it is possible to relate 

the distribution coefficients found using SX to EXC, these values do not always agree 
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quantitatively.22 However, the results found using SX systems are usually a good indicator for the 

general behavior of EXC systems. This is largely due to the preparation method of EXC materials, 

in which the extractant is physisorbed (not covalently bonded) on the chromatographic support. 

Horwitz applied these SX systems to develop EXC resins for difficult f-element separations. 

EXC, a subset of liquid-liquid (or partition) chromatography, is often described as having the 

selectivity of SX while maintaining the multitude of separation stages and ease of operation 

provided by chromatographic methods.9 Generally, EXC material is composed of an inert support 

with a separation-specific extractant, or ligand, physisorbed to the support material. The 

physisorbed extractant can be thought of as the equivalent to the organic phase typically employed 

in SX systems. Because the extractant does not have strong chemical interactions (such as covalent 

bonds) with the support (only hydrophobic interactions) in EXC, data obtained using SX can often 

be used to qualitatively predict the behavior of an analogous EXC system.48,63 Typically, the 

extractant is diluted in an organic solvent in SX and undiluted in EXC methods. 

Horwitz employed numerous support materials while developing EXC resins. In early studies, 

diatomaceous earth was used as the support material and is composed primarily of silica (~90%), 

alumina (~4%) and ferric oxide (Fe2O3, ~1.5%).64 Diatomaceous earth particles are porous and 

irregular in shape and size. By the mid-1970s, Horwitz began experimenting with other support 

materials such as pellicular particles and porous silica microspheres. Horwitz made a transition to 

using polyacrylic ester supports, Amberlite XAD-7 and Amberchrom CG-71, in the early 1990s. 

The Amberlite XAD-7 and Amberchrom CG-71 resins differ primarily in their average pore sizes 

(90 and 250 Å, respectively). The particle sizes chosen also varied, with Amberchrom CG-71 

having a particle size range of 50–100 μm and Amberlite XAD-7 having two particle size ranges 
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of 80–160 and 100–125 μm.65 Most of the commercially available EXC resins developed by 

Horwitz use Amberchrom CG-71 as the support material. 

2.4  Methodologies 

There are two methods by which EXC materials are examined: batch (static) extractions and 

column (dynamic) studies. Batch mode is generally used to determine the uptake of the analyte 

under varying conditions, such as pH, temperature, and contact/equilibration time. Generally, the 

batch extractions aid in the design of column studies, in which the optimal loading and elution 

conditions are applied. The column studies allow for further optimization of separation through 

the adjustment of flow rates and temperatures. In the following sections, a brief overview of each 

method is provided. 

2.4.1 Batch extractions 

Typically, in the batch extraction studies using EXC materials, a known mass of the 

chromatographic material, W, is contacted with a known volume of an aqueous phase containing 

the analyte, V. In this manner, the equilibration time, distribution coefficients or capacity factors, 

and acid dependencies are found. Acid dependency studies are often used to determine the elution 

schemes applied in column mode. For batch extractions, the supernatant aqueous phase is analyzed 

for metal ion concentration and the amount of metal retained by the adsorbent is determined by 

difference. 

Several variations exist in the way analyte uptake was reported and will be further discussed 

in the following section. In batch studies, the metal uptake can be evaluated using the weight 

distribution ratio, Dw, defined by:  

 𝐷w = (𝐴0−𝐴s𝐴s ) (𝑉𝑊) (2.1) 
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where A0 and As are the concentrations, activities, or radioactivities of the analyte in the aqueous 

phase initially and at equilibrium, respectively.22,53,61,66,67 It is worth noting that Kd was used as the 

variable instead of Dw in studies employing ordered mesoporous carbon supports and 

concentrations, rather than activities, were reported (Section 2.7).68-73 

2.4.2 Column studies 

In typical column elution experiments, the column was preconditioned with a known volume 

of the same aqueous phase employed during the loading step, without metal ions. The column was 

then loaded with the analyte(s) of interest in an aqueous phase identical to the preconditioning 

step. The column was washed using either the same aqueous solution as the preconditioning step 

or with another aqueous solution that promoted the elution of undesired solutes within the loading 

solution. Stripping of the metal ion(s) was accomplished by using an appropriate aqueous phase 

eluent that facilitated the selective removal of the desired metal ion. For column separations, the 

stripping step could be the use of a single solution or the sequence of several solutions, each 

selective for a particular metal ion or group of metal ions.  

Each peak in the chromatogram will have a capacity factor (k’), or free column volume (FCV) 

to peak height maximum, found by: 

 𝑘′ = 𝑡r−𝑡m𝑡m  or 𝑘′ = 𝑉r−𝑉m𝑉m  (2.2) 

where tr is the retention time of the analyte, tm is the minimal time an unretained solute spends in 

the column, Vr is the retention volume of the analyte, and Vm is the free column volume.58,74 The 

capacity factor can then be converted to a distribution ratio, Kd, using: 

 𝐾d = 𝑘′ 𝑣m𝑣s  (2.3) 
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where vm and vs are the volumes of the mobile and stationary phases, respectively.58 Alternatively, 

k’ can be determined by: 

 𝑘′ = 𝐷v 𝑣s𝑣m (2.4)  

where Dv is the volume distribution ratio and presumably interchangeable with Kd. Other variations 

using different term symbols have been used with equivalent meaning.22,53,59,61,66,67,75 The capacity 

factor can then be related back to the metal uptake found in the batch studies by converting Dv to 

Dw: 

 𝐷v = 𝐷w × 𝑑extrwt %  extr. loading (2.5) 

where dextr is the extractant density.22,53,61,66,67 Conversely, Dw found in batch extractions can be 

converted to Dv and k’ in the same manner. In fact, Horwitz has often used k’ when reporting the 

metal uptake in batch studies. From the elution peaks in a chromatogram, the separation factor, α, 

between two metal ions can be found using:  

 𝛼 = 𝑘′2𝑘′1 (2.6) 

where k’2 and k’1 are the capacity factors of solutes 2 and 1, respectively.74 

2.5  EXC resins 

2.5.1 Acidic organophosphorus extractants 

2.5.1.1 HDEHP on diatomaceous earth (Celite) 

Solvent extract studies using di-alkyl orthophosphate extractants by Peppard et al.21 showed 

that bis-(2-ethylhexyl) phosphoric acid (HDEHP, Figure 2.1A) provided an average separation 

factor of 2.5 between adjacent lanthanides (with individual separation factors ranging from 1.5 for 

Gd/Eu and 4.5 for Er/Ho)22 and a selectivity > 105 across the lanthanide series. Later studies76-78 

showed that HDEHP physisorbed on diatomaceous earth (Celite) could be used to separate the 
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trivalent actinides from fission products. Horwitz and his co-workers expanded on that work using 

the minor actinides.54,56 HDEHP, an acidic organophosphorus extractant, essentially behaves as a 

cation exchanger following the equilibrium equation in SX: 

 M3+ + 3(HDEHP)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ ⇌ M[H(DEHP2)]3̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 3H+ (2.7) 

where the bar denotes the organic phase and M is the metal ion.79 

 

 

Figure 2.1: Structures of organophosphorus extractants: (A) bis-(2-ethylhexyl) phosphoric acid 
(HDEHP); (B) 2-ethylhexyl 2-ethylhexylphosphonic acid (HEH[EHP]); and (C) bis-
(2,4,4-trimethylpentyl)-phosphinic acid (H[DTMPP]). 
 

The acid dependency of the HDEHP on Celite material on Kd for the minor actinides was 

shown to have an inverse third power dependency when corrected for ionic strength.54,56 This was 

due to the extraction of a tripositive ion species through the exchange of three hydrogen ions from 

either three HDEHP dimers, as proposed in the SX mechanism, or from three HDEHP 

monomers.54  

The resin material initially studied contained 88.2 mg HDEHP g–1 of dry column material. The 

separation between the adjacent actinides Es(III) and Fm(III) was successfully carried out using 

HDEHP on Celite material and 0.410 M HNO3 as the eluent.54 The Fm(III)/Es(III) separation 

factor was 2.20 at 60 °C.54 Separation factors of other trivalent actinides at various temperatures 
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using HDEHP in EXC and SX systems can be found in Tables 2.1 and 2.2, respectively.54,56,57 

These values are considered valid using 0.1–0.6 M HNO3 or HCl for Cm/Am, Bk/Cm, and 

Cf/Bk.56 The Md/Fm separation factors in EXC systems were obtained using 0.98 M HNO3 or 

HCl.57 Separation factors for Es/Cf and Fm/Es were found using 0.383 M HNO3 and an assumed 

similar concentration of HCl in the EXC systems, 0.427 m HNO3 and 0.435 m HCl for the dilute 

HDEHP SX systems, and 1.28 m HNO3 and an assumed similar concentration of HCl for the neat 

HDEHP SX systems.54  

 

Table 2.1: Separation factors of the minor actinides using 8.82 wt% HDEHP on Celite at various 
temperatures. 

 HNO3 Eluent 
Temp. (°C) Cm/Ama Bk/Cmb Cf/Bkb Es/Cfc Fm/Esc Md/Fm Ref. 

25 1.18 8.7 2.94 – – – 56 

45 1.22 8.5 2.82 0.989 2.24 – 54,56 

60 1.24 8.3 2.70 1.02 2.20 4.4(2) 54,56,57 

75 1.26 7.9 2.57 1.03 2.13 4.2(2) 54,56,57 

 HCl Eluent 
Temp. (°C) Cm/Ama Bk/Cmb Cf/Bkb Es/Cfc Fm/Esc Md/Fm Ref. 

25 1.20 11 2.90 – – – 56 

45 1.22 9.9 2.81 – – – 56 

60 1.26 9.4 2.67 0.993 2.04 4.0(2) 54,56,57 

75 1.28 8.8 2.58 – – – 56 
a Errors are ± 1.5%. b Errors are ± 3%. c Errors are < ± 1.5–2.0%. 

 

The Kd values of the actinides using HDEHP on Celite at 75 °C are presented in Figure 2.2.57 

Figure 2.3 shows the Kd values of various metal ions, including the lanthanides.80 Like the 

separation factors given in Tables 2.1 and 2.2, Figure 2.2 also indicates that there would be little 

separation between the adjacent minor actinides pairs of Cm/Am and Es/Cf, but efficient 

separation should be possible between Bk/Cm, Cf/Bk, Fm/Es, and Md/Fm.57 The Kd values of 
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Es(III) were examined over a range of acid concentrations using HDEHP on Celite or neat HDEHP 

in a SX system.54 Interestingly, it was found that the Kd values of both systems were nearly 

identical.54 For the minor actinides, lower Kd values were obtained as the temperature was 

increased, but the effect of temperature on Kd is much less pronounced than in the diluted HDEHP 

in heptane SX system.56 

 

Table 2.2: Separation factors of the minor actinides using 0.4 M HDEHP in heptane or neat 
HDEHP SX systems (shown in parenthesis when available) at various temperatures. 

 HNO3 Eluent 
Temp. (°C) Cm/Ama Bk/Cmb Cf/Bkb Es/Cfc Fm/Esc Ref. 

18 1.31 12 3.2 – – 56 
30 1.33 12 3.2 – – 56 
45 1.36 11 3.1 1.05(0.970) 2.39(2.22) 54,56 
60 1.39 10 3.0 1.06(1.01) 2.30(2.21) 54,56 

 HCl Eluent 
Temp. (°C) Cm/Ama Bk/Cmb Cf/Bkb Es/Cfc Fm/Esc Ref. 

18 1.39 16 3.3 – – 56 
30 1.41 15 3.2 – – 56 
45 1.45 14 3.0 1.00 2.12 54,56 
60 1.45 13 2.9 1.02(0.995) 2.10(2.06) 54,56 

a Errors are ± 1.5%. b Errors are ± 3%. c Errors are < ± 1.5–2.0%. 
 

The EXC systems using HDEHP on Celite columns were employed as radionuclide generator 

systems for the production of 255Fm, 249Cf, and 248Cm from 255Es, 249Bk, and 252Cf, respectively 

(Table 2.3).54,56 Typically, in a radionuclide generator system, a longer-lived parent radionuclide 

is retained on a chromatographic column while its shorter-lived daughter radionuclide is eluted, or 

“milked”, from the column. The radionuclide generator systems proposed by Horwitz and his 

colleagues deviated from this norm.54,56 In the instance of the 249Cf and 248Cm generators, the 

daughter radionuclides outlive their respective parents. 
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Table 2.3: Half-lives of selected parent and daughter nuclides. 

Parent nuclide Parent half-life Daughter nuclide Daughter half-life 
255Es 39.8 d 255Fm 20.07 h 
249Bk 330 d 249Cf 351 y 
252Cf 2.645 y 248Cm 3.48 × 105 y 

 

 

Figure 2.2: Distribution coefficients of the minor actinides in 0.367 m HNO3 using HDEHP on 
Celite at 75 °C. Adapted from ref. 55, Copyright (1969), with permission from Elsevier. 
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Figure 2.3: Nitric acid dependency of Kd for trivalent f-elements and U(VI) using HDEHP on 
Celite at 50 °C. HDEHP concentration not explicitly provided but is assumed to be 8.82 wt% 
HDEHP. Adapted from ref. 78, Copyright (1975), with permission from Elsevier. 
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For the production of 255Fm, 253,254,255Es(III) was loaded onto an 8.82 wt% HDEHP/Celite 

column with 0.410 M HNO3.54 The Es was eluted with the 0.410 M HNO3 solution and afterward 

the 255Fm was quickly “milked” using a 1 M HNO3 eluent.54 The decontamination factor is one 

way of describing the purity of given analyte and can be found using: 

 Decontamination Factor = 𝑃final/𝑃initial𝐼final/𝐼initial  (2.8) 

where P and I represent the product and the impurity, respectively.81 Here, P and I can be expressed 

as either radioactivity or moles. The decontamination factor of the fraction containing 

approximately 99% of the 255Fm was found to be about 1–1.5 × 103. Similarly, 249Cf was “milked” 

from 249Bk(III).56 The Bk fraction was eluted using 0.42 M HCl, followed by quickly stripping the 

249Cf from a 8.82 wt% HDEHP on Celite column using 1 M HCl as the eluent.56 This gave a 249Cf 

fraction with a decontamination factor > 105.56 In the 248Cm generator system, the 252Cf parent was 

retained on the 8.82 wt% HDEHP on Celite column while the 248Cm was eluted using 0.43 M HCl 

after an initial column washing using 0.17 M HCl.56 No decontamination factor of the Cm fraction 

was reported; however, the 246,248Cm fraction was spectroscopically pure (> 99.9%).56 The 

presence of other Cm isotopes was due to the contamination of 252Cf(III) with other Cf(III) 

isotopes.56 

2.5.1.2 HDEHP on porous silica supports – High-performance separations 

Using the microspherical porous silica supports Zorbax-SIL (5 μm particle size) and 

Spherisorb S20W (20 μm particle size) coated with HDEHP in dodecane, highly efficient columns 

were developed to address three radiochemical situations: high-speed separations, high resolution, 

and quantitative recovery of a minor component.82 Different column parameters were changed to 

achieve the desired application. 



31 
 
 

A high-speed separation between 225Ac and its daughters (221Fr, 213Bi, 209Tl, and 209Pb) was 

designed using 30 wt% 1.5 M HDEHP in dodecane on Zorbax-SIL.82 Here, a short 1 cm × 2 mm 

column with a flow rate of about 0.53 mL min–1 was used to decrease the separation time. By 

simply changing the eluent acidity, the individual elements could be eluted (Figure 2.4). The entire 

separation was completed in approximately 1 min. 

 

 

Figure 2.4: Rapid chromatographic separation of 225Ac and daughter nuclides using 30 wt% 1.5 M 
HDEHP in dodecane on Zorbax-SIL. Adapted from ref. 80, Copyright (1976), with permission 
from Elsevier. 
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A high purity separation of 4 × 108 atoms of 257Fm from the major components, 253Es and 91Y, 

was accomplished using 25 wt% 1.5 M HDEHP in dodecane on Zorbax-SIL (Figure 2.5).82 

Because the focus was on purification and not speed, a 2 cm long column with a flow velocity of 

2 cm min–1 was used. The internal diameter of the column was not given, nor could it be implied; 

however, if the internal diameter was approximately the same as the high-speed (2 mm) or 

quantitative recovery experiments (4 mm), the flow rate would have been between 63–126 μL 

min–1. Decontamination factors of ~104 and > 107 with respect to 253Es and 91Y from 257Fm, 

respectively, were achieved. 

The quantitative removal of 239Pu from U(IV) and U(VI) was achieved using 30 wt% 1.5 M 

HDEHP in dodecane on Spherisorb S20W (Figure 2.6).82 By reducing the Pu to the trivalent 

oxidation state with hydrobromic acid, a 5 cm long column with a flow rate of approximately 

126 μL min–1 provided a decontamination factor of  2 × 105 in regard to 239Pu from U.  

2.5.1.3 HDEHP, HEH[EHP], and H[DTMPP] on Amberchrom CG-71: LN family of resins 

An aliphatic acrylic polymer support with 25–53 μm particle sizes, Amberchrom CG-71, was 

physisorbed with 40 wt% of the organophosphorus extractants HDEHP, 2-ethylhexyl 

2-ethylhexylphosphonic acid (HEH[EHP]), and bis-(2,4,4-trimethylpentyl)-phosphinic acid 

(H[DTMPP]) to make LN, LN2, and LN3 resins, respectively (Figure 2.1A–C).22 Batch studies 

were performed to compare the extraction of lanthanides using EXC and SX systems. The EXC 

and SX systems using HDEHP as the extractant provided the highest k’ in the EXC system or 

distribution coefficients (D = [M3+]org/[M3+]aq) in the SX systems. In fact, lanthanide extraction by 

HDEHP was 30 times higher than the HEH[EHP] systems. In turn, the HEH[EHP] systems 

provided a higher k’ or D by three orders of magnitude over the H[DTMPP] systems.22 Similar 

extraction behavior was observed for the resins using Am(III). It was suggested that the differences 
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in magnitude of extraction may be due to the steric hindrance from the H[DTMPP] along with the 

reduction in acidity (pKa = 3.32, 4.10, and 6.37 for HDEHP, HEH[EHP], and H[DTMPP], 

respectively).83 

 

 

Figure 2.5: Separation of 257Fm from 253Es and 91Y, along with 244Cm, 241,243Am, 249Bk, and 252Cf, 
using 25 wt% 1.5 M HDEHP in dodecane on Zorbax-SIL. Adapted from ref. 80, Copyright (1976), 
with permission from Elsevier.  
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Figure 2.6: Separation of Pu(IV), U(IV), and U(VI) from Pu(III) using 30 wt% 1.5 M HDEHP in 
dodecane on Spherisorb S20W. Adapted from ref. 80, Copyright (1976), with permission from 
Elsevier. 
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In the SX systems containing neat and diluted extractants (0.50 M extractant in dodecane), the 

HDEHP and HEH[EHP] extractants displayed the expected inverse third power acid dependency 

in the uptake of trivalent lanthanides.22 The corresponding EXC systems exhibited acid 

dependencies deviating from the expected value (Figure 2.7). The acid dependencies for the 

HDEHP and HEH[EHP] EXC systems ranged from –2.7 to –3.5, increasing in magnitude with 

increasing atomic number across the lanthanide series.22 An acid dependency of –4 was observed 

for both the neat extractant SX and EXC systems using H[DTMPP] and the lanthanides.22 It has 

been hypothesized that the co-extraction of HNO3 may contribute to the differences in acid 

dependency.22 The variation from the expected acid dependency from SX may lie in the extraction 

mechanism itself, as it has been proposed that three HDEHP dimers extract a trivalent metal ion 

via the equilibrium equation shown in Equation 2.7. Because the number of displaced hydrogen 

ions deviates from 3 in the EXC systems, this equilibrium equation may not hold true. This 

discrepancy may suggest that a straightforward metal-ligand complex may not form, but possibly 

a binary metal complex when the acid dependency is < 3 or through the co-extraction of nitrate in 

the form of nitric acid when the acid dependency is > 3. In fact, Horwitz proposed that because 

H[DTMPP] was the weakest of the acids, it would more closely resemble a neutral extractant and 

extract more HNO3;22 however, the differences between the SX and EXC systems of HDEHP and 

HEH[EHP] could not be explained in this way.22 Furthermore, the acid dependency for the uptake 

of Am(III) using LN, LN2, and LN3 resins was observed to be –3 for all three EXC resins.60 It 

was not made clear why different acid dependencies are observed for the trivalent lanthanides 

compared to trivalent Am, particularly for the LN3 resin. 
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Figure 2.7: Nitric acid dependencies of k’ for the trivalent lanthanides and Y(III) using LN, LN2, and LN3 resins. Trivalent ions, in 
order from left to right, are: La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Y, Er, Tm, Yb, and Lu. Adapted from ref. 20 by permission 
of Taylor & Francis Ltd.
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In the SX systems, a 1:6 trivalent lanthanide ion to extractant ratio was observed. In the 

corresponding EXC systems, metal/extractant ratios of 1:3.9 for LN and 1:5.1 for LN2 and LN3 

were observed.22 This demonstrated that the LN family of EXC resins have an increased capacity 

for trivalent lanthanides ions.22 It was possible that a gel or precipitate formed under the high 

Eu(III) loading conditions as previously reported in SX systems using HDEHP.79,84 The variation 

in the metal/extractant ratio might also suggest that other species, such as binary metal complexes, 

may be forming in the EXC systems. Further studies are needed to elucidate the extraction 

mechanism using acidic organophosphorus extractants as the stationary phase for EXC. 

Generally, the selectivity was quite similar for neat and diluted extractant in SX systems and 

in the EXC system using a given extractant.22 There was, however, some deviation in the 

selectivity when comparing the heaviest lanthanides in the neat extractant SX system. Overall, the 

data found using a SX system with organophosphorus extractants were a good baseline indicator 

of the extractants’ behavior in batch studies using the LN family of EXC resins.22 

Dynamic studies using LN and LN2 resins for the separation of f-elements were performed 

with Ac, La, Ce, Pr, and Nd as trivalent ions.60 In both systems, a 20 mL column 11 mm i.d. was 

used at 22 ± 1 °C with a flow rate of 5 mL min–1.60 The loading solution contained the trivalent 

metal ions in 0.50 M (Na,H)OAc with a pH of 4.5.60 Acetate media was likely chosen to maintain 

the higher pH to facilitate the extraction of Ac(III) and the lighter trivalent lanthanides as they 

have lower extraction constants in HNO3. For the LN resin column, the Ac(III) and La(III) were 

eluted using 0.1 M HNO3 whereas a much lower acid concentration of 0.025 M HNO3 was used 

for the LN2 resin column.60 The Ce(III), Pr(III), and Nd(III) were stripped from both columns 

using 4.0 M HNO3.60 Between Ac(III) and La(III), a separation factor of 2.8 was achieved using 

LN resin, while LN2 resin produced a separation factor of 5.0. While the extractants play a role in 
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the selectivity of the light lanthanides over Ac, the separations were in large part due to the 

increased size of the columns.60 

2.5.2 Diglycolamide extractants: DGA resins 

Diglycolamide (DGA) extractants were previously used in SX27,85-91 and EXC systems.92,93 

These studies showed that the DGA extractants provided good f-element extraction, particularly 

for the trivalent actinides and lanthanides from HNO3 media.27,39,85,86,91,92 Trivalent actinide 

extraction was motivated by the need to treat high-level radioactive wastes.61 The DGA extraction 

capabilities prompted the investigation into EXC resins employing N,N,N',N'-tetra-(1-octyl)-

3-oxapentane-1,5-diamide (TODGA, Figure 2.8A) and N,N,N',N'-tetrakis-(2-ethyl-1-hexyl)-

3-oxapentane-1,5-diamide (TEHDGA, Figure 2.8B) for actinide and lanthanide separations.61,94 

Both DGA resins contain a 40 wt% loading of the extractant onto Amberchrom CG-71 (50–

100 μm particle size).61 The EXC resins are commercially available from Eichrom as DGA, normal 

(TODGA) and DGA, branched (TEHDGA) resins. 

 

 

Figure 2.8: Structures of diglycolamide extractants: (A) N,N,N',N'-tetra-(1-octyl)-3-oxapentane-
1,5-diamide (TODGA) and (B) N,N,N',N'-tetrakis-(2-ethyl-1-hexyl)-3-oxapentane-1,5-diamide 
(TEHDGA). 
 

The acid dependencies of the two DGA resins were comparable with a few noticeable 

differences (Figure 2.9).61 The TEHDGA resin displayed a lower k’ for Th(IV), U(VI), Pu(IV), 
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and Am(III) than the TODGA resin at the same acid concentrations.61 The most striking difference 

was the Th(IV) nitric acid dependency curve between the two resins. Using TODGA resin, the k’ 

of Th(IV) at low nitric acid (~0.01 M) is about 200 whereas the k’ of Th(IV) using TEHDGA resin 

does not reach 100 until approximately 0.2 M HNO3. 

The acid dependencies of k’ for the lanthanides Eu(III) and Ce(III), along with Y(III), were 

compared to Am(III) using the DGA resins (Figure 2.10).61 As expected, the acid dependency of 

the trivalent ions, and especially between Eu(III) and Am(III), were quite similar—displaying only 

slight differences in k’. In more dilute HCl concentrations (< 1 M) using TODGA resin, some 

differences in k’ could be exploited, such as using the order of magnitude difference in the retention 

of Eu(III) and Am(III) at 0.1 M HCl. 

An important separation, particularly for environmental samples, that can be achieved with the 

DGA resins is the separation of Fe(III) from the f-elements. Using a TODGA resin column with a 

2.0 mL bed volume, separation between 0.5 mg of U(VI), Am(III), and Pu(IV) in 3 M HNO3/0.1 M 

NaNO2 was achieved in the presence of 250 mg Fe(III).61 The reported recoveries were: 82% 

U(VI) (with < 0.1% Pu(IV)), 97% Am (with 0.3% Pu(IV)), and 95% Pu(IV).61 The separation was 

accomplished by exploiting the differences in k’ for U(VI) and Am(III) with different acids (0.1 M 

HNO3 vs. 0.1 M HCl, respectively).61 The Pu(IV) was eluted using 0.10 M ammonium oxalate.61 

It was noted that the recovery of U(VI) was improved to greater than 90% when the concentration 

of Fe(III) decreased below 100 mg.61 

The effect on the k’ of Am(III) with the addition of FeCl3 in HCl was also studied using 

TODGA resin.94 As the concentration of Fe(III) in the solution was increased the k’ of Am also 

increased. It was suggested that the increase was more than expected from the salting-out effect, 
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Figure 2.9: Nitric and hydrochloric acid dependencies of k’ for  Am(III),  U(VI),  Th(IV), 
and  Pu(IV) using TODGA (A and B), and TEHDGA (C and D) resins at 22 ± 1 °C. Adapted 
from ref. 59 by permission of Taylor & Francis. 
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Figure 2.10: Acid dependencies of k' for  Am(III),  Y(III),  Eu(III), and  Ce(III) using 
TODGA (A and B) and TEHDGA resin (C and D) at 22 ± 1 °C. Adapted from ref. 59 by 
permission of Taylor & Francis. 
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and that the increase may be due to a change in the equilibrium equation.94 Equation 2.9 shows the 

expected equilibrium equation with only chloride as an anion while Equation 2.10 shows the 

proposed replacement of the chloride ion with FeCl4
– as the counter anion in the extracted 

complex.94 Capacity studies using Eu(III) as a surrogate for Am(III), along with Fe(III), confirmed 

the stoichiometry of Eu(DGA)3(FeCl4)3.94 EXAFS studies further confirmed the stoichiometry 

using a Eu(DGA)3(BiCl4)3 complex.40 An increase in k’ for the trivalent f-elements may be due to 

FeCl4
– being larger and more hydrophobic than Cl–. In the presence of Fe(III), k’ for both Pu(IV) 

and U(VI) was suppressed.94 It was suggested that because Pu(IV) requires four counter anions, 

FeCl4
– would be sterically hindered from charge neutralizing the Pu–DGA complex. Furthermore, 

the uranyl oxygens may inhibit FeCl4
– from serving as the counter anion. 

 Am3+ + 3Cl− + 3DGA̅̅ ̅̅ ̅̅ ̅̅ ⇌ Am(DGA)3Cl3̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (2.9) 

 Am3+ + 3Cl− + 3FeCl3 + 3DGA̅̅ ̅̅ ̅̅ ̅̅ ⇌ Am(DGA)3(FeCl4)3̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ (2.10) 

The DGA resins were applied to separate trace amounts of Th(IV) from multigram quantities 

of U(VI).95 Anion exchange resins, such as Dowex AG 1×8, would require 7–10 M HNO3 for 

column loading whereas the DGA resins only require 1–2 M HNO3.95 Although the k’ of Th(IV) 

decreased as the U(VI) concentration was increased using the DGA resins, very little Th(IV) 

breakthrough was observed using an 8 mL TODGA resin column after the addition of 60 BVs of 

1–2 M HNO3.95 Surprisingly, there was considerable Th(IV) breakthrough (up to 78.3%) after the 

addition of 60 BVs of 2–4 M HNO3 using an 8 mL TEHDGA resin column (Table 2.4).95 A strong 

complexing agent, such as oxalate or bioxalate, was needed to completely strip Th(IV) from a 

TODGA resin column.95 Using a 2 mL TODGA resin cartridge, ≥ 99.0% of Th(IV) was removed 

in 5 BVs using 0.1 M ammonium bioxalate or 0.05 M oxalic acid/0.05 M HNO3.95 
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Table 2.4: Comparison of Th(IV) breakthrough from U(VI) in HNO3. All materials were used in 
8 mL columns (1.5 cm i.d. × 4.5 cm) with a flow rate of 4 mL min–1. Nitric acid concentrations for 
optimal performance were used. Reproduced from ref. 93 by permission of Taylor & Francis. 

   % Th(IV) Breakthrough 
Column [U(VI)], M [HNO3], M 10 BV 20 BV 40 BV 60 BV 

Dowex AG 1×8 0.1 9.0 0.0 0.3 6.4 18.0 
TEHDGA 0.1 2.0 0.1 1.6 19.0 47.8 

 0.1 4.0 0.1 0.4 7.6 31.2 
 0.2 4.0 2.0 16.0 45.6 78.3 

TODGA 0.1 1.0 0.1 0.1 0.2 0.3 
 0.1 2.0 0.1 0.2 0.5 1.0 
 0.2 2.0 0.3 0.8 1.6 2.6 

 

2.6  SX processes to EXC 

The ability to apply SX chemistry to EXC has allowed for the production of a variety of useful 

EXC resins. Because the extractants are physisorbed to the chromatographic resin, much of the 

fundamental behavior, such as selectivity and acid dependency, remains essentially the same. 

However, slight deviations in the acid dependencies were observed in SX and EXC systems using 

neat HDEHP, HEH[EHP], and H[DTMPP] extractants by Horwitz, McAlister, and Dietz 

(Section 2.5.1.3).22 Furthermore, directly applying SX data using neat extractants to an EXC 

system can be challenging, especially when trying to predict the elution behavior of a particular 

metal ion. It was shown that the k’ found using EXC resins more closely resembled the 

corresponding D of a SX system using the aforementioned extractants diluted in dodecane.22 

Additionally, the EXC resins employing these extractants provided an increase in the metal ion 

capacity compared to SX systems using the same extractants.22 While SX data may not be 

appropriate to use directly in the prediction of EXC behavior, it remains a useful tool for 

qualitatively designing new EXC materials.  
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2.6.1 TALSPEAK process 

The TALSPEAK (trivalent actinide-lanthanide separation by phosphorous reagent extraction 

from aqueous komplexes) solvent extraction process is used to separate the trivalent 

transplutonium actinides from the trivalent lanthanides.67 Typically, the TALSPEAK process uses 

HDEHP as the organic phase extractant and diethylenetriamine-N,N,N',N'',N''-pentaacetic acid 

(DTPA) as an aqueous holdback reagent, as well as a carboxylic acid buffer.67,96 The HDEHP will 

extract trivalent actinides and lanthanides, but the DTPA binds more strongly to the actinide ions, 

limiting their extraction by the HDEHP.96,97 TALSPEAK-SX systems were previously 

investigated using HDEHP or HEH[EHP] as the organic phase extractant as well as DTPA or 

TTHA as the holdback reagent.96 The TALSPEAK-SX chemistry was then applied to EXC 

systems.67 For the TALSPEAK-EXC system, LN or LN2 resin was contacted with aqueous 

solutions containing HNO3, the metal ion(s), a lactic acid buffer, and either DTPA or 

triethylenetetramine-N,N,N',N'',N''',N'''-hexaacetic acid (TTHA) as the holdback reagent.67  

Batch acid dependency studies were completed using Eu(III) and Am(III). For both the LN 

and LN2 resins with DTPA and TTHA in the aqueous phase, the typical inverse third power 

relationship with HDEHP and HEH[EHP] was not present. Rather, a direct dependence on the acid 

concentration was observed.67 The acid dependency ranged from 2.1 to 2.6 using LN resin and 

0.38 to 0.76 using LN2 resin, with the uptake of Eu(III) being less dependent on the acid 

concentration than Am(III) in all systems investigated.67 This would suggest that as the pH 

increases, the trivalent metal ions have a greater affinity for the deprotonated holdback reagents 

than for the deprotonated extractant, with the effect more pronounced for the system using LN 

resin.67 The uptake of Am(III) was less than Eu(III), making both systems feasible for actinide-
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lanthanide separations. In both resin systems, greater uptake of the metal ion by the resin was 

observed when TTHA was used as the holdback reagent.67  

The LN resin and TTHA were selected for column studies using a simulated waste stream 

containing the lanthanides and americium.67 The TTHA was chosen as the aqueous complexant as 

it was the weaker holdback reagent, allowing for improved separation factors—particularly 

between the light lanthanides and americium.67 With the optimized column setup, only 75% of the 

Am was recovered.67 The remaining 25% of the Am was eluted along with the lanthanides.67 

Ultimately, this study proved that developed SX systems can be applied to EXC, sometimes with 

surprising results. In this case, TTHA, which is not traditionally used in the TALSPEAK-SX 

process, provided an improved separation efficiency for the TALSPEAK-EXC process.  

2.6.2 SX to EXC possibilities 

As SX processes are continually being developed, the opportunity for their chemistries to be 

applied to EXC grows. A recently developed SX process, known as ALSEP (actinide lanthanide 

separation), could feasibly be applied as an EXC process. The ALSEP process uses a combination 

of a neutral extractant, TODGA or TEHDGA, and an acidic extractant, HEH[EHP] or HDEHP, 

dissolved in an aliphatic diluent such as dodecane to extract the minor actinides and lanthanides 

from moderate nitric acid aqueous solutions.98 The minor actinides are then selectively stripped 

from the lanthanides by using the aqueous complexant DTPA in a citric acid buffer. Applying the 

ALSEP-SX process to EXC could reveal surprising results, as was seen by the TALSPEAK-EXC 

using an alternative holdback reagent.67 As such, slight alterations could be made to improve the 

separation efficiency of an ALSEP-EXC system.  
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2.7  Outlook of EXC 

As an alternative to the traditional polymeric resin material employed as the backbone for EXC 

material, ordered mesoporous silica and carbon nanoparticles have received much attention for 

f-element separations due to their high surface areas, tunable pore sizes, large pore volumes, and 

uniform morphology.10 Not only do these materials offer the ability for extractant physisorption 

but can undergo surface modification as a means to covalently attach functionalities. Chemically 

bound extractants could potentially eliminate reusability issues that arise from the leaching of 

physisorbed extractants during use. The synthesis of these materials is beyond the purview of this 

review and has been thoroughly covered elsewhere.99-105 Additionally, a recent review on 

functionalized mesoporous materials specific to f-element separations was published by Florek et 

al.,10 which primarily focuses on the direct attachment to, or incorporation of, functionalities within 

the mesoporous material. The lack of rare earth element separations using mesoporous carbon 

materials was also addressed.10 

Ordered mesoporous carbon (OMC) materials are attractive inert supports due to their higher 

chemical stability than polymeric supports and their increased acid-base stability compared to 

inorganic supports.106 Only a single study surfaced regarding mesoporous carbons used for rare 

earth or lanthanide separations.107 Here, Perreault et al. employed a diglycolyl and DGA-type 

extractant grafted onto the surface of OMC material.107 It was found that the Kd values were higher 

using the diglycolyl functionalized OMC than the DGA-type functionalization across the entire 

lanthanide series.107 Furthermore, there was little difference in the Kd values across the lanthanide 

series using the DGA-type OMC material.107 Recovery of the lanthanide ions as a group was 

accomplished using oxalate.107 The percent recovery reached a maximum of approximately 80% 

for La.107 It was suggested that the incomplete recovery may be due to the presence of bioxalate, 
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which is a weaker complexant than oxalate, and that the remaining lanthanides were eluted during 

column washing with water.107 Alternatively, bioxalate may precipitate the lanthanide oxalates on 

the column, which would decrease lanthanide recovery. The reusability of the diglycolyl 

functionalized OMC was studied over five loading, stripping, and regeneration cycles using Sm.107 

The extraction capacity was observed to decrease approximately 7.5% in the fifth cycle.107 It was 

not clear why the extraction capacity decreased, especially since the extractant was chemically 

bound to the OMC surface.  

At the time of this review, only one dynamic separation has been reported with an extractant 

physisorbed to the OMC material.73 Bertelsen et al. compared LN resin against HDEHP 

physisorbed on OMC for the separation of Nd and Eu. It was found that the Kd, Eu was higher 

using the HDEHP-OMC material than the LN resin and provided a higher maximum Eu adsorption 

capacity. Additionally, some separation between Nd and Eu was achieved using microcolumns of 

HDEHP-OMC whereas no separation was observed using the LN resin.73 Physisorbing extractants 

to OMC materials allows for a direct comparison to the well-established EXC resins discussed in 

this review. It also allows for a more thorough assessment on the role the support material plays 

in f-element separations. Indeed, the f-elements separations community, especially those involved 

in chromatographic separations, would benefit from direct comparisons, thorough material 

evaluations, and consistent data reporting methodology. Because of the numerous equations 

representing Kd, often referring to what Horwitz and his colleagues defined as Dw or Dv, care must 

be taken when comparing these values amongst each other.  

It is believed that the chromatographic support itself does not play a direct role in the extraction 

mechanism, as there are no strong chemical interactions between the extractant and EXC 

material.108 However, changing the support material could enhance the separation efficiency by 
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(1) decreasing the particle size. Reducing the particle diameter will decrease the theoretical 

plate height, improving resolution. 

(2) increasing pore volume. An increase in pore volume allows for more of the extractant to 

be physisorbed on the support material, which in turn allows for more of the aqueous phase 

to come into contact with the physisorbed extractant. However, this must be finely balanced 

as an increase in extractant can also lead to limitations in analyte diffusion within the 

porous channels. 

(3) enhancing the stability of the material. Inert materials, such as OMC materials, are 

chemically more stable, especially in the acidic environments often used in f-element 

dissolutions and separations, than their polymeric or inorganic support counterparts. 

(4) controlling the particle morphology. Chromatographic supports with uniform spherical 

shape and size will allow for better particle packing within a column. This will lead to a 

decrease in the interstitial volume which reduces the mass transfer/equilibration time. 

Although the features of OMC are attractive for chromatographic separations, their small particle 

sizes can also lead to back pressure issues. This can ultimately limit the size of an unpressurized 

column.  

While not considered traditional EXC materials, the covalent attachment of functionalities and 

extractants to mesoporous materials is an active field of separations research. The chemical 

attachment of a functional group to the chromatographic support backbone could mitigate 

extractant leaching and substantially increase the reusability of the chromatographic material.10,75 

However, the extraction characteristics may be altered as the extractant would be limited in its 

freedom to arrange around the metal ion. Further research is needed using both physisorbed and 

chemisorbed extractants onto classical support materials as well as recently developed materials. 
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It is strongly encouraged that the separations community delivers a thorough examination of new 

chromatographic materials through the batch mode evaluation of distribution coefficients, capacity 

factors, and acid dependencies along with the assessment of recoveries, impurities, separation 

factors, and resolution in column mode using common language and comparison to current state-

of-the-art EXC materials. 

2.8  Concluding remarks 

The EXC resins developed by Horwitz have demonstrated the ability to perform some of the 

most difficult intra- and intergroup f-element separations. Even so, the studies were by no means 

comprehensive. The most comprehensive acid dependency studies produced by Horwitz involve 

the LN family of resins; however, the ability to separate adjacent trivalent lanthanides by utilizing 

the variation in acid dependency of these elements was not reported. Further work is needed to 

address the mechanisms behind the extraction using EXC materials, as these materials do not 

behave in the same way as their analogous SX system counterparts. In the TALSPEAK-EXC 

system, TTHA displayed better separation factors between the light lanthanides and Am(III) 

whereas DTPA was the better holdback reagent in the SX system. As evidenced by the discrepancy 

seen in the TALSPEAK systems, characterization of EXC systems along with their support 

materials, could enable better understanding and design of new EXC supports, processes, and 

extractants. Finally, because all these studies deal with radionuclides, there is a clear need to 

address the radiolytic stability of the extractants on the resin, as well as the radiolytic stability of 

the support material itself. 
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CHAPTER THREE 

MICROCOLUMN LANTHANIDE SEPARATION USING BIS-(2-ETHYLHEXYL) 

PHOSPHORIC ACID FUNCTIONALIZED ORDERED MESOPOROUS 

CARBON MATERIALS 

Reprinted with permission from Journal of Chromatography A 

Erin R. Bertelsen,1 ,† Gauri Deodhar,1,† Kyle T. Kluherz,1 Malcolm Davidson,3Marisa L. Adams,1 

Brian G. Trewyn,1,3,⁎ Jenifer C. Shafer1,2,⁎ 

3.1  Abstract 

Adjacent lanthanides are among the most challenging elements to separate, to the extent that 

current separations materials would benefit from transformative improvement. Ordered 

mesoporous carbon (OMC) materials are excellent candidates, owing to their small mesh size and 

uniform morphology. Herein, OMC materials were physisorbed with bis-(2-ethylhexyl) 

phosphoric acid (HDEHP) and sorption of Eu3+ was investigated under static and dynamic 

conditions. The HDEHP-OMC materials displayed higher distribution coefficients and loading 

capacities than current state-of-the-art materials. Using a small, unpressurized column, a 

separation between Eu3+ and Nd3+ was achieved. Based on these experimental results, HDEHP-

OMC have shown potential as a solid phase sorbent for chromatographic, intragroup, lanthanide 

separations. 
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3.2  Introduction 

The most difficult elemental separations on the periodic table center on separating trivalent 

f-elements from each other. The separation of f-elements by a variety of solid sorbents has been 

broadly considered in the literature.10,109-112 Both pristine and functionalized mesoporous carbon 

(MC) materials are a subcategory of solid sorbents that have been investigated for f-element 

recovery,10,68-71,106,113-117 largely due to their higher stability in acidic environments and potential 

reusability compared to their mesoporous silica counterparts.10,107 Additionally, ordered MC 

(OMC) materials are an attractive alternative to conventionally used polymeric resins and due to 

their high surface areas, regular ordered mesopores, tunable pore size and morphology, large pore 

volumes, low reactivity, thermal and mechanical stability, and the potential for surface 

functionalization. The ability to utilize OMC materials for metal ion separations could have 

significant benefits since the smaller particle size should limit longitudinal diffusion of a given 

analyte and increase the number of theoretical plates in a given column based on such materials—

ultimately improving the resolution of a given separation. The high surface area of the OMCs 

could allow for a higher ligand loading capacity as well. Considering the ongoing challenge of 

intragroup, trivalent f-element separations, and the potential improvements in resolution and 

loading capacity associated with OMC materials, the use of OMC materials to complete f-element 

separations is a logical step. 

Despite the potential benefits of using MC materials in a chromatographic configuration, all 

studies considering f-element separations to date have examined the batch mode (i.e., single 

separation stage) separation capability of f-element separation or recovery by MCs. Perrault et al. 

recently demonstrated that a column could be prepared from MCs functionalized with 

diglycolamide-based ligand for the recovery of lanthanides;107 however, no studies have 
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demonstrated the ability to use OMCs in a chromatographic, f-element separation. As such, OMC 

nanomaterials physiorbed with bis-(2-ethylhexyl) phosphoric acid (HDEHP) have been prepared 

for trivalent lanthanide separations. Chromatographic separations are important to investigate 

since backpressure issues arising from the tight packing of submicron particles could prevent the 

application of a chromatographically-based approach for metal ion separation.  

One area that could significantly benefit from high resolution, intragroup, trivalent lanthanide 

separations is in nuclear forensics. Broadly, nuclear forensics is the term used to describe the 

analysis of material collected in pre- or post-detonation events. Frequently, the separation of post-

detonation debris is necessary to assess the elemental or isotopic signatures of a sample. The 

relative presence of lanthanides, produced in significant quantities during the fission of either 235U 

or 239Pu, can give insight into the type of fuel used in the device, the age and history of the nuclear 

material, and the device design.118,119 Due to their predominant trivalent oxidation states and 

similar chemical properties, the separation of adjacent lanthanides presents a unique challenge. 

Typically, the separation of lanthanides is achieved by exploiting the decreasing atomic or ionic 

radii across the series and subsequent subtle changes in their binding strengths.120 The 

organophosphorus extractant HDEHP has shown a high selectivity across the lanthanide series in 

solvent extraction systems, upwards of five orders of magnitude between La and Lu.121 As such, 

the HDEHP physisorbed polyacrylic ester-based resin (LN Resin) from Eichrom is commonly 

used for the separation of lanthanides.60,67,80,122 Herein, OMC materials were synthesized and 

characterized for f-element separations. Two OMC materials, OMC-l-MSN and CMK-3 type 

OMC, were considered initially. The two OMC materials were then physisorbed with HDEHP and 

their recovery and separation performance were compared against LN Resin.  
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Batch distribution studies were completed using a 152/154Eu3+ radiotracer. While the 

HDEHP-CMK-3 type OMC provided the highest uptake of Eu3+, particularly at higher acid 

concentrations, it was not further studied due to having a more irregular morphology that would 

be undesirable for chromatographic applications. Batch Eu3+ Langmuir adsorption isotherms show 

the HDEHP-OMC-l-MSN provides a greater maximum adsorption capacity, 0.35 ± 0.06 mmol 

Eu3+ g–1 adsorbent, relative to the LN Resin, 0.17 ± 0.07 mmol Eu3+ g–1 adsorbent.  In contrast to 

the LN resin, the HDEHP-OMC-l-MSN maximum Eu3+ loading in the batch mode also agrees 

with the maximum adsorption capacity of 0.32 ± 0.04 mmol Eu3+ g–1 adsorbent obtained by 

column breakthrough analysis. Improved separation was also observed for the HDEHP-OMC-

l-MSN materials, where the resolution for the chromatographic separation of Nd3+ and Eu3+ by the 

HDEHP-OMC-l-MSN is 0.58 ± 0.02 whereas the LN Resin provided no separation. This report 

suggests OMC-based materials can complete chromatographic, intragroup lanthanide separations 

and, in some instances, could perform better than state-of-the-art materials. 

3.3  Experimental 

3.3.1 Materials and instrumentation 

OMC materials were synthesized using tetramethylorthosilicate (TMOS, Sigma-Aldrich, 

98%), Pluronic P104 (BASF), Pluronic P123 (BASF), ACS grade hydrochloric acid (MACRON 

Fine Chemicals), ACS grade methanol (MACRON Fine Chemicals), ACS grade hexane (Fisher 

Scientific), sucrose (Sigma-Aldrich, BioXtra ≥ 99.5% GC), and ACS grade sulfuric acid (EMD). 

These materials were used as received. The HDEHP was obtained from Sigma-Aldrich with 97% 

purity and was subsequently purified using the copper purification method.123 Aqueous solutions 

were prepared using ultrapure (18 MΩ) deionized water, ACS grade nitric acid (MACRON Fine 
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Chemicals), and sodium nitrate (Fisher Scientific). A stock solution of Eu(NO3)3 was available 

from the Colorado School of Mines.  

A Philips CM200 with a 200 kV LaB6 cathode and a JOEL JSM-700F Field Emission SEM 

were used for TEM and SEM imaging, respectively. Nitrogen sorption data was collected using a 

Micrometrics TriStar II. A TA TGA Q500 was used for TGA measurements. For XRD data, a 

PANalytical Empyrean XRD was utilized.  

LN Resin (20–50 μm bulk mesh) was obtained from Eichrom and 0.2 μm syringe filters were 

purchased from Thermo Scientific. Batch Eu3+ sorption and isotherm studies were conducted using 

a Labnet AccuTherm for all contacts and a BD Clay Adams Compact II Centrifuge was used for 

centrifugation. Gross 152/154Eu3+ gamma activity for batch studies and breakthrough curves was 

monitored using a Packard Cobra II NaI(Tl) solid scintillation auto-gamma counter. 

Column studies were done using a Mobicol “F” column with a 35 μm filter, a Pump II Elite 

syringe pump from Harvard Apparatus, a Model 2110 Fraction Collector (Bio-Rad), 1.6 mm 

diameter tygon tubing (Bio-Rad), and BD 3 mL syringes. The activities of 147Nd3+ and 152Eu3+ for 

chromatographic separations were monitored using a Canberra HPGe well detector for column 

separation studies. 

3.3.2 Synthetic procedures 

3.3.2.1 Synthesis of l-MSN 

The synthesis of large-pore mesoporous silica nanoparticles (l-MSN) was conducted according 

to a previously reported method.124,125 The nonionic surfactant Pluronic P104 (7 g) was added to 

1.6 M HCl (273.0 g) in an Erlenmeyer flask and stirred at 55 °C for 1 h, at which point TMOS 

(10.6 g) was added. This mixture was stirred at 55 °C for an additional 24 h, followed by a 

hydrothermal treatment at 150 °C for 24 h in a Teflon-lined autoclave. The mixture was cooled 
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rapidly by immersing the autoclave in water. Finally, the mixture was removed from the autoclave, 

filtered, and washed with water and methanol to obtain a white powder. This powder was 

lyophilized overnight and calcined at 550 °C for 6 h at a ramp rate of 1.5 °C min–1 to remove the 

surfactant. 

3.3.2.2 Synthesis of SBA-15 

In a 250 mL polypropylene bottle, Pluronic P123 (4 g) was dissolved in 30 mL of nanopure 

water at 40 °C for 3 h, after which 70 mL of 0.286 M HCl (in nanopure water) was added. The 

mixture was stirred for an additional hour before the dropwise addition of TMOS (9.89 g). This 

mixture was stirred for 24 h at 40 °C before undergoing a hydrothermal treatment at 100 °C for 

48 h. Finally, the sample was filtered, washed extensively with water and methanol, and calcined 

at 550 °C in air for 8 h.126,127 

3.3.2.3 Synthesis of OMC-l-MSN/CMK-3 type OMC material 

Approximately 1 g of l-MSN (or SBA-15 for the CMK-3 type OMC materials) with a pore 

volume of 1 cm3 g–1 was mixed with sucrose (1.07 g), 2 drops of H2SO4 (0.12 g) and 5 mL of water 

(4.23 g) in a ceramic dish, adding the water slowly and mixing for 7 min such that the mixture 

remained homogeneous. The mixture was heated for 6 h at 100 °C, after which the temperature 

was raised to 160 °C and heated for an additional 6 h. This process was repeated three more times, 

changing the amount of sugar added to 0.68 g, 0.10 g, and 0.18 g each time. This mixture was then 

transferred to a quartz boat and pyrolized in a tube furnace under nitrogen at 900 °C for 6 h. A HF 

digestion was employed to remove the silica hard template. Approximately half a gram of the 

silica-carbon material was added to 30 mL of a 10% HF solution and allowed to sit for 24 h. The 

mixture was then centrifuged and washed with copious amounts of ethanol. 
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3.3.2.4 HDEHP physisorption 

HDEHP was physisorbed on the OMC material using a simple diffusion method. Generally, 

0.5 mL of HDEHP in hexanes was added to 62.5 mg of OMC material in a microcentrifuge tube 

and allowed to sit for 18 h. Different HDEHP loading concentrations were examined by altering 

the HDEHP to hexane ratio, resulting in solutions containing 6.7% and 20% (v/v) HDEHP in 

hexanes. The loading behavior was also examined using multiple additions of the 20% (v/v) 

HDEHP solution. Here, the previously described loading method was applied three times with 

only a third of the volume added each time with the hexanes removed between each addition. The 

material was then washed once with water, centrifuged, and freeze dried overnight to drive 

physisorption to the carbon surface. 

3.3.3 Characterization of OMC materials 

Nitrogen adsorption and desorption isotherms for the OMC materials was measured in air at 

100 °C for 6 h prior to HDEHP physisorption. Surface areas were calculated using the Brunauer-

Emmett-Teller (BET) method, while pore size distributions were obtained using the Barrett-

Joyner-Halenda (BJH) method. X-ray diffraction (XRD) patterns were used to determine the 

success of the templating procedure. 

Transmission and scanning electron microscopy (TEM and SEM) were emplyed to observe 

the structure and porosity of OMC-l-MSN and CMK-3 materials before HDEHP physisorption. 

Samples for TEM were sonicated for 10 min in ethanol prior to drop-casting a single drop onto 

carbon-coated, 300 mesh copper grids. SEM samples were mounted on an aluminium stub with 

conductive carbon tape adhesive. 
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Quantification of HDEHP loading was measured using thermogravimetric analysis (TGA) to 

determine the mass percent content of the extractant. Data was obtained both before and after 

HDEHP physisorption to obtain the wt% HDEHP adsorbed to the OMC materials. 

3.3.4 Radiochemical analysis 

3.3.4.1 Batch distribution experiments 

All aqueous solutions for batch and column studies were prepared at 1 M ionic strength using 

NaNO3. A 0.495 mL aliquot of the appropriate acid solution, ranging from about 0.1 to 0.8 M 

HNO3, was added to approximately 5 mg of LN Resin or OMC material. A 5 μL spike of an 

approximately 3.2 mM 152/154Eu3+ radiotracer in 0.001 M HNO3, prepared as previously described 

by Drader, et al.,128 was added to the aqueous phase, bringing the total volume to 0.5 mL. Contacts 

were done at 25 °C and shaken at 1500 rpm for 30 min. After contacting, the samples were 

centrifuged at 1163 ×g for 15 min. The phase separation from the LN Resin was acccomplished 

by using transfer pipettes to collect the aqueous phases while 0.2 μm syringe filters were used to 

separate the aqueous phase from the OMC materials. A 200 μL aliquot of each aqueous phase was 

taken for gross gamma counting. The activity of the solid material was determined by difference. 

Triplicate samples were taken for LN Resin and HDEHP-CMK-3 type OMC materials and errors 

denote a ± 3σ of the triplicate analysis. Due to the limited quantity of HDEHP-OMC-l-MSN 

material available at that time, contacts were completed once at each acid concentration. Errors 

presented for the HDEHP-OMC-l-MSN represent ± 3σ using propagation of error in the counting 

statistics. 

Distribution coefficients for each sample were calculated using: 

 𝐾d = (𝐴0−𝐴𝐴 ) (𝑉𝑚) (3.1) 



58 
 
 

where A0 and A are the activities (cpm) of the aqueous phase before and after equilibrium, 

respectively, V is the volume of the aqueous phase (mL), and m is the mass of the solid phase (g). 

For the batch distribution studies, the mass was normalized for the wt% HDEHP the material 

contained.  

3.3.4.2 Europium adsorption isotherms 

Isotherm studies were completed to determine the maximum Eu3+ loading capacity, qmax, of 

the extraction material. Aqueous solutions were prepared using Eu(NO3)3 and 0.5 M HNO3. The 

Eu(NO3)3 concentrations ranged from 0.5 μM to 40 mM. The aqueous solutions were spiked with 

the 152/154Eu3+ radiotracer so that 0.5 mL of solution contained 4.95 μL of the radiotracer. 

Approximately 5 mg of LN Resin or OMC material was contacted with 0.5 mL of the approprate 

aqueous phase. All contacts and activity determinations were done as in the batch sorption 

experiments and were completed in triplicate. 

The concentration of analyte extracted was plotted against the analyte concentration remaining 

in the aqueous phase at equilibrium using the following equations: 

 𝐶 = ( 𝐴𝐴0)𝐶0 (3.2) 

 𝑞e = (𝐴0−𝐴𝐴0 ) (𝑉𝑚)𝐶0 (3.3) 

where C0 and C are the molar concentrations of analyte in the aqueous phase before and after 

equilibrium, respectively, qe is moles of analyte sorbed per gram of material at equilibrium, V is 

the volume of the aqueous phase (L), and m is the mass of the chromatographic material (g). Using 

QtiPlot,129 the data was then fit using the Langmuir isotherm equation: 

 𝑞e = 𝑞max(𝑎L𝐶)1+(𝑎L𝐶)   (3.4) 
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where qmax is the maxiumum adsorption capacity (mol g–1) and aL is the Langmuir constant (L 

mol–1). Errors reported are ± 3σ from the triplicate analysis. 

3.3.4.3 Europium breakthrough curves 

The maximum adsorption capacity under dynamic conditions was found using: 

 𝑄(𝑚) = (𝑉50−𝑉0𝑚s )𝐶0 (3.5) 

where Q(m) is the maximum adsorption capacity (mol g–1), V50 is the elution volume at 50% 

breakthrough, and V0 is the free column volume. If the batch and dynamic systems are under 

equilibrium, the maximum adsorption capacity values should be the same within error.130 The 

breakthrough curves were obtained using 0.5 M HNO3 containing 30 mM Eu3+. The full column 

height (~1.5 cm) was used for the LN Resin, while half column height (~0.75 cm) for the 

OMC-l-MSN material was used. The chromatographic materials were dry packed to enable 

determination of chromatographic material mass and the free column volume (FCV). The dry 

packing also ensured that backpressure would not be an issue with the nanoparticle material. The 

FCV was determined gravimetrically using water. Each column was preconditioned with 10 FCVs 

of 0.5 M HNO3. Approximately 10 FCVs of the Eu3+ solution was eluted from the columns at a 

flow rate of 50 μL min–1. Fractions were collected every two minutes so that about 100 μL were 

contained in each fraction. The breakthrough curves were completed in duplicate and the error in 

Q(m) reflects the relative difference between the two. 

3.3.4.4 Europium/neodymium separations 

LN Resin and HDEHP-OMC-l-MSN colums were prepared at half column height (~0.75 cm) 

for Eu3+ and Nd3+ separations. The LN Resin was packed via the slurry method. Because of the 

hydrophobicity of the HDEHP-OMC-l-MSN material, the slurry method did not produce a well-

packed column. To obtain sufficient packing, the OMC material was dampened with just enough 
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water to form a paste-like substance. Approximately one-fourth of the column height was filled 

with the OMC paste. With the stopcock open, the column was then placed into a microcentrifuge 

tube and centrifuged for two minutes at 1163 ×g. The process was completed once more to fill the 

column half full. The LN Resin and HDEHP-OMC-l-MSN materials were both topped with a frit 

to prevent material distruption. 

Each column was preconditioned with 2 mL of 0.001 M HNO3. A loading solution was 

prepared as to initially contain approximately 100,000 cpm for both 147Nd3+ (91 keV monitored 

gamma ray emission) and 154Eu3+ (123 keV monitored gamma ray emission). Aliquots of 

Nd(NO3)3 and Eu(NO3)3 stock solutions were added to obtain a final concentration of 2 mM for 

each metal. The final loading solution contained 0.001 M HNO3. Each column was loaded with 

1.5 mL of the resulting solution. After loading, the columns were washed with 1.5 mL of 0.001 M 

HNO3. Complete metal stripping from the columns was done using 1.5 mL of 2 M HNO3. The 

flow rate for each step was 50 μL min–1. Bulk loading and washing fractions were collected and 

counted to monitor metal breakthrough during the loading and washing steps. Stripping fractions 

were collected every one minute and counted for 5 min on an HPGe well detector. The resolution 

of the separations was calculated using: 

 Resolution = 0.589 × ∆𝑉r0.5 × (𝑤h/2,1 + 𝑤h/2,2) (3.6) 

where ΔVr is the difference in retention volume at the peak height maximums and wh/2,n is the width 

of the peak at half the peak maximum height. 

After eluting the metals, the columns were dried to determine the mass of material each 

contained. The FCV was found gravimetrically using water. 
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3.3.4.5 Neodymium irradiations 

A 0.01 M HNO3 solution containing 0.110 M Nd3+ was irradiated for 3 h in the Lazy Susan 

position at the U.S. Geological Survey TRIGA Reactor at the Denver Federal Center with a neutron 

flux of 4 × 1012 cm–1. The irradiated solution was used directly as a 147Nd source for separation 

studies. 

3.4  Results and discussion 

3.4.1 OMC surface and material properties 

3.4.1.1 Nitrogen physisorption isotherms and BJH pore width distributions 

Nitrogen physisorption isotherms and BJH pore width distributions of the OMC materials are 

shown in Figure 3.1. The OMC-l-MSN isotherm is of type IV with H2 hysteresis, typical of 

ordered mesoporous materials,125,126,131 and a BET surface area of 980 m2 g–1; however, there are 

two distinct inflection points attributed to the phenomenon of capilary condensation. This bimodal 

adsorption behavior is confirmed in the pore width distribution with averages of 7.1 nm and 45 nm. 

The CMK-3 type OMC material is characterized as having a pseudo type II isotherm with H4 

hysteresis, yielding a BET surface area of 630 m2 g–1 and pore diameters of 3.5 nm based on the 

BJH distribution. In the case of CMK-3 type OMC, H4 hysteresis is common among activated 

carbons and often arises from low pore-curvature. This suggests that the majority of porosity arises 

from relatively rectangular inter pore regions and not the larger and more radial vertices where 

three pores arrayed within the p6mm space group intersect.132 Based on the OMC-l-MSN isotherm, 

the material likely consists of cylindrical pores of a variety of widths. A summary of the surface 

area and pore diameters can be found in Table 3.1. 
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Table 3.1: BET and BJH data of OMC samples. 

Carbon Sample 
BET surface area  

(m2 g–1) 
BJH pore diameter 

(nm) 

OMC-l-MSN 980 7.1 

CMK-3 type OMC 630 3.5 

 

 

Figure 3.1: N2 physisorption and BJH pore width distributions (inset) of prepared OMC materials: 
OMC-l-MSN (solid lines) and CMK-3 type OMC (dotted lines). 
 

3.4.1.2 TEM and SEM surface analysis 

TEM and SEM images show the mesoporous carbon synthesis from silica hard-templating 

techniques yielded OMC-l-MSN and CMK-3 type OMC materials with consistent pore and 

particle morphology (Figure 3.2). OMC materials synthesized from l-MSN templates exhibited 
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uniform particle structure with regular, parallel pores (Figure 3.2a and b). In contrast CMK-3 type 

OMC materials exhibit a rope-like morphology typical of such carbons,126,133,134 with pores 

running parallel along the particle length (Figure 3.2c and d). In both cases, the carbon material 

mimicked the morphology of the silica template.125 A greater polydispersity also exists in the 

CMK-3 morphologies as compared with OMC-l-MSN. Particle sizes typically varied between 

500–1000 nm in diameter for OMC-l-MSN and 1–5 μm for CMK-3 type OMC materials.135-137 

 

 

Figure 3.2: Representative TEM and SEM images of OMC materials synthesized using l-MSN (a 
and b) and SBA-15 (c and d) mesoporous silica templates. 
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3.4.1.3 Low angle XRD 

Low angle powder X-ray diffraction (pXRD) patterns were obtained from 0.5 to 5 degrees (2θ) 

operating in transmission mode (Figure 3.3). Both materials show diffraction from the (100) plane 

of the hexagonally arrayed pores. The amount of long-range order is low due to the lack of the 

(110) and (200) peaks. This is reasonable for the prepared OMC materials since the template is not 

always perfectly transcribed during the carbonization process. The CMK-3 type OMC (dotted line, 

Figure 3.3) has d(100) of 8.68 nm while OMC-l-MSN (solid line, Figure 3.3) has a slightly 

condensed pore spacing along [100] at 8.56 nm. 

 

 

Figure 3.3: Low angle XRD patterns of OMC-l-MSN (solid line) and CMK-3 type OMC (dotted 
line). 
 

3.4.1.4 Thermogravimetric analysis 

The TGA results for five OMC samples are shown in Figure 3.4 and Table 3.2. For the four 

OMC-l-MSN samples, the HDEHP was loaded in either a single addition (OMC-a, OMC-c, and 
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OMC-d, Figure 3.4a) or in three instalments (OMC-b) This was done to investigate the effect of 

loading methodology. The OMC-a was loaded with 6.7% (v/v) HDEHP in hexanes. All other 

OMC-l-MSN samples were loaded using 20% (v/v) HDEHP in hexanes. CMK-3 type OMC 

(dotted red line, Figure 3.4b) was loaded in a single addition using 20% (v/v) HDEHP in hexanes, 

allowing for a comparison between the two different OMC materials. Loading ranged between 33 

and 63 wt% or 1.5 to 4.7 mmol HDEHP g–1 OMC (Table 3.2) as compared to 2.1 mmol HDEHP 

g–1 LN Resin. 

 

 

Figure 3.4: Representative TGA data for the physisorption of HDEHP onto (a) OMC-l-MSN and 
(b) CMK-3 type OMC. The sharp decrease in mass around 250 °C is due to the combustion of 
HDEHP on the OMC surface. Shown are (a) blank OMC-l-MSN (solid black line), 33 wt% 
HDEHP-OMC-a (dotted red line), (b) blank CMK-3 type OMC (solid black line), and 46 wt% 
HDEHP-CMK-3 type OMC (dotted red line). 
 

As expected, using a more dilute HDEHP solution (6.7% (v/v) in hexanes) resulted in a lower 

ligand loading (33 wt%) than the 20% (v/v) HDEHP in hexanes loading solution (46–63 wt%). 

Adding the HDEHP to the OMC material in multiple additions also resulted in a higher loading of 

63 wt% HDEHP than the single ligand additions (46–55 wt%); however, it should be noted that 
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the samples OMC-b and OMC-d were not washed, resulting in additional, loosely physisorbed 

HDEHP.  

3.4.2 Radiochemical analyses 

3.4.2.1 Batch distribution experiments 

The batch sorption experiments were done using HDEHP-OMC-b, HDEHP-CMK-3 type 

OMC, and LN Resin (40 wt% HDEHP). The uptake of Eu3+ was also examined using OMC-

l-MSN without HDEHP. The blank OMC material provided no uptake of Eu3+, indicating that an 

extractant, such as HDEHP, is necessary to adsorb the metal ion. Higher Kd values represent a 

greater adsorption of Eu3+ by the sorbent material. As the HNO3 concentration was increased, the 

Kd value decreased for all materials reported (Figure 3.5). Both HDEHP-OMC materials have 

larger Kd values than the LN Resin across all HNO3 concentrations, even after the Kd values were 

corrected for the wt% HDEHP the materials contained. Because all the materials use HDEHP as 

an extractant, the higher distribution coefficients may imply that the increased surface area of the 

OMC materials plays a role in the uptake of Eu3+. 

Based on the distribution slope, the number of hydogens required to extract the metal ion can 

be deduced.138 This analysis suggests three protons are exchanged for the uptake of each Eu3+ 

cation and is consistent with previous reports on trivalent metal recovery by HDEHP.139,140 Despite 

both HDEHP-OMC materials providing higher Kd values, the CMK-3 type OMC wasn’t further 

studied due to its irregular morphology (Figure 3.2d). 

3.4.2.2 Europium adsorption isotherms 

The Langmuir isotherm studies were completed using HDEHP-OMC-a and LN Resin 

(Figure 3.6). The HDEHP-OMC-a materials have a larger qmax value of 0.35 ± 0.03 mmol g–1 than 

 



67 
 
 

Table 3.2: HDEHP loading of OMC samples determined by TGA. 

  HDEHP loading 

Carbon sample 
Sample 

identifier 
Loading 
additions 

(v/v) % HDEHP  
in hexanes HDEHP wt% 

g HDEHP/ 
g OMC 

mmol HDEHP/ 
g OMC 

OMC-l-MSN OMC-a 1 6.7 33 0.49 1.5 

OMC-l-MSN OMC-b 3 20 63a 1.5 4.7 

OMC-l-MSN OMC-c 1 20 49 0.96 3.0 

OMC-l-MSN OMC-d 1 20 55a 1.2 3.8 

CMK-3 type OMC - 1 20 46 0.85 2.6 

a Samples were not washed with water after hexane evaporation. 
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Figure 3.5: Uptake of Eu3+ as a function of HNO3 concentration by LN Resin (black circles, 
bottom), HDEHP-OMC-b (red squares, middle), and HDEHP-CMK-3 type OMC (blue triangles, 
top). The slopes for the LN Resin, HDEHP-OMC-b, and HDEHP-CMK-3 type OMC are –2.91 
± 0.06, –3.0 ± 0.1, and –2.66 ± 0.03, respectively. 
 

 

Figure 3.6: Langmuir adsorption isotherms for LN Resin (black circles) and OMC-l-MSN 
materials (red squares). 
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that of LN Resin (0.17 ± 0.07 mmol g–1, Table 3.3). The slopes of both materials are comparable, 

which is to be expected since both materials use HDEHP as an extractant. No corrections were 

made for the HDEHP content. Although the OMC material contained less HDEHP than the LN 

Resin it provided twice the maximum adsorption capacity of its analogue. This may be due to the 

larger surface area of the OMC material, which allows for additional Eu3+ adsorption sites. Data 

for the isotherms can be found in Tables A.1 and A.2 in Appendix A. The maximum adsorption 

capacities for Eu3+ by other carbonaceous materials are presented in Table 3.3 for comparison. 

 

Table 3.3: Maximum Eu3+ adsorption capacity comparison of selected functionalized and pristine 
carbonaceous materials. 

Carbon Sample 
qmax 

(mmol g–1) 
Ionic strength 

(M) Reference 

HDEHP-OMC-l-MSN 0.35(6) 1 This work 

Oxidized MWCNTsa 2.87 × 10–8 0.1 141 

C-CS-type OMCsb 0.910 0.1 116 

N,N-dihexyl amide MWCNTsa 0.536 – 142 

1st generation poly(amidoamine) dendrimer CNTsc 0.544 – 143 

2nd generation poly(amidoamine) dendrimer CNTsc 0.976 – 143 

a Multi-walled carbon nanotubes (MWCNTs); b Carbon from carbon-silica nanocomposite 
(C-CS); c Carbon nanotubes (CNTs). 

 

3.4.2.3 Europium breakthrough curves 

Breakthrough curves were used to find the maximum adsorption capacity of the 

chromatographic material under dynamic conditions using HDEHP-OMC-c and LN Resin. The 

Q(m) values were 0.11 ± 0.01 mmol g–1 and 0.32 ± 0.04 mmol g–1 for LN and HDEHP-OMC-c, 

respectively. Each breakthrough curve was done twice and V50 was found by using a best fit line 
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between approximately 10% and 90% breakthrough. Errors reported are the relative difference 

between the two measurements of Q(m). Representative breakthrough curves are shown in 

Figure 3.7. Additional breakthrough curves and data can be found in Table A.3 and Figure A.1 in 

Appendix A. Because the qmax and Q(m) values for both the LN Resin and HDEHP-OMC-c agree 

within error (Table 3.4) it was assumed that equilibrium was reached. It should be noted that the 

HDEHP-OMC materials used for the breakthrough curve and adsorption isotherm had different 

ligand loadings. The agreement in qmax and Q(m) between the samples containing different 

HDEHP loadings may imply that there is a limit in ligand loading capacity where additional 

loading does not aid in the adsorption capacity. This could be a result of HDEHP being loaded into 

regions of the OMC material that limits the accessibility for the metal ions. 

 

 

Figure 3.7: Europium breakthrough curves for LN Resin (black circles) and HDEHP-OMC-c (red 
squares). The plots show the ratio of the concentration of Eu3+ in the fraction, C, to the initial 
concentration of Eu3+ in the loading solution, C0, as a function of the effluent volume (μL). 
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Table 3.4: Maximum adsorption capacities for LN Resin and OMC-l-MSN under static and 
dynamic conditions. 

 
qmax (mmol g–1),  

static 
Q(m) (mmol g–1),  

dynamic 

LN Resin 0.17 ± 0.07 0.11 ± 0.01 

OMC-l-MSN 0.35 ± 0.06 0.32 ± 0.04 

 

3.4.2.4 Europium/neodymium separations 

To investigate the f-element separation capability of HDEHP-OMC-l-MSN, the separation of 

Nd3+ and Eu3+ was attempted using HDEHP-OMC-d and compared to LN Resin. Although both 

columns were prepared to approximately half column height, the mass of the LN Resin was 

considerably lower than the HDEHP-OMC-d; however, the FCVs were quite similar (Table 3.5). 

Well-packed particles with smaller diameters should diminish the free volume within the column. 

While the density of the OMC particles is greater, likely owing to the better packing of smaller 

particles, the FCV stayed nearly the same as the LN Resin. This could be due to the availability of 

the pore volumes within the OMC material. 

 

Table 3.5: The chromatographic material mass and FCV for half-full columns used in Eu and Nd 
separations. 

 Mass (g) FCV (μL)  

LN Resin 0.1059 ± 0.0001 135.2 ± 0.1 

OMC-l-MSN 0.1669 ± 0.0001 134.9 ± 0.1 

 

No metal breakthrough was observed during the loading and washing steps. Because the 

HDEHP is physisorbed to the OMC, there is likely some extractant loss during the elution steps. 
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Due to the low concentration of metal ions used in the chromatographic studies, the HDEHP 

concentration greatly exceeds that needed to extract both Nd3+ and Eu3+. This diminishes the effect 

any extractant loss may have on lanthanide adsorption. The activities of 147Nd3+ and 154Eu3+ were 

corrected to reflect the varying volumes contained in each of the fractions. No separation was 

observed using LN Resin (Figure 3.8), which separation was achieved using the OMC material 

(Figure 3.9). Additional presentations of the separations can be found in Figures A.2 and A.3 in 

Appendix A. A resolution of 0.58 ± 0.02 was obtained for the HDEHP-OMC-d column and was 

determined using the volume corrected elution curves. Gaussian curves were generated in QtiPlot 

for each peak to determine the width at half the peak height maximum. The error in the resolution 

represents ± 1σ through propagation of error in the resolution calculation. Approximately 56% of 

the Nd3+ can be recovered with less than 6% contamination from the Eu3+. Conversely, about 50% 

of the Eu3+ can be recovered with less than a 7% Nd3+ contamination. 

 

 

Figure 3.8: Separation of 147Nd3+ (blue circles) and 154Eu3+ (red squares) by LN Resin. Activities 
have been normalized to the volume the fraction contained. 
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Figure 3.9: Separation of 147Nd3+ (blue circles) and 154Eu3+ (red squared) by HDEHP-OMC-d. 
Activities have been normalized to the volume the fraction contained. 
 

3.5  Conclusions 

Two OMC materials with different morphologies, OMC-l-MSN and CMK-3 type OMC, were 

synthesized and modified with HDEHP for Eu3+ and Nd3+ recovery. HDEHP loadings varied 

depending on the concentration, number of HDEHP additions and the material being loaded. 

Higher loading of the OMC-l-MSN material was accomplished through multiple HDEHP 

additions. 

The Eu3+ uptake by these materials was compared against the industry standard lanthanide 

extraction chromatographic material, LN Resin. Both HDEHP-OMC materials showed higher 

distribution values than the LN Resin. Furthermore, HDEHP-CMK-3 type OMC showed 

improvement in performance over HDEHP-OMC-l-MSN and LN Resin at the higher acid 

concentrations but displayed a less ordered particle morphology. The batch Langmuir isotherm 
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and breakthrough column studies of the LN Resin and HDEHP-OMC-l-MSN demonstrated that 

the OMC materials have at least double the maximum adsorption capacity. 

This study is the first to report a separation of the f-elements Nd3+ and Eu3+ using OMCs as a 

chromatographic material. The HDEHP-OMC-l-MSN material successfully separated trivalent Nd 

and Eu using an unpressurized system and a small compact column. This preliminary examination 

of HDEHP physisorbed OMC materials has confirmed their potential as chromatographic material 

for f-elemental recovery and separation. Additional studies need to be completed to determine the 

maximum amount of HDEHP-OMC material that can be packed into a column before back-

pressure issues arise. This would allow for resolution optimization of the HDEHP-OMC-l-MSN 

columns. Since the HDEHP is physisorbed onto the OMC support, the reusability of the HDEHP-

OMC-l-MSN should be examined for used beyond the once through nuclear forensic analyses. 

Furthermore, studies utilizing OMC materials functionalized with other extractants have begun. 
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CHAPTER FOUR 

ELECTROCHEMICAL REDUCTION OF EUROPIUM(III) USING TETRA-n-OCTYL 

DIGLYCOLAMIDE FUNCTIONALIZED ORDERED MESOPOROUS CARBON 

MICROELECTRODES 

Erin R. Bertelsen,1 Nolan C. Kovach,1 Brian G. Trewyn,1,3, Mark R. Antonio4 and  

Jenifer C. Shafer1,2 

Reprinted with permission from Journal of Materials Chemistry C 

4.1  Abstract 

This work investigates the one-electron reduction of Eu(III) to Eu(II) with ordered mesoporous 

carbon (OMC) in cavity microelectrode (CME) systems. OMC materials with and without tetra-

n-octyl diglycolamide (TODGA) functionalization were subjected to voltammetric measurements 

and compared with commercial carbon black Vulcan® XC-72. The electrochemical reduction of 

solution Eu(III) with unfunctionalized OMC, XC-72, and TODGA-functionalized OMC—both 

within the electrode matrix and on the electrode surface—is reported. The complexation of Eu(III) 

by TODGA-functionalized OMC prior to electrode preparation incorporates Eu(III) as part of the 

bulk electrode matrix. Under these conditions, the high capacitance obscures the Eu(III)/Eu(II) 

redox couple. A signal emerges above the background (capacitive) currents when 2-octanol is 

added to the TODGA-functionalized OMC as a wetting agent. In contrast, surface Eu(III)–

TODGA complexation, when Eu(III) contacts the electrode surface exclusively after electrode 

preparation, provides a strong response. The addition of 2-octanol to TODGA reduces the 
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capacitance of the electrode and narrows the Eu(III)/Eu(II) redox peak widths. The desorption by 

reductive stripping of Eu(II) was demonstrated using a 2-octanol modified TODGA OMC CME, 

opening the possibility for selective separation of Eu from adjacent trivalent lanthanides. 

4.2  Introduction 

The one-electron reduction of Eu(III) to Eu(II) is a facile process in solution electrolytes. The 

readily accessible electrode potential, –0.55 V vs. Ag/AgCl, for the Eu(III)/Eu(II) couple46 and the 

comparatively stable divalent oxidation state are the basis of historical and contemporary strategies 

to separate Eu from the adjacent trivalent lanthanides (Sm, Gd) and from its actinide electronic 

analog, Am(III).12,18,144-147 The trivalent lanthanides are arguably some of the most difficult 

elements to separate because of the small decrease in ionic radii across the 4f-period.148 As such, 

the electroanalytical chemistry of Eu provides a convenient entry to effective separation processes. 

A profusion of basic and applied research has shown that both photons and electrons (from 

appropriate reagents and through the controlled polarization of an electrode surface) can be tuned 

for the selective and efficient reduction of Eu(III) in aqueous and nonaqueous solution 

electrolytes.14,149-152 

With conventional fluid electrolytes, three methods are commonly used to separate Eu(II) from 

its trivalent neighbors: (1) selective precipitation (with sulfate); (2) liquid-solid extraction 

chromatography (EXC), and; (3) liquid-liquid extraction (LLE).15 Despite the extensive practical 

exploitation of the Eu redox response in separation science, very little direct information is known 

about its electroanalytical chemistry in chemical separations systems of direct relevance to 

practical liquid-solid and liquid-liquid extraction. To address this gap in knowledge, we have 

probed the electrochemical properties of Eu using carbonaceous extraction chromatographic 

materials with and without TODGA (N,N,N',N'-tetra-n-octyl diglycolamide). This amidic, neutral 



77 
 
 

solvating extractant is of contemporary significance in the ALSEP (Actinide-Lanthanide 

SEParation) concept for actinide-lanthanide separation because of its exceptionally high affinity 

for the trivalent lanthanides,153 particularly Eu. 

Since its synthesis in 2001 by Sasaki et al.,154 TODGA has been extensively studied for 

4f/5f-element separations in EXC, LLE, and supported liquid membrane (SLM) systems.37,153 In 

LLE extraction systems, TODGA is known to coordinate with the trivalent lanthanides in a 3:1 

(TODGA : Ln) stoichiometry28,29,91,155 following the equilibrium equation: 

 Ln3+(aq) + 3NO3−(aq) + 3TODGA(org) ⇌ Ln(TODGA)33+⦁ 3NO3−(org) (4.1) 

Further, it has been shown that TODGA is highly selective for the light lanthanides.154 This 

selectivity is attributed to the Ln(III)–TODGA complex outer-coordination sphere, which contains 

the charge-neutralizing counter anions along with water molecules.28,39 TODGA does not 

demonstrate a high uptake of the divalent alkaline earth cations.156,157 In view of the fact that the 

ionic radii of Sr(II) and Eu(II) are essentially equivalent (1.30 and 1.31 Å, respectively, for CN = 

IX),4 and that their chemistry is astoundingly similar,158 it is not unreasonable to imagine that 

TODGA would only poorly extract Eu(II) and desorb it from TODGA-loaded carbonaceous EXC 

materials consisting of ordered mesoporous carbon (OMC). 

Like other neutral, solvating extractants, TODGA tends to form reverse micelles with 

hydrophilic cores and hydrophobic ends. The exposed octyl chains create a lipophilic environment 

and may be involved in extended intermolecular interactions.24,159 The addition of modifiers, such 

as 2-octanol, break up the TODGA reverse micelles and hydrogen-bonding networks.24,159 The 

2-octanol acts as a wetting agent, decreasing the lipophilicity of the extractant and allowing for 

greater diffusion of analytes within the extractant. 
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Considerable attention has been given to OMC since its development by Ryoo et al. in 1999.160 

The graphitic nature of OMC, giving rise to its electrical conductivity,161 has attracted research 

efforts for use in energy conversion and storage,162-165 catalysts,125,166-171 electrochemical 

sensors,164,172-177 and biosensors.164,178-181 The desirable electrochemical properties of OMC stem 

from its highly ordered pore structure—allowing for fast diffusion of the analyte—and its high 

surface area.173,182 Furthermore, hard-templated OMC enables improved analyte diffusion, with 

larger average mesopore diameters, than soft-templated OMC. The large electroactive surface area 

of OMC results in a high specific capacitance desirable for electrical double-layer capacitor 

applications.165 OMC materials are also resistant to acidic and basic environments, making them 

ideal lanthanide adsorbents.183 

Generally, there are two methods to employ OMC materials in electrochemical devices. The 

first method uses OMC as the bulk material for carbon paste electrodes (CPE), while the second 

method uses the OMC as a thin surface coating on a solid electrode to produce a mesoporous 

carbon-modified electrode.173,178 In the present study, OMC and Vulcan® XC-72 were used as 

bulk conducting powders in cavity microelectrode (CME) voltammetry studies of the one-electron 

reduction of Eu(III) to Eu(II). The prospect for the electrochemical separation of Eu from trivalent 

lanthanides by reductive stripping was also examined by physisorbing OMC with TODGA (and 

TODGA modified with 2-octanol) for use in the CME. Insights into the non-Faradaic responses of 

the OMCs, as well as the Faradaic responses associated with the Eu(III)/Eu(II) couple for the Eu–

TODGA complexes on the OMC systems by use of CME voltammetry, are cast in context of 

general developments in the chemistry of Eu(II) for applications in synthesis, medicine, and energy 

sciences.184,185 In this vein, the redox properties of Eu complexes with prospective application as 
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MRI ligands186 and in systems of relevance to hydrothermal geochemistry187 have been studied 

extensively. 

4.3  Experimental 

4.3.1 Reagents 

The l-MSN (large-pore mesoporous silica nanoparticle) template was prepared according to 

previously reported literature.73 Vulcan XC-72 was obtained from Cabot specialty carbon blacks. 

The extractant used was N,N,N',N'-tetra-n-octyl diglycolamide (TODGA, Marshallton Research 

Laboratories Incorporated). Sulfuric acid (98%) and optima grade nitric acid (69%) were obtained 

from Fisher Scientific. Sucrose, Eu(NO3)3·5H2O, LiNO3, and 2-octanol were purchased from 

Sigma-Aldrich. All chemicals were used as received. Ultrapure (> 18.2 MΩ cm) deionized water 

was used for all aqueous solutions and carbon synthesis steps. 

4.3.2 Instrumentation 

Europium extractions were completed using an Eppendorf ThermoMixer C and Eppendorf 

Centrifuge 5702 RH. Small scale europium extractions employed a VWR vortex mixer and BD 

Clay Adams Compact II Centrifuge. The gross 152/154Eu(III) gamma activity was monitored using 

a Packard Cobra II NaI(Tl) solid scintillation auto-gamma counter. Voltammetry data were 

obtained using a BAS 100B/W electrochemical analyzer, BASi reference electrode (Ag/AgCl, 

BASi MR-2052), Pt rod (0.064” diam.) auxiliary electrode, and a Pt wire cavity microelectrode 

(previously prepared in-house as described elsewhere)188 with a microcavity of approximately 

100 µm i.d. × 30 µm. 

4.3.3 Synthesis of OMC 

Large-pore ordered mesoporous carbon (OMC) was synthesized as previously described using 

a hard-templating method.73 In a ceramic crucible, 2 g of l-MSN (BET surface area: 337 m2 g–1; 
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BJH pore volume: 1.2 cm3 g–1) was dry mixed with 1.2 g of sucrose followed by the addition of 

5.0 mL of water. After hand stirring until aggregate-free, 200 µL of concentrated sulfuric acid was 

pipetted into the suspension and mixed for 5 min by hand. During this time, approximately 2.0 mL 

of water was added to resuspend any OMC aggregated on the crucible sidewalls. The crucible was 

then placed into an air convection oven at 100 °C for 6 h followed by 160 °C for 6 h to drive partial 

carbonization of the polymerized glucose framework. This process was then repeated three more 

times adding 0.89 g, 0.12 g, and 0.21 g of sucrose, respectively, to ensure complete casting of the 

carbon precursor within the silica template pores. After this, the sample was loaded into a quartz 

combustion boat and carbonized in a horizontal tube furnace. Under argon flow of 150 sccm, the 

sucrose-OMC powder was heated from ambient to 600 °C (ramp rate 6.5 °C min–1), 600 to 900 °C 

(ramp rate 1 °C min–1), and held static at 900 °C for 6 h. After cooling, the sample was divided 

into two 50 mL plastic centrifuge tubes and etched with 35 mL of 10% hydrofluoric acid overnight. 

The suspensions were centrifuged at 3750 ×g for 10 min, decanted, and washed with 35 mL of 

water. Three more water washes were followed by an ethanol wash to ensure removal of any 

residual fluoride ions. After decanting the ethanol, the wetted OMC was dried overnight in an 

open-air oven at 80 °C. 

4.3.4 TODGA and TODGA/2-octanol physisorption 

Functionalized electrode materials were prepared by suspending approximately 250 mg of 

OMC in 2.0 mL of methanol in a 15 mL plastic centrifuge tube. The suspension was disaggregated 

in an ultrasonic bath for 5 min prior to the next step. A solution containing 145.2 mg of TODGA 

and 19.7 mg of 2-octanol, or 69.6 mg of TODGA and 55.4 mg of 2-octanol in 1.0 mL of methanol 

was added to the OMC suspension. Samples with TODGA only were loaded in two rounds with 
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100 mg of TODGA in 1.0 mL methanol each. Drying in an open-air oven at 80 °C overnight 

furnished the OMC surface with the extractant and surface modifier. 

4.3.5 OMC material characterization 

Nitrogen sorption analysis was performed using a Micromeritics TriStar II Surface Area and 

Porosity instrument. Prior to each analysis, approximately 100.0 mg of OMC was loaded into a 

sample tube and degassed under nitrogen flow at 60 °C for 6 h. The surface area was obtained 

from Brunauer-Emmett-Teller (BET) theory derived from the adsorption branch in the range of 

0.05 < P/P0 < 0.30, while pore volume and pore-size distributions were computed from Barrett, 

Joyner and Helenda method from the desorption branch of the isotherms. Isotherm morphology 

was used to qualitatively affirm the porosity of the materials. The TGA experiments were run on 

a TA Instrument Q50 Thermogravimetric Analyzer with a ceramic sample pan and a constant 

nitrogen flow of 50 mL min–1. Approximately 20 mg of sample was loaded into the pan and 

subjected to a constant heat rate of 10 °C min–1 from ambient to 800 °C. The loadings of 2-octanol 

and TODGA onto the OMC were determined by defining the regions of mass loss (30 °C < 

2-octanol < 250 °C < TODGA < 440 °C). 

4.3.6 Europium extraction by functionalized OMC 

A 1 M HNO3 concentration was chosen to facilitate sufficient Eu(III) extraction by TODGA. 

As a neutral, solvating ligand, TODGA extracts the trivalent lanthanides under moderate to high 

nitric acid conditions.189 The acidic europium(III) nitrate solutions were prepared by dissolving 

Eu(NO3)3·5H2O in 1 M HNO3 so that the initial Eu(III) concentrations were 0.050 and 0.425 M. 

A 9 mL aliquot of the Eu(III) solution was then contacted with 90 mg of functionalized OMC 

material in a 15 mL centrifuge tube. Contacts were made at ambient temperature (23 °C) for 

60 min followed by centrifugation at 3000 ×g with the Eppendorf 5702 RH. The aqueous phase 
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was removed using a fine tip plastic transfer pipet. The remaining damp Eu-loaded OMC material 

was transferred to folded weigh paper and sandwiched to remove excess aqueous solution. The 

OMC material was then left to dry in air before transferring to a microcentrifuge tube for storage. 

The extraction process was also done on a small scale using 5 mg of functionalized OMC, 

0.495 mL of Eu(III) solution, and 5 µL of an approximately 3.5 mM 152/154Eu(III) radiotracer in 

0.001 M HNO3 (prepared as previously described by Drader et al.).128 After contacting, 350 µL 

aliquots of the supernatant aqueous phase was taken for gross gamma counting. The activity of the 

functionalized OMC was determined by delta calculation. These values were used to approximate 

the Eu(III) loading in the functionalized OMC electrode materials. 

4.3.7 Cavity microelectrode preparation 

A small mass of carbonaceous material was placed on a microscope slide. Any aggregated 

material was manually broken up between weigh paper using a glass stir rod. The cavity 

microelectrode was filled by firmly pressing the empty cavity against the carbonaceous material 

on the microscope slide. Filling of the cavity was confirmed using a magnifying glass prior to use. 

After use, the CME was cleaned by sonicating for 10 s in ethanol followed by sonication for 10 s 

in water. The CME was then dried in air before packing with new material. 

4.3.8 Voltammetry 

Differential pulse voltammetry (DPV) and cyclic voltammetry (CV) data were collected at 

room temperature (23 °C) in 1 M LiNO3 (pH 6.7), unless otherwise stated. The DPV data were 

acquired at 20 mV s–1. For three-phase-electrode voltammetry,30,190,191 a 5 mL solution of 0.5 M 

TODGA in n-dodecane was contacted with an equal volume of a 0.6 M Eu(NO3)3–3 M LiNO3 

solution at ambient temperature, 21 ± 0.5 °C, according to standard techniques in LLE. The clear 
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and colorless third phase in the usual location between the bottom, aqueous equilibrium phase and 

the upper, organic equilibrium phase was isolated for voltammetry. 

4.4  Results and discussion 

4.4.1 OMC material properties 

The BET surface area and pore characteristics for the electrode materials are given in Table 4.1 

(see Figure B.1 in Appendix B). The nitrogen physisorption isotherms reveal a high surface area 

(1241 m2 g–1) for the OMC. Pore volume distributions gleaned from the desorption branch for 

OMC show a pore diameter c.a. 5 nm with a narrow distribution (Appendix B, Figure B.1, inset). 

Further characterization, including TEM images and low angle XRD, are provided in Appendix B 

(Figures B.2 and B.3, respectively). As expected, with the addition of TODGA or 

TODGA/2-octanol the surface area and average pore width decrease.73 The TGA results are shown 

in Appendix B, Figure B.4. The repeated TODGA loading for the OMC sample without 2-octanol 

afforded the highest weight percent loading (34 wt% TODGA). The 2-octanol modified samples 

show deviations from the theoretical loadings of about 35 wt% TODGA/5 wt% 2-octanol and 

19 wt% TODGA/15 wt% 2-octanol. TGA show the actual extractant loadings to be 22 wt% 

TODGA/4 wt% 2-octanol and 16 wt% TODGA/8 wt% 2-octanol, respectively. 

 

Table 4.1: BET surface area and pore characteristics for electrode materials. 

 
Vulcan 
XC-72192 OMC 

34/0  
OMCa 

22/4  
OMCb 

16/8 
OMCc 

BET surface area (m2 g–1) 237 1241 529 619 553 
Average pore diameter (nm) 10.4d 4.7/5.0 4.3 4.0 4.1 
Total pore volume (cm3 g–1) 0.62 1.30 0.73 0.85 0.79 
a 34 wt% TODGA OMC; b 22 wt% TODGA/4 wt% 2-octanol OMC; c 16 wt% TODGA/8 wt% 
2-octanol OMC; d The pore size distribution ranges from micro- (< 2 nm) to meso-porous (2–
40 nm).192 
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4.4.2 Europium extraction by functionalized OMC 

Europium(III) extraction by 34 wt% TODGA OMC, 22 wt% TODGA/4 wt% 2-octanol OMC, 

and 16 wt% TODGA/8 wt% 2-octanol OMC was determined using a 152/154Eu(III) radiotracer 

following Equation 4.2: 

 𝑞e = (𝐴0−𝐴𝐴0 ) (𝑉𝑚)𝐶0  (4.2) 

where qe is moles Eu(III) sorbed per g of solid material at equilibrium, A0 and A are the activities 

(cpm) of the aqueous phase before and after equilibrium, respectively, V is the volume (L) of the 

aqueous phase, m is the mass (g) of the solid material, and C0 is the initial molar concentration of 

Eu(III) in the aqueous phase. Table 3.2 shows the initial Eu(III) concentrations and the 

approximate Eu(III) sorbed onto the functionalized OMC materials. All contacts were done once. 

Errors shown are ± 1σ determined from the counting statistics propagated through the calculation. 

The amount of sorbed Eu(III) found in the radiotracer studies was assumed to reflect the Eu(III) 

sorbed on the materials in the bulk extractions. 

 

Table 4.2: Amount of Eu(III) sorbed to OMC materials at equilibrium. 

Material Initial [Eu(NO3)3], M Sorbed Eu(III), mg g–1 
34 wt% TODGA OMC 0.050 28.6(7) 

0.425 460(10) 
22 wt% TODGA/4 wt% 2-octanol OMC 0.050 16.6(4) 

0.425 670(20) 
16 wt% TODGA/8 wt% 2-octanol OMC 0.050 37.1(9) 

0.425 530(10) 

 

4.4.3 Carbonaceous CME capacitance 

Capacitance measurements were made as a baseline characterization of the CME materials and 

demonstrate that no faradaic response occurs with the functionalization by TODGA or 
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modification with 2-octanol. OMC materials are graphitic, mesoporous, and have a high surface 

area, making them suitable candidates in electrical double-layer capacitor applications.185,193 

Pristine Vulcan XC-72 was used as a comparative conductive porous carbonaceous material for 

the unfunctionalized OMC. The capacitance of the materials was determined from CV data 

collected at scan rates of 9–100 mV s–1 in the polarization window of –1.0 to 0.0 V. The data for 

both materials exhibit a flat and featureless response with a rectangular shape (Figures 4.1a and b) 

indicative of a electrical double-layer capacitor,194 albeit with distortion most prominent between 

–0.8 and –1.0 V. The capacitance was calculated using Equation 3:195 

 |𝐼a − 𝐼c| = 2𝐶(d𝑉/d𝑡) (4.3) 

where Ia and Ic are the anodic and cathodic currents (A), respectively, C is the capacitance (F), and 

dV/dt is the scan rate (mV s–1). The capacitive currents for the Vulcan XC-72 and unfunctionalized 

OMC were measured at –0.5 V. 

Previous work by Zhou et al.196 established that both surface area and porosity play a 

significant role in the capacitance of carbonaceous materials. Specifically, higher surface area 

increases capacitance but only if the surface area is accessible to the electrolyte ions. That is, the 

surface area created by micropores is negated in its influence for capacitance; therefore, high 

mesoporosity is desirable in the design of carbon-based electrical double-layer capacitors. The 

Vulcan XC-72 has a wide distribution of porosity, including micropores (< 2 nm), whereas the 

pore size distribution for the OMC is considerably narrower (Appendix B, Figure B.1).192 The high 

surface area and mesoporosity of the OMC material gives rise to its electrical double-layer 

capacitor properties as demonstrated by Figure 4.1b. The unfunctionalized OMC provides a 

geometric specific capacitance of 0.211 F cm–2 (using the geometric surface area of the 
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microelectrode, 7.85 × 10–5 cm2), nearly an order of magnitude greater than Vulcan XC-72 

(0.0262 F cm–2). 

The cyclic voltammograms in Figure 4.1c are for the 34 wt% TODGA functionalized OMC 

CME in 1 M LiNO3. In the polarization window between –1.0 and 0.0 V, no redox events from 

TODGA are observed, and the response is flat and featureless. The CV wave shapes are less 

rectangular than the unfunctionalized OMC; nevertheless, the capacitance was evaluated at –0.6 V. 

The increasing slope, particularly of the anodic response, with increasing scan rate causes 

deviation from linearity in plots of the capacitive current (Figure 4.1c, inset). The resulting 

capacitance is 7.0(3) µF with a geometric specific capacitance of 0.0892 F cm–2. 

The addition of 2-octanol as a wetting agent to the hydrophobic TODGA was examined using 

two different dilutions. The capacitive cyclic voltammograms for 22 wt% TODGA/4 wt% 

2-octanol OMC and 16 wt% TODGA/8 wt% 2-octanol OMC CMEs are presented in Figures 4.1d 

and e, respectively. The capacitance of the electrode material decreased with increasing amounts 

of 2-octanol, with the 16 wt% TODGA/8 wt% 2-octanol OMC nearing the specific capacitance of 

Vulcan XC-72 at 0.0293 F cm–2. Moreover, the wave shapes are less rectangular than the bare 

carbonaceous materials, indicating a deviation away from an electrical double-layer capacitor. 

With the addition of the modifier, 2-octanol, the data of Figure 4.1 demonstrate that the capacitance 

decreases. As the mesopores of the OMC are filled by the TODGA (or TODGA and 2-octanol), 

the surface area decreases as does the capacitance. A summary of the absolute and geometric 

specific capacitances is given in Table 4.3. 
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Figure 4.1: Capacitive cyclic voltammograms (a–e) and the corresponding capacitive current 
dependencies on scan rates (insets) using (a) Vulcan XC-72, (b) unfunctionalized OMC, (c) 
34 wt% TODGA OMC, (d) 22 wt% TODGA/4 wt% 2-octanol OMC, and (e) 16 wt% TODGA/ 
8 wt% 2-octanol OMC in 1 M LiNO3 electrolytes at scan rates of 9, 16, 25, 26, 49, 64, 81, and 
100 mV s–1. Capacitive currents were measured at –0.5 V on the unfunctionalized Vulcan XC-72, 
unfunctionalized OMC, 22 wt% TODGA/4 wt% 2-octanol OMC, and 16 wt% TODGA/8 wt% 
2-octanol OMC CVs and at –0.6 V on the 34 wt% TODGA OMC CV. 
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Table 4.3: Slope regression coefficients of linear least squares fits for the Icap versus scan rate, υ, 
for Vulcan XC-72, unfunctionalized OMC, and functionalized OMC materials along with the 
calculated absolute capacitance and geometric specific capacitance. 

Material Slope R2 
Absolute C 

(µF) 
Geometric specific C 

(F cm–2) 
Vulcan XC-72 0.00411(3) 0.9995 2.05(2) 0.0262 
OMC 0.0331(2) 0.9997 16.6(1) 0.211 
34/0 OMCa 0.0140(7) 0.9805 7.0(3) 0.0892 
22/4 OMCb 0.0133(7) 0.9964 6.6(1) 0.0841 
16/8 OMCc 0.0047(2) 0.9851 2.3(1) 0.0293 
a 34 wt% TODGA OMC; b 22 wt% TODGA/4 wt% 2-octanol OMC; c 16 wt% 
TODGA/8 wt% 2-octanol OMC 

 

4.4.4 Electrochemical behavior of the Eu(III)/Eu(II) redox couple using unfunctionalized 

carbonaceous CMEs 

Cyclic voltammograms were recorded in a polarization window between –0.85 and 0.0 V for 

unfunctionalized Vulcan XC-72 and –0.8 and 0.0 V for unfunctionalized OMC CMEs in 0.100 M 

Eu(NO3)/1 M LiNO3 (Figure 4.2a and b) at scan rates of 9–100 mV s–1. The cathodic and anodic 

peaks associated with the reduction and oxidation of Eu, respectively, are significantly narrower 

using the Vulcan XC-72 electrode than the OMC. Each peak was fit using a Gaussian and a cubic 

function baseline (capacitance) subtraction.197 The fits were used to determine peak positions (Ep, 

V), peak currents (ip, µA), and the peak width at half maximum (W1/2, V). The half-wave potentials 

(E1/2, V), peak separations (ΔEp, V), and peak widths at half maximum presented in Table 4.4 are 

in line with the responses for the aquated Eu(III)/Eu(II) cations.13,46,198 (Additional parameters are 

provided in Appendix B, Table B.1.) Because the Eu(III)/Eu(II) redox peaks obtained with 

unfunctionalized OMC deviate from the ideal sigmoidal current-potential shape exhibited by 

Vulcan XC-72, the fits are a best approximation. Nonetheless, the voltammetric reductions of the 

aquated Eu(III) cation at Vulcan XC-72 and OMC working electrodes exhibit features that are 
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typical of the electrochemically quasi-reversible process described by Botta et al.199 Of particular 

note is the presence of isoamperic point potentials (at approx. –0.8 V and –0.1 V) in the data of 

Figure 2a–d that show where the faradaic reactions switch from oxidizing to reducing and vice 

versa.200 

Information about the nature of the electron transfer process can be obtained from plots of peak 

currents with varying scan rates. For electrochemically reversible systems with freely diffusing 

redox species, this relationship is described according to Equation 4.4:44 

 𝑖p = 0.4463𝑛𝐹𝐴𝐶O (𝑛𝐹𝜐𝐷0𝑅𝑇 )1/2. (4.4) 

Here, n is the number of electrons per molecule transferred in the redox event, F is Faraday’s 

constant, A is the electrode surface area (cm2), CO is the bulk concentration of the oxidized species 

(mol L–1), ν is the scan rate (mV s–1), D0 is the diffusion coefficient of the oxidized species (cm2 

s–1), R is the universal gas constant, and T is absolute temperature. By comparison, for reversible 

systems with surface adsorbed species, the peak current response is defined by Equation 4.5:44 

 𝑖p = 𝑛2𝐹2𝜐𝐴𝛤∗(4𝑅𝑇)−1. (4.5) 

Here, Γ* is the surface coverage of the adsorbed species (mol cm–2). By simplifying Equations 4.4 

and 4.5, a general power law relationship (Equation 4.6) can be used to elucidate the electron 

transfer process. 

 𝑖p = 𝑎𝜐𝑏  (4.6) 

Cathodic and anodic peak current intensities (Ipc and Ipa, respectively) taken from the CV waves in 

Figure 4.2a and b are plotted against scan rate for unfunctionalized Vulcan XC-72 and OMC and 

are shown in the corresponding insets. The scan rate exponential value, b, and the fitting parameter, 
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Figure 4.2: Faradaic cyclic voltammograms (a–d) and corresponding cathodic and anodic peak 
current intensities (Ipc and Ipa, respectively) as a function of scan rate (insets). CV data was obtained 
using (a) unfunctionalized Vulcan XC-72 and (b) unfunctionalized OMC CMEs in 0.100 M 
Eu(NO3)3/1 M LiNO3 at scan rates of 9, 16, 25, 36, 49, 64, 81, and 100 mV s–1. The (c) 34 wt% 
TODGA OMC and (d) 16 wt% TODGA/8 wt% 2-octanol OMC CMEs were contacted with 
0.100 M Eu(NO3)3/1 M HNO3 for 10 s prior to collecting CV data in 1 M LiNO3 at scan rates of 
25, 36, 49, 64, 81, and 100 mV s–1. The negative cathodic peak current intensities were made 
positive for power law dependence evaluation, shown in Table 4.5. 
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Table 4.4: Half-wave potentials (E1/2)a, peak separations (ΔEp)b, and peak widths at half maximum 
(W1/2) for the observed Eu(III)/Eu(II) couples in the cyclic voltammograms from Figure 4.2 using 
unfunctionalized Vulcan XC-72 and OMC cavity microelectrodes as well as TODGA-
functionalized OMC cavity microelectrodes. 

υ (mV s–1) E1/2 (V)a ΔEp (V)b W1/2,c (V) W1/2,a (V) 
Vulcan XC-72 

9 –0.589 0.041 0.094 0.088 
16 –0.589 0.035 0.090 0.091 
25 –0.589 0.036 0.089 0.088 
36 –0.590 0.039 0.090 0.088 
49 –0.590 0.044 0.084 0.088 
64 –0.590 0.049 0.080 0.081 
81 –0.590 0.054 0.079 0.076 
100 –0.590 0.064 0.083 0.073 
avg. –0.5896(5) 0.05(1) 0.086(5) 0.084(7) 

OMC 
9 –0.596 0.064 0.115 0.100 

16 –0.594 0.071 0.117 0.108 
25 –0.593 0.086 0.127 0.117 
36 –0.590 0.100 0.133 0.130 
49 –0.588 0.114 0.133 0.142 
64 –0.585 0.121 0.133 0.159 
81 –0.581 0.132 0.140 0.177 
100 –0.580 0.143 0.136 0.205 
avg. –0.588(6) 0.10(3) 0.129(9) 0.14(4) 

34 wt% TODGA OMC 
25 –0.790 0.167 0.131 0.138 
36 –0.787 0.185 0.136 0.156 
49 –0.784 0.185 0.137 0.166 
64 –0.794 0.231 0.195 0.174 
81 –0.795 0.244 0.190 0.179 
100 –0.795 0.250 0.200 0.180 
avg. –0.791(5) 0.21(4) 0.17(3) 0.17(2) 

16 wt% TODGA/8 wt% 2-octanol OMC 
25 –0.800 0.109 0.127 0.102 
36 –0.800 0.121 0.137 0.098 
49 –0.797 0.132 0.148 0.113 
64 –0.796 0.135 0.163 0.122 
81 –0.793 0.138 0.161 0.101 
100 –0.792 0.145 0.179 0.098 
avg. –0.796(3) 0.13(1) 0.15(2) 0.11(1) 

a E1/2 = (Ep,c + Ep,a)/2, where Ep,c and Ep,a are the cathodic and 
anodic peak potentials, respectively; b ΔEp = Ep,a – Ep,c 
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a, are detailed in Table 4.5. The Vulcan XC-72 has a scan rate power law dependency near 0.5, 

indicating a reversible electrochemical electron transfer process of a freely diffusing Eu species 

(Equation 4.4). Conversely, the unfunctionalized OMC is better fit with opposing extremes, that 

is, b > 0.5 and b < 0.5 for the anodic and cathodic peak current intensities, respectively. The anodic 

peak, with 0.5 < b < 1, suggests that both diffusion and surface adsorption electron transfer 

processes may be occurring. The irregularity of the cathodic peak current intensity exponent is 

attributed to the limitation of the Gaussian goodness of fit in the original peak fitting. 

DPV data obtained with the unfunctionalized OMC CME as a function of Eu(III) analyte 

concentration show symmetrical responses that are equivalent to DPV data obtained with a 

conventional bulk working electrode, see Figure B.5 in Appendix B. The DPV data for the 

unfunctionalized OMC confirm the corresponding CV responses with the CME. Together, the CV 

and DPV data provide benchmarking knowledge about the Eu(III)/Eu(II) couple for the aquated 

cations for comparison with the corresponding redox behaviors of the Eu(III) complexes on 

TODGA-functionalized OMC. 

 

Table 4.5: Fitting parameter (a) and scan rate exponential (b) found using a power law fit of peak 
current intensities (Ipa and Ipc) versus scan rate (υ) for the Eu(III)/Eu(II) redox couple shown in 
Figure 4.2. 

 
 Ipa  Ipc  
 χ2 a b  χ2 a b 

Vulcan XC-72  0.3397 0.41(7) 0.56(4)  0.5749 0.39(8) 0.61(5) 
OMC  4.395 × 10–3 0.032(4) 0.79(3)  1.309 × 10–2 0.12(3) 0.35(6) 

34/0 OMCa  2.271 × 10–2 0.007(4) 1.1(1)  8.648 × 10–2 0.003(3) 1.3(3) 
16/8 OMCb  7.570 × 10–3 0.09(3) 0.44(7)  5.068 × 10–4 0.06(1) 0.37(4) 

a 34 wt% TODGA OMC; b 16 wt% TODGA/8 wt% 2-octanol OMC. 
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4.4.5 Electrochemical behavior of the surface contacted Eu(III)/Eu(II) redox couple using 

functionalized OMC CMEs 

4.4.5.1 Cyclic voltammetry 

A 34 wt% TODGA OMC CME was contacted with a 0.100 M Eu(NO3)3/1 M HNO3 aqueous 

solution for 10 s to allow for Eu-TODGA complexation. Because maximum Eu(III) uptake was 

not needed to produce a faradaic response, short contact times were used. Following contact, the 

electrode was carefully dried and introduced to a 1 M LiNO3 electrolyte (without Eu) to collect 

CV data. Figure 4.2c shows a shift of the Eu(III)/Eu(II) redox couple—with an average E1/2 of 

–0.791(5) V—to more negative potentials compared to the unfunctionalized OMC CME response 

(Figure 4.2b). The negative shift in E1/2 using the 34 wt% TODGA OMC CME, compared to the 

unfunctionalized OMC CME, indicates stabilization of the native Eu(III) (see Table 4.6 and 

Table B.1 in Appendix B) by complexation with TODGA. Metal-ligand complexation, in general, 

stabilizes the higher oxidation state of metal ions, here Eu(III). For example, CV measurements of 

Eu macrocycles by Tóth et al.198 reveal stabilization of Eu(III). This situation is manifest by the 

electrode potentials for the Eu(III)/Eu(II) couples of the macrocycle complexes (with ODDA, 

ODDM, DOTA, and DTPA)‡ that are more negative than that for the simple aquated cation, much 

like what is observed here. That is, coordination does not stabilize Eu(II). The non-sigmoidal 

shapes of the redox peaks in Figure 4.2c makes quantitative analysis difficult, particularly for the 

cathodic peak. The anodic and cathodic peak currents were not linearly proportional to either the 

scan rate or the square root of the scan rate as demonstrated by the power law fit (Figure 4.2c inset) 

according to Equation 4.6. 
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Table 4.6: Half-wave potentials from DPV shown in Figure 4.4 using a three-phase GCE system 
contacted with Eu-TODGA-n-dodecane and a 34 wt% TODGA OMC CME. 

System Electrolyte E1/2 (V) 
Third-phase from LLE 3 M LiNO3 –0.689 
34 wt% TODGA OMC 1 M LiNO3 –0.782 

 

Figure 4.2d shows the CV data acquired for the CME consisting of 16 wt% TODGA/8 wt% 

2-octanol OMC contacted with 0.100 M Eu(NO3)3/1 M HNO3. The addition of 2-octanol exhibits 

a striking difference in the CV wave shape, especially for the anodic peak, compared to the 

response (Figure 4.2c) without 2-octanol. Nonetheless, the average E1/2 for the 2-octanol modified 

TODGA OMC is –0.796(3) V, very similar to the 34 wt% TODGA OMC (average E1/2 = 

–0.791(5) V). The anodic peak for the 16 wt% TODGA/8 wt% 2-octanol OMC is about 0.060 V 

narrower than the 34 wt% TODGA OMC (see Table 4.4).  

The non-ideal (i.e., non-Nernstian) faradaic behavior of the Eu(III)/Eu(II) couple with the 

OMC electrodes—both unfunctionalized and functionalized (Figure 4.2b-d)—may be due to 

insufficient diffusion of Eu ions within the OMC pores. The OMC material, and particularly the 

TODGA-functionalized OMC systems, are hydrophobic. This property will inhibit the diffusion 

of the aqueous electrolyte within the mesopores. Another contribution to the non-ideal behavior of 

the OMC systems is attributed to the packing of the material into the CME as the packing process 

may cause some physical blockage of the channels and disrupt uniform pore distribution. Even 

though the packing process produces fresh electrodes, there are inevitable variations that lead to 

subtly different CMEs each time one is made. 

In Figure 4.3, the successive CV sweeps demonstrate decreasing faradaic currents using the 

16 wt% TODGA/8 wt% 2-octanol OMC. This is consistent with reductive stripping of Eu(II). The 

fading of the faradaic current upon repeated cycling was observed for each of the TODGA-
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functionalized OMC CMEs. Because TODGA has a low affinity for divalent metal ions,157 

reductive desorption of Eu(II) is possible using TODGA functionalized OMC materials. As 

Eu(III), complexed with TODGA, is reduced to Eu(II), the binding affinity is too low to maintain 

Eu-TODGA coordination and the Eu(II) is desorbed from the functionalized electrode material. In 

this way, the selective electrochemical stripping of divalent Eu from TODGA-functionalized OMC 

materials contacted with an aqueous trivalent lanthanide solution is realized. Further experiments 

to confirm Eu(II) desorption, such as in-situ XANES or XPS, could be executed to further probe 

this chemistry. 

 

 

Figure 4.3: Cyclic voltammograms (obtained in a 1 M LiNO3 electrolyte at 25 mV s–1) for 16 wt% 
TODGA/8 wt% 2-octanol OMC after contact with 0.100 M Eu(NO3)3/1 M HNO3. The first two 
segments are shown in red, followed by gold, green, and blue, successively. 
 

4.4.5.2 Differential pulse voltammetry 

The differential pulse voltammograms obtained for the three functionalized OMC electrodes 

(i.e., 34 wt% TODGA, 22 wt% TODGA/4 wt% 2-octanol, and 16 wt% TODGA/8 wt% 2-octanol 

after contact with 0.100 M Eu(NO3)3/1 M HNO3) show comparable responses in terms of peak 
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potentials, see Figure 4.4a. The signal strength and resolution of the Eu(III)/Eu(II) couple at 

approx. –0.80 V improves with increasing 2-octanol concentrations. Compared to the 

corresponding CV data of Figure 4.2, the better peak symmetry and shape afforded by DPV is due 

to the discrimination between the faradaic current and the background (capacitive) current, see 

Figure 4.1. The Eu electrode potentials obtained by use of CV and DPV are equivalent. To 

compare the response of these TODGA-functionalized-and-confined OMC electrodes with that for 

unconfined (i.e., solution phase) TODGA, three-phase electrode191 DPV data was collected using 

a bulk GCE coated with an Eu-TODGA-n-dodecane third phase immersed in a 3 M LiNO3 

electrolyte. As shown in Figure 4.4b, the high concentration of the Eu–TODGA complex in the 

third phase provides a more intense Eu(III)/Eu(II) signal than for TODGA confined on the OMC. 

The shift of approx. –0.10 V in the half-wave potential (see Table 4.6) for the OMC system 

compared with the oil phase response demonstrates that Eu(III) is more stable in the confined 

environment with TODGA on the OMC than it is in the bulk oil phase from LLE. In other words, 

Eu(II) is more unstable on the TODGA-functionalized OMC than in the bulk oil. This is consistent 

with the reductive stripping observed in Figure 4.3. 

The role of 2-octanol is one of a wetting agent, facilitating the diffusion of the analyte. The 

narrowing of Eu(III)/Eu(II) redox peaks with the addition of 2-octanol (cf. Figures 4.2c and d) is 

related to the system’s electrochemical reversibility. That is, for an electrochemically reversible 

reaction, the peak width at half maximum (anodic or cathodic) in the DPV data will follow 

Equation 4.7:44 

 𝑊1/2 = 90.6𝑛  mV (25 °C). (4.7) 
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For the fully resolved anodic peak for the 16 wt% TODGA/8 wt% 2-octanol OMC CME, the width 

approaches the theoretical value of 90.6 mV for the one-electron oxidation of Eu(II) to Eu(III), see 

Table 4.7. 

 

 

Figure 4.4: Differential pulse voltammograms obtained in 1 M LiNO3 for (a, left) 34 wt% TODGA 
OMC (black, both panels), 22 wt% TODGA/4 wt% 2-octanol OMC (blue), and 16 wt% TODGA/ 
8 wt% 2-octanol OMC (red) CMEs contacted with 0.100 M Eu(NO3)3/1 M HNO3. Three phase 
electrode DPV for Eu-TODGA-n-dodecane third phase (b, right, green) obtained with a 3 M 
LiNO3 aqueous electrolyte. The cathodic valleys (negative currents) were obtained in sweeps that 
began at the initial potential of 0 V, moving to decreasing electrode potentials. The anodic peaks 
(positive currents) were obtained in sweeps that began at the lowest electrode potential, moving to 
increasing ones. 
 

4.4.6 Electrochemical behavior of the matrix confined Eu(III)/Eu(II) redox couple using 

functionalized OMC CMEs 

The complexation of Eu(III) by TODGA was accomplished by contacting the functionalized 

OMC with a Eu(NO3)3/1 M HNO3 solution prior to OMC CME preparation to incorporate Eu(III) 

as part of the electrode matrix. The concentration of sorbed Eu(III) at equilibrium is presented in 

Table 4.2. DPV data were acquired for the three functionalized OMC electrodes (i.e., 34 wt% 
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Table 4.7: DPV peak parameters from Figures 4.4, 4.5, and B.4 (Appendix B) using OMC materials. 

   Cathodic peak  Anodic peak    
Electrode 
material 

[Eu(NO3)3], 
Ma 

 Ep 
(V) 

Ip 

(µA) 

W1/2 
(V) 

 Ep 
(V) 

Ip 
(µA) 

W1/2 

(V) 

E1/2 
(V) 

ΔEp 
(V) |ipa/ipc| 

OMC 0.0046  –0.583 –0.31 0.103  – – – – – – 
OMC 0.050  –0.581 –2.81 0.113  –0.606 0.95 0.110 –0.594 0.025 0.34 
OMC 0.249  –0.584 –3.67 0.160  –0.598 2.13 0.149 –0.591 0.014 0.58 

34/0 OMCb 0.100  –0.795 –0.18 0.117  –0.778 0.06 0.106 –0.780 0.018 0.34 
22/4 OMCc 0.100  –0.788 –0.79 0.143  –0.771 0.16 0.137 –0.779 0.017 0.21 
16/8 OMCd 0.100  –0.778 –0.45 0.107  –0.775 0.43 0.106 –0.777 0.003 0.95 

a The unfunctionalized OMC had Eu(III) in the electrolyte while the functionalized OMC was contacted with Eu(III) 
prior to DPV data collection. b 34 wt% TODGA OMC; c 22 wt% TODGA/4 wt% 2-octanol OMC; d 16 wt% TODGA/ 
8 wt% 2-octanol OMC. 
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TODGA, 22 wt% TODGA/4 wt% 2-octanol, and 16 wt% TODGA/8 wt% 2-octanol) that were 

preloaded with different Eu(III) concentrations (e.g., 0.0–670 mg g–1). In each of the systems 

examined, the Eu(III)/Eu(II) redox couples (Appendix B, Figure B.6) are weak and poorly 

resolved by comparison with the response from the systems obtained through use of post-loading 

by surface contact alone, Figure 4.4a. The signal diminution and apparent passivation of the pre-

loaded CMEs may be an artifact of the high capacitance of the material (obscuring the signal) or 

from the inability for electrolyte ions (e.g., Li+, NO3
–) to freely diffuse within the hydrophobic 

environment created by TODGA. Through the addition of 2-octanol as a wetting agent for 

TODGA, a stronger Eu(III)/Eu(II) redox couple appears. Again, multiple factors may be 

responsible as the addition of 2-octanol reduces the capacitance and acts as a surfactant—

potentially aiding in ion mobility. 

The DPV data shown in Figure 4.5 for the 22 wt% TODGA/4 wt% 2-octanol OMC system 

pre-loaded with 670 mg g–1 Eu(III) reveal additional complications. In particular, the cathodic peak 

potential was found to be sweep number dependent, moving to more negative electrode potentials 

after repeated sweeps, see Figure 4.5. For example, the initial cathodic peak (black curve) of the 

freshly prepared electrode resembles that for the aquated Eu cation (Ep,c = –0.61 V). After electrode 

use, the cathodic peak (blue curve) parallels that for complexed Eu–TODGA (Ep,c = –0.78 V). 

Insight into this dependence is provided by data from batch sorption studies. In these, the highest 

Eu(III) loadings for each of the three materials is significantly greater than the stoichiometric 

limitations assumed through the complexation by TODGA given by Equation 4.1. The DPV data 

shown in Figure 4.5 suggests that Eu(III) in the TODGA OMC material at high metal loading is 

in a coordination environment different than the Eu(NO3)3(TODGA)3 environment when less 
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Figure 4.5: Differential pulse voltammograms using a 22 wt% TODGA/4 wt% 2-octanol OMC 
CME preloaded with 670 mg Eu(III) g–1 in 1 M LiNO3. The black curve shows the initial response 
of a freshly prepared electrode. The blue curve shows the response after electrode use. 
 

Eu(III) is loaded into the TODGA OMC. In these conditions, Eu is present in a hyperstoichiometric 

amount relative to the TODGA, assuming a Eu(NO3)3(TODGA)3 complex. As previous 

radiochemical analysis has demonstrated that unfunctionalized OMC does not participate in 

Eu(III) extraction,73 the different coordination environment under high Eu(III) loading may be 

explained through admicelle formation. In admicelle formation, a fluid-like environment could be 

created within the admicelles that consists of condensed Eu(III)–3NO3, water, and acid networks. 

Precedence for this scenario comes from LLE wherein high metal and/or acid extraction by 

TODGA in aliphatic diluents (without solvent modifiers, such as octanol) is prone to third phase 

formation and micelle formation.87,153,201 In the initial, “fresh” scan, the Eu(III)/Eu(II) electrode 

potential approximates that of the hydrated cation and, perhaps, an admicelle like environment. 

After use, the excess Eu(III) is stripped from the fluid-like environment within the admicelles. The 

remaining Eu(III) is now presumably complexed as Eu(NO3)3(TODGA)3 as the electrode potential 
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is comparable to that observed in the voltammetry of the Eu(III)-TODGA-OMC material (see 

Figure 4.4a). Further consideration of this speciation is ongoing through the use of small-angle 

X-ray scattering experiments to examine the prospect of domain structures on OMC at the highest 

Eu loadings. 

4.5  Conclusions 

Cavity microelectrodes have been prepared with electrically conducting OMC powders loaded 

with the trivalent lanthanide-ion-selective extractant TODGA in combinations of 34 wt% TODGA 

OMC, 22 wt% TODGA/4 wt% 2-octanol OMC, and 16 wt% TODGA/8 wt% 2-octanol OMC. The 

TODGA functionalized OMC electrodes are capable of sorbing Eu(III) and through controlled 

polarization of the CME, the likely desorption of Eu(II) occurs. The unfunctionalized OMC 

electrodes exhibit electrical double-layer capacitor like CV shapes. This capacitance is reduced 

with TODGA functionalization, and further decreased with the addition of 2-octanol as an 

extractant modifier. The complexation of Eu by TODGA stabilizes the trivalent oxidation state, as 

evidenced by the half-wave potentials that are approx. 0.20 V more negative than that for the free 

aquated Eu cations. Moreover, the 2-octanol modifier appears to improve the ideality (i.e., 

reversibility) of the electrochemical process, an affect attributed to increasing the wettability of 

TODGA. Whereas OMC has better capacitive performance than Vulcan XC-72, the Vulcan CME 

provides a better voltammetric response than OMC for conventional (faradaic) solution studies of 

the Eu(III)/Eu(II) redox couple. 
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4.7  Notes 

‡ ODDA2– = 1,4,10,13-tetraoxa-7,16-diazacyclooctadecane-7,16-diacetate, ODDM4– = 1,4,10,13-

tetraoxa-7,16-diazacyclooctadecane-7,16-dimalonate, DOTA4– = 1,4,7,10-tetraazacyclododecane-

1,4,7,10-tertraacetate, and DTPA5– = diethylenetriamine-N,N,N',N'',N''-pentaacetate 
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CHAPTER FIVE 

MULTISCALE INVESTIGATIONS OF EUROPIUM(III) COMPLEXATION WITH 

TETRA-n-OCTYL DIGLYCOLAMIDE CONFINED IN POROUS  

SOLID SUPPORTS 

Erin R. Bertelsen,1 Nolan C. Kovach,1 Benjamin J. Reinhart,5 Brian G. Trewyn,1,3  

Mark R. Antonio,4 and Jenifer C. Shafer1,2 

5.1  Abstract 

The microscopic, short-range coordination environments and mesoscopic, long-range 

structures of Eu3+ contacted with tetra-n-octyl diglycolamide (TODGA) confined on ordered 

mesoporous carbon (OMC) nanoparticles and Amberchrom CG-71 resin were probed using Eu 

L3-edge extended X-ray absorption fine structure (EXAFS) as well as small-angle and wide-angle 

X-ray scattering, SAXS and WAXS, respectively. A homoleptic Eu(TODGA)3
3+ coordination 

complex typical of liquid-liquid extraction (LLE) chemistry is present under low Eu3+ loading 

conditions on both solid supports. Deviations from this traditional structural motif appear at 

hyperstoichiometric Eu3+ loadings, above the 1:3 Eu3+ to TODGA mole ratio. Microcrystalline-

like domains with multinuclear Eu speciation are templated by use of these high Eu3+ loading 

conditions with the functionalized OMC materials, highlighting a major departure of liquid-solid 

extraction chromatography (EXC) from the coordination chemistry of LLE. No such long-range 

spatial coherence was observed for analogous polyacrylic resin materials. These results 

demonstrate both the similarities and differences between multiscale structures in LLE and EXC, 

 
5 Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, United States 
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underscoring the opportunities for improved separation techniques based on solid supports with 

long-range spatial coherence (e.g., OMC systems) and without it (e.g., resin materials). Since 

crystallization was the first approach to adjacent lanthanide separations, the prospect of templating 

the formation of microcrystalline TODGA-lanthanide complexes that are otherwise not prone to 

crystallization by use of OMC nanoparticles represents a new entry to addressing long-standing 

issues in purification by liquid-solid phase separation. 

5.2  Introduction 

The earliest lanthanide separations were completed using fractional crystallization. 

Crystallization in lanthanide separations works because the crystalline framework imparts 

significant rigidity and therefore high specificity for a given lanthanide in the crystalline matrix. 

Crystallization is inherently limited as a separations approach because of the inability to run this 

process fluidly in multiple separation stages, such as liquid-liquid extraction (LLE) or extraction 

chromatography (EXC). The ability to complete in situ crystallization coupled to a separations 

approach that allows for multiple separations stages would be a fundamentally different, and 

potentially improved, approach to lanthanide separations. The challenge is the long alkyl-chained 

extractants useful for industrial f-element solvent extraction are inherently resistant to 

crystallization, as precipitation in solvent extraction process is undesirable. 

 In LLE and EXC chemical separation systems, tetra-n-octyl diglycolamide (TODGA, 

Figure 5.1) shows an unusually high efficiency and selectivity for the intra-lanthanide and trivalent 

actinide separations.27,86,153,202 Consequently, this extractant is extensively studied for nuclear fuel 

reprocessing in ALSEP (Actinide Lanthanide SEParation),37,98,203,204 EURO-GANEX,37,205-207 and 

innovative-SANEX37,208-210 processes. Recent studies have shown that TODGA forms trefoil-like 

metal complexes with trivalent lanthanides and plutonium(IV) in aliphatic diluents with water and 
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counter anions occupying the outer coordination sphere.28,30,39,40,211 The common structural motif 

is composed of three neutral TODGA molecules coordinated in a homoleptic, tridentate manner 

to trivalent and tetravalent cations, M(TODGA)3
3+ and M(TODGA)3

4+, respectively (where M = 

Ln3+, An3+ and An4+).28,30-33,40 The coordination properties of LLE systems—such as the 

homoleptic metal cation TODGA structural motif—are often extended to EXC systems by 

presumption. 

 

 

Figure 5.1: Structure for tetra-n-octyl diglycolamide (TODGA) showing the four oleophilic octyl 
tail groups and the hydrophilic head group consisting of nitrogen and oxygen atoms of the amide 
functionalities bridged by the ether O linkage. The carbonyl sp2-hybridized carbons and ether sp3-
hybridized carbons are labeled Ca and Cb, respectively. Hydrogen atoms are omitted for clarity. 
 

In aliphatic solvents, TODGA is prone to organization into small aggregates of the reverse 

micellar type upon contact with an aqueous phase.23-25,212 The intermolecular forces required to 

form TODGA aggregates larger than dimers are negligible in dry aliphatic media alone. In the 

absence of a diluent—along with the additional confinement within a porous material—the 

preorganization of TODGA may be promoted, or limited, before aqueous contact. By confining 

TODGA in porous solid materials designed for EXC, the extraction environment can be controlled. 

Accordingly, TODGA was confined on solid supports, including ordered mesoporous carbon 

(OMC) nanoparticles and Amberchrom CG-71 resin, with and without a phase modifier, 2-octanol. 
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The addition of 2-octanol to TODGA increases the wettability of the oleophilic octyl tail groups 

of the extractant, acting as a dispersant. The modifier also mimics the solvent modification in LLE 

systems for third-phase prevention.36 It has been suggested that an alcoholic diluent increases the 

dielectric constant, limiting the aggregation of TODGA thus preventing undesirable bulk phase 

behaviors.37,91,159,213  

Although several similarities to LLE systems exist, there are distinct overarching deviations 

from the analogous EXC systems. Two characteristics are of note: First, the EXC systems do not 

contain an aliphatic organic diluent. The carbon-based solid support materials, however, may 

behave as a bulk diluent, with OMC primarily composed of sp2-hybridized, graphitic carbon and 

Amberchrom CG-71 a polymeric ester-based resin composed of sp2- and sp3-hybridized 

carbon.214,215 Second, the TODGA extractant in the EXC systems is confined within solid, porous 

media as opposed to free dispersion in bulk fluid media. Given the amphiphilic nature of TODGA 

(Figure 5.1), the nonpolar oleophilic octyl chains likely orient towards the oleophilic support 

material and the polar hydrophilic head group faces away from the solid surface creating a 

hydrophilic region—without aggregation. The details of this scenario, of course, are dependent 

upon particle surface area, pore diameter and volume, and extractant surface coverage. 

After contacting the OMC nanoparticles and resin materials with Eu3+, the structures of the 

TODGA-confined support materials were probed by use of synchrotron radiation methods. These 

include extended X-ray absorption fine structure (EXAFS) spectroscopy to reveal the short-range 

(microscopic) coordination environments of Eu. In addition, small-angle X-ray scattering (SAXS) 

and wide-angle X-ray scattering (WAXS) were used to probe the long-range (mesoscopic) 

structures. This multiscale approach improves our understanding of the system structures. 

Comparison of the results with unconfined Eu in bulk solution phases from LLE, and between the 
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two different EXC materials, provides a systematic understanding of the effects of confinement on 

Eu coordination chemistry. 

5.3  Experimental 

5.3.1 Materials 

Europium nitrate pentahydrate, 2-octanol, and sucrose were obtained from Sigma-Aldrich. 

Sulfuric acid (98%) and optima grade nitric acid were purchased from Fisher Scientific. 

Tetra-n-octyl diglycolamide (TODGA, Figure 5.1) was ordered from Marshallton Research 

Laboratories Incorporated. All chemicals were used as received. Ultrapure (> 18.2 MΩ cm) 

deionized water was used for all aqueous solutions and synthesis steps. All resin materials, 

unfunctionalized and functionalized with TODGA and TODGA/2-octanol, were kindly provided 

by Eichrom Technologies, LLC. 

5.3.2 Synthesis, functionalization, and characterization of OMC 

Large-pore mesoporous silica nanoparticles were prepared as a sacrificial template73 for the 

synthesis of large-pore OMC nanoparticles216 using a hard-templating method. The OMC was 

functionalized using a general physisorption procedure.217 Here, a known amount of TODGA (or 

TODGA and 2-octanol) was dissolved in methanol and added to a suspension of OMC in methanol. 

The methanol was then removed by evaporation, leaving the extractant on the OMC. The OMC 

was characterized before and after functionalization using nitrogen sorption analysis and 

thermogravimetric analysis. Three functionalized OMC materials were synthesized: 34 wt% 

TODGA OMC, 22 wt% TODGA/4 wt% 2-octanol OMC, and 16 wt% TODGA/8 wt% 2-octanol 

OMC. A full account of the synthesis, functionalization, and characterization has been previously 

reported by Bertelsen et al.216 
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5.3.3 Europium extraction by functionalized OMC and resin 

Batch extraction of Eu3+ was accomplished for the three functionalized OMC materials as well 

as two functionalized resin materials provided by Eichrom Technologies, LLC. (40 wt% TODGA 

resin and 24 wt% TODGA/16 wt% 2-octanol resin). Aqueous solutions were prepared from 

Eu(NO)3·5H2O in 1 M HNO3 to obtain Eu3+ concentrations of 7 × 10–5, 0.002, 0.005, 0.01, 0.05, 

0.1, and 0.425 M. Aliquots of 9 mL were contacted with 90 mg of functionalized material in a 

15 mL centrifuge tube. The samples were contacted for 60 min at ambient temperature (23 °C) 

followed by centrifugation at 3000 ×g. A fine tip transfer pipette was used to remove the 

supernatant aqueous phase. The Eu3+-loaded material was transferred to folded weigh paper and 

pressed to remove excess aqueous phase. The materials were left to air dry before storing in a 

microcentrifuge tube for analyses. 

Similar extraction studies using 152/154Eu3+ were done for the functionalized materials on a 

smaller scale to determine the Eu3+ loading capacity. The uptake of 152/154Eu3+ was measured by 

contacting 5 mg of the functionalized material with 0.495 mL of the Eu(NO)3/1 M HNO3 aqueous 

solution in addition to 5 μL of a 152/154Eu3+ (~3.5 mM in 0.001 M HNO3) radiotracer.128 After 

contacting and centrifugation, 350 μL of the aqueous phase was taken for gross gamma counting. 

The Eu3+ radioactivity contained in the functionalized materials was determined through delta 

calculation. Radiotracer contacts were only done once. The quantities found were used as 

benchmarks to approximate the Eu3+ loaded on the functionalized materials used for the SAXS, 

WAXS, and EXAFS studies. 

5.3.4 Small-angle and wide-angle X-ray scattering 

SAXS and WAXS data were collected at beamline 12-ID-B of the Advanced Photon Source 

at Argonne National Laboratory with an incident photon energy of 13.3 keV (λ = 0.9322 Å). The 
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powder samples were contained in 1 mm diameter quartz capillary tubes. Five 1 s exposures were 

captured with a Perkin 3M (SAXS) and Perkin 300K (WAXS) from 0.003 Å–1 ≤ q ≤ 2.5 Å–1. The 

frame-to-frame intensity variations (approx. 1%) were random, indicating that the OMC and resin 

materials are stable and the mesostructures are not perturbed/damaged during data acquisition. The 

five frames were averaged and the parasitic background scattering from the capillary tube was 

subtracted. Using NCI (National Cancer Institute) SAXS macros developed for Igor Pro 

(WaveMetrics), the SAXS and WAXS data were merged at a singular common scattering vector 

to create a combined profile. The WAXS intensity was modulated, if necessary, to meet the high 

q region of the SAXS data. 

5.3.5 X-ray absorption spectroscopy 

Europium L3-edge X-ray absorption spectra were collected at beamline 12-BM-B of the 

Advanced Photon Source at Argonne National Laboratory for the powders as pressed pellets or 

contained within 1 mm quartz capillary tubes. The incident X-ray energy (I0) was calibrated with 

an Fe foil. Fluorescence data (If/I0) were used when transmittance data (ln(I0/It)) did not produce 

an acceptable signal, particularly for the solids with low Eu3+ concentrations. Three to seven scans 

were recorded and averaged for each sample. The normalized X-ray absorption plots are shown in 

Appendix C, Figure C.1. All analyses were performed with EXAFSPAK as described elsewhere.40 

Curve fitting for the k3χ(k) EXAFS (2.02 ≤ k ≤ 12.58 Å–1) was done with the phase and amplitude 

functions from FEFF8.0.218 Scale factors were fixed at 1.0 for transmittance or 0.9 for fluorescence 

data. The expected resolution is 0.149 Å with 20 independent data points (ΔR = 3 Å). 
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5.4  Results and discussion 

5.4.1 Europium extraction by TODGA functionalized OMC and resin 

The initial aqueous Eu3+ contact concentrations ranged from tracer- (approx. 0.07 mM) to 

macro-quantities. The TODGA functionalized OMC and resin, with and without modification by 

2-octanol, were capable of sorbing hyperstoichiometric quantities of Eu3+ in relation to the amount 

of physisorbed TODGA (see Table 5.1) and did not reach a maximum Eu3+ adsorption capacity. 

Recent voltammetric studies using the TODGA-functionalized OMC materials in cavity 

microelectrodes after contact with Eu3+ solutions revealed an electrode potential of –0.79 V vs. 

Ag/AgCl for the reduction of Eu3+ to Eu2+.216 This potential is typical of the homoleptic 

Eu(TODGA)3
3+ complex cation as demonstrated for the Eu(TODGA)3(BiCl4)3 solid salt40 in a bulk 

carbon paste electrode (see Appendix C, Figure C.2). When the electrode was prepared with the 

functionalized OMC material loaded with Eu3+ (i.e., 22 wt% TODGA/4 wt% 2-octanol OMC with 

670 mg Eu3+ g–1), the initial electrode reduction potential (–0.61 V vs. Ag/AgCl) was consistent 

with that for the reduction of the aquated Eu3+ cation. However, after continued use the electrode 

potential shifted to –0.79 V reflecting the Eu–TODGA complex. The negative potential shift as a 

result of Eu3+ complexation and stabilization219 by TODGA indicates that the initial coordination 

environment under high Eu3+ loading conditions is unique and that the speciation is something 

other than the homoleptic TODGA complex. The X-ray experiments (see below) provide insights 

into the structure variations that result as a function of Eu-loadings on the OMC nanoparticles and 

resin materials. 
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5.4.2 X-ray scattering 

5.4.2.1 Functionalized OMC and resin 

Prior to functionalization, the SAXS profile for OMC (see Figure 5.2 and Figure C.3 in 

Appendix C) exhibits a narrow peak at 0.0756 Å–1 (riding on a broad, unresolved shoulder) 

followed by two weakly-resolved features at 0.130 and 0.150 Å–1 which suggests a 2D hexagonal 

pore structure with d-spacing of 83.1 Å.125 The presence of extractant (34–40 wt% TODGA and 

16–24 wt% TODGA/4–16 wt% 2-octanol) changes the scattering features for both the OMC and 

the resin supports (Figure 5.2). After functionalization, the OMC pore spacing slightly increases 

to about 84.4 Å (q = 0.0744 Å–1) and broad scattering peaks are observed for both the OMC and 

the resin. The features are centered around 0.367 and 1.50 Å–1 (17.1 and 4.19 Å, FWHM ≈ 0.11 

and 0.48 Å–1, respectively) for the OMC and 0.0797, 0.164 and 1.30 Å–1 (78.8, 38.3, and 4.83 Å, 

FWHM ≈ 0.0027, 0.043, and 0.43 Å–1, respectively) for the resin. The different features present 

from the addition TODGA or TODGA/2-octanol are indicative of new architectures templated by 

the support materials.  

The different support properties of the Amberchrom CG-71 and OMC materials lead to 

different TODGA formations and domain structures within the pores and on the surface. The OMC 

support has an average pore size of 5.0 nm and a surface area over 1200 m2 g–1;216 Amberchrom 

CG-71 has an average pore size of 25.0 nm and an average surface area of 500 m2 g–1.220 The 

narrower pores and high surface area of the OMC may limit the TODGA to a mono- or bilayer 

formation and/or coverage, whereas the resin could support a more substantial liquid-like coating. 

The resin’s capability to support a bulkier liquid phase rationalizes the features present at lower q 

that are absent on OMC. Modifying TODGA with 2-octanol does not affect these features, 

indicating that the surface coverage, preorganization, and the morphology that TODGA takes on 
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both solid supports prior to contact with an aqueous solution or metal extraction is not significantly 

influenced by the modifier (cf. green, blue, and pink curves in Figure 5.2a and green and pink 

curves in Figure 5.2b).  

 

Table 5.1: Sorbed Eu3+ on TODGA and TODGA/2-octanol functionalized OMC and resin 
materials at equilibrium. Errors given are ± 1σ determined from the propagated error in the 
counting statistics. The mole ratios are best whole number approximations from the wt% TODGA 
and sorbed Eu3+ calculations. 

 

Initial [Eu3+] 
(M) 

Sorbed Eu3+ 
(mg g–1) 

Eu3+ to TODGA 
mole ratio 

34 wt% TODGA OMC 7 × 10–5 1.1(8) 1:81 

 0.002 12.2(3) 1:7 

 0.005 15.0(4) 1:6 

 0.010 10.0(3) 1:9 

 0.050 28.6(7) 1:3 

 0.100 73(2) 1:1 

 0.425 460(10) 5:1 
22 wt% TODGA/4 wt% 2-octanol OMC 7 × 10–5 1.1(2) 1:53 

 0.002 7.3(2) 1:8 

 0.005 9.0(2) 1:6 

 0.010 14.5(4) 1:4 

 0.050 16.6(4) 1:3 

 0.100 80(2) 1:1 

 0.425 670(20) 12:1 
16 wt% TODGA/8 wt% 2-octanol OMC 7 × 10–5 1.0(5) 1:43 

 0.002 7.0(2) 1:6 

 0.005 11.1(3) 1:4 

 0.010 13.2(3) 1:3 

 0.050 37.1(9) 1:1 

 0.100 147(4) 4:1 

 0.425 530(10) 13:1 
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Table 5.1: Continued. 

 

Initial [Eu3+] 
(M) 

Sorbed Eu3+ 
(mg g–1) 

Eu3+ to TODGA 
mole ratio 

40 wt% TODGA resin 7 × 10–5 1.0(7) 1:105 

 0.002 20.3(5) 1:5 

 0.005 22.5(6) 1:5 

 0.010 22.3(6) 1:5 

 0.050 52(1) 1:2 

 0.100 89(2) 1:1 

 0.425 480(10) 5:1 
24 wt% TODGA/16 wt% 2-octanol resin 7 × 10–5 1.0(4) 1:62 

 0.002 17.5(4) 1:4 

 0.005 20.5(5) 1:3 

 0.010 25.7(6) 1:2 

 0.050 43(1) 2:3 

 0.100 52(1) 1:1 

 0.425 580(20) 9:1 

 
 

 

Figure 5.2: SAXS profiles for (a) unfunctionalized OMC (black), 34 wt% TODGA OMC (green), 
22 wt% TODGA/4 wt% 2-octanol (blue), and 16 wt% TODGA/8 wt% 2-octanol OMC (pink) and 
(b) unfunctionalized Amberchrom CG-71 (black), 40 wt% TODGA resin (green), and 24 wt% 
TODGA/16 wt% 2-octanol resin (pink). Peaks present after functionalization are indicated by 
dashed lines. 
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5.4.2.2 Eu3+ loaded functionalized OMC and resin 

The SAXS data for each of the functionalized materials loaded with 1.0 or 1.1 mg Eu3+ g–1 are 

shown in Figure 5.3. Several differences are apparent SAXS data before and after Eu3+ loading. 

The wide-angle scattering features generally shift to slightly higher q (see Appendix C for position 

details); however, a fairly significant shift to 1.34 Å–1 (4.69 Å) is observed for the 40 wt% TODGA 

resin with the addition of Eu3+ (Figure 5.3d). For the OMC material functionalized with 34 wt% 

TODGA and 22 wt% TODGA/4 wt% 2-octanol, there is a decrease in the scattering intensity with 

the adsorption of Eu3+. The depression in scattering intensity, I(q), is noted from about 0.006–

0.28 Å–1 for 34 wt% TODGA OMC (Figure 5.3a) and across the entire q-range for 22 wt% 

TODGA/4 wt% 2-octanol OMC. Conversely, the 16 wt% TODGA/8 wt% 2-octanol OMC has a 

generally higher scattering intensity after Eu3+ adsorption (Figure 5.3c). The peak present at 

0.367 Å–1 for all the functionalized OMC materials shifts to 0.353 Å–1 (17.8 Å) after initial Eu3+ 

adsorption. Both functionalized resin materials show a decrease in scattering intensity after Eu3+ 

adsorption across the SAXS region. After initial Eu3+ adsorption, a peak centered around  

0.360 Å-1 (17.5 Å) emerges for both functionalized resins while the peaks at 0.0797 and  

0.164 Å–1 are not as predominant in the Eu3+ loaded 24 wt% TODGA/16 wt% 2-octanol resin (see 

Figure 5.3e). The diminution of peak intensities upon modification by 2-octanol for the resin 

material suggests that the presence of multilayer or microdomains of liquid-like TODGA is 

inhibited by the presence of Eu3+ in the system.  

As the Eu3+ concentration in the materials is increased up to the stoichiometric limit of their 

respective TODGA concentrations, the peaks at 0.353 and 0.360 Å-1 for the functionalized OMC 

and resin, respectively, shift to slightly lower q and become more prominent (see Figure 5.4). The  
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Figure 5.3: SAXS profiles for (a) 34 wt% TODGA OMC, (b) 22 wt% TODGA/4 wt% 2-octanol 
OMC, (c) 16 wt% TODGA/8 wt% 2-octanol OMC, (d) 40 wt% TODGA resin, and (e) 24 wt% 
TODGA/16 wt% 2-octanol resin before and after initial Eu3+ loading. 
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Figure 5.4: SAXS profiles for (a) 34 wt% TODGA OMC, (b) 22 wt% TODGA/4 wt% 2-octanol 
OMC, (c) 16 wt% TODGA/8 wt% 2-octanol OMC, (d) 40 wt% TODGA resin, and (e) 24 wt% 
TODGA/16 wt% 2-octanol resin with increasing Eu3+ loading. 
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34 wt% TODGA OMC peak shifts to about 0.339 Å–1 and the 40 wt% TODGA resin peak shifts 

to about 0.347 Å–1 (Figure 5.4a and d, respectively). The shift in q (indicating increasing particle 

dimensions) is slightly  greater with 2-octanol modification. For 22 wt% TODGA/4 wt% 2-octanol 

OMC (Figure 5.4b) and 16 wt% TODGA/8 wt% 2-octanol OMC (Figure 5.4c) the peak is 

observed at 0.336 and 0.335 Å–1, respectively. The peak for the 2-octanol modified TODGA resin 

is shifted to 0.342 Å-1. The 34 wt% TODGA OMC (Figure 5.4a) begins to exhibit diffraction 

peaks. A prominent diffraction signature emerges at 0.314 Å–1 (20.0 Å) along with smaller 

secondary peak at 0.628 Å–1 (10.0 Å) for 15.0 mg Eu3+ g–1 loading. A diffraction peak (0.310 Å–1, 

20.3 Å) with a much smaller intensity also appears in the 28.6 mg Eu3+ g–1 loaded sample. This 

signature diffraction peak emerges at 0.317 Å–1 (19.8 Å) in the 22 wt% TODGA/4 wt% 2-octanol 

OMC material (Figure 5.4b).  

5.4.2.3 Hyperstoichiometric Eu3+ loaded functionalized OMC resin 

Both the functionalized OMC and resin materials were capable of loading Eu3+ beyond the 1:3 

Eu3+ to TODGA stoichiometric capacity proposed by the equilibrium equation: 

 Eu3+(aq) + 3NO3−aq + 3TODGA(org) ⇌ Eu(NO3)3TODGA3(org).  (5.1) 

This EXC overloading is remarkable by standards of LLE wherein the organic phase saturates at 

the 1 Eu:3 TODGA stoichiometric limit. One way to exceed this limiting stoichiometry in LLE 

would be through the formation of polynuclear complexes, for which no evidence is heretofore 

available. The functionalized OMC materials display diffraction peaks forming past the 

stoichiometric loading capacity. At the highest Eu3+ loadings, the broad peaks centered around 

0.339, 0.336, and 0.335 Å-1 for each of the functionalized OMC materials have given way to 

numerous diffraction peaks throughout the high q SAXS region, extending into the WAXS region 
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(Figure 5.5). All peak positions, as well as slope analyses, for the SAXS data are provided in 

Tables C.1–C.7 located in Appendix C.  

The scattering features for the functionalized resins with the highest Eu3+ loadings, by contrast 

with the OMC systems, remain essentially consistent with those at lower Eu3+ loadings 

(Figure 5.5). The 40 wt% TODGA resin does have one correlation peak (0.293 Å–1, 21.4 Å) that 

forms off the broad main peak (0.329 Å–1, see Figure 5.5d). The narrow diffraction peaks in the 

functionalized OMC materials’ SAXS profiles indicate the presence of long-range ordering, such 

as resulting from the formation of a structured mesophase to microcrystalline-like domain 

structures. The absence of diffraction peaks for the resin materials suggests that the ordered 

mesopores of the OMC may be acting as a templating surface or crystal nucleation sites for the 

mesophase to microcrystalline-like domains—exhibiting diffraction peaks.  

The characteristic diffraction peak around 0.31 Å–1 (20 Å) present for the functionalized OMC 

materials—signaling the transition to or the presence of a mesophase—is preceded by a prominent 

diffraction peak at 0.289 Å–1 (21.7 Å) at the highest Eu3+ loadings, indicating the transition to the 

microcrystalline-like domain, as shown in Figure 5.5a–c. Precedent for this type of non-crystalline 

to microcrystalline phase transition has been observed by SAXS studies of the pore confinement 

of polyoxoanion complexes in mesoporous materials.221 The process is colloquially referred to as 

“ship-in-a-bottle” synthesis.222,223 

5.4.3 X-ray absorption spectroscopy 

The oxygen phase-shift-corrected Fourier transform (FT) data of the k3χ(k) EXAFS for the 

functionalized OMC and resin loaded with varying amounts of Eu3+ are shown in Figures 5.6 and 

5.7. The prominent peak at approx. 2.4 Å is typical of inner-sphere oxygen binding to 
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Figure 5.5: SAXS data for (a) 34 wt% TODGA OMC, (b) 22 wt% TODGA/4 wt% 2-octanol 
OMC, (c) 16 wt% TODGA/8 wt% 2-octanol OMC, (d) 40 wt% TODGA resin, and (e) 24 wt% 
TODGA/16 wt% 2-octanol resin with high Eu3+ loading. Insets show the diffraction region. 
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Eu3+.28,33,40,224-226 A single-shell fit (with three independent variables) for each of the k3χ(k) EXAFS 

was done using a fixed O coordination number of 9. The results are given in Table 5.2. As the Eu3+ 

concentration is increased, past the 1:3 Eu3+ to TODGA stoichiometric ratio, the Eu–O bond 

distance becomes elongated by up to 0.04 Å in the most concentrated samples. The Eu–O bond 

elongation does not appear to follow strict mole ratio or mass loading parameters. For example, 

three materials with approximate 1:1 Eu3+ to TODGA mole ratios and comparative Eu3+ mass 

loadings, 34 wt% TODGA OMC (73 mg Eu3+ g–1), 22 wt% TODGA/4 wt% 2-octanol OMC 

(80 mg Eu3+ g–1), and 40 wt% TODGA resin (89 mg Eu3+ g–1), do not have equivalent Eu–O bond 

distances. Here, the 34 wt% TODGA OMC retains the shorter Eu–O bond distance while the other 

two materials begin to show Eu–O bond elongation. Further, the 34 wt% TODGA OMC and 

22 wt% TODGA/4 wt% 2-octanol OMC materials have diffraction peaks in their SAXS profiles 

(see Figure 5.5a and b), whereas the 40 wt% TODGA resin does not (Figure 5.5d).  

Beyond the principal peak at 2.4 Å, successive peaks at approx. 3.35 and 3.55 Å are present. 

These twin peaks are typically attributed to the sp2- and sp3-hybridized carbons related to the 

carbonyl (Ca) and ether (Cb) moieties, respectively, in TODGA (see Figure 5.1). Using structural 

precedence for the common homoleptic Eu(TODGA)3
3+ motif,33,40 three-shell fits were done to 

describe Eu–O, Eu–Ca, and Eu–Cb interactions with fixed coordination numbers of 9 O, 6 Ca, and 

6 Cb. The best fits adequately describe the Eu3+ coordination environments for all EXC materials 

with low Eu3+ loadings only. The refined fit parameters (Table 5.3) are in good agreement with 

previous EXAFS characterizations of homoleptic Eu(TODGA)3
3+ complexes33,40 from LLE. The 

three-shell model with fixed coordination numbers (O,C,C = 9,6,6) was inadequate to describe the 

EXAFS for the higher Eu3+ concentrations. The O phase-shifted-corrected FT data in Figures 5.6 
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Figure 5.6: The Eu L3-edge k3χ(k) EXAFS data (left) and the corresponding O phase-shift-
corrected Fourier transform (FT) data (right) for (a,b) 34 wt% TODGA OMC, (c,d) 22 wt% 
TODGA/4 wt% 2-octanol OMC, and (e,f) 16 wt% TODGA/8 wt% 2-octanol OMC with 
increasing Eu3+ loadings from (i) to (vi). EXAFS data are arbitrarily offset for clarity.
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Figure 5.7: The Eu L3-edge k3χ(k) EXAFS data (left) and the corresponding O phase-shift-
corrected Fourier transform (FT) data (right) for (a,b) 40 wt% TODGA resin and (c,d) 24 wt% 
TODGA/16 wt% 2-octanol resin with increasing Eu3+ loadings from (i) to (vi). EXAFS data are 
arbitrarily offset for clarity. 
 

and 5.7 show the diminution of the twin carbon peaks, particularly at the highest Eu3+ loading 

where the signal intensity is basically at background levels. The consistent presence of a distant 

feature at approx. 4.1 Å in the O phase-shift-corrected FT data in all the materials, with a peak 
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intensity that becomes as great—if not greater—than the twin carbon features, indicates a physical 

significance of the feature with increasing Eu3+ concentration. 

To probe the changing speciation and possible mesophase formation within the materials with 

the highest Eu3+ concentrations, alternate models were employed for the EXAFS fitting. The  

Eu–O coordination number was retained at 9; however, the two carbon coordination shells (Ca and 

Cb) were fit using best integer coordination numbers and one Debye-Waller factor. The results 

were evaluated by the goodness of fit indices and, especially, the return of physically reasonable 

(e.g., non-negative) Debye-Waller factors. The coordination numbers found for Eu–Ca and Eu–Cb 

were then fixed. A fourth shell was added to identify and account for the most distant feature at 

approx. 4 Å in the FT data of Figures 5.6 and 5.7 (see curves labeled ‘vi’) by performing a series 

of best Z fits. Two of the materials, 22 wt% TODGA/4 wt% 2-octanol OMC and 40 wt% TODGA 

resin, could not be fit using the four-shell model. The parameters obtained from the best fits of the 

other systems are given in Table 5.4. In these fits, as the Eu3+ concentration increases, the presence 

of Eu–Eu interactions just above 4.0 Å for both OMC and resin materials have been identified. 

The transition to having Eu–Eu associations is directly correlated with the appearance of 

diffraction peaks in the OMC SAXS profiles, see Figure 5a–c (dark green, dark blue, and dark 

pink curves, respectively). With the Eu–Eu interactions, the Eu–Ca and Eu–Cb coordination 

numbers decrease as the contribution of the mononuclear Eu(TODGA)3
3+ response to the total Eu 

EXAFS signal decreases with the predominance of multinuclear Eu speciation. The decrease in 

Eu–Ca and Eu–Cb coordination numbers can be attributed to an increase in the Eu3+ to TODGA 

ratio. Recently, a LLE study using TODGA in an aromatic diluent found > 1:3 La3+ to TODGA 

stoichiometry through a metal loading isotherm and a 1:2 Eu3+–TODGA complex using time- 
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Table 5.2: Europium EXAFS one-shell fit summary. The Eu–O coordination number was fixed at 
9. The average Eu–O distance is given before bond elongation for a straightforward comparison. 
The shorter Eu–O distances are the same for all materials within error. 

      Eu–O 

  
Eu3+ 

(mg g–1) 
ΔE0 
(eV) r (Å) ravg (Å) σ2 (Å2) 

34 wt% TODGA OMC 12.2 –2.5(4) 2.394(4)  0.0084(3) 

 15.0 –2.2(5) 2.405(5)  0.0106(4) 

 10.0 –2.3(4) 2.397(3)  0.0083(3) 

 28.6 –2.4(4) 2.398(3)  0.0090(3) 

 73 –2.3(4) 2.403(4) 2.399(8) 0.0090(3) 
  460 –1.8(8) 2.428(7)  0.0084(6) 

22 wt% TODGA/ 
4 wt% 2-octanol OMC 

  

7.3 –2.6(4) 2.392(4)  0.0084(3) 
9.0 –2.5(5) 2.400(4)  0.0092(3) 
14.5 –2.6(5) 2.394(4)  0.0078(3) 
16.6 –2.4(4) 2.400(3) 2.397(8) 0.0091(3) 
80 –2.2(2) 2.411(5)  0.0104(4) 
670 –1.3(4) 2.441(5)  0.0117(4) 

16 wt% TODGA/ 
8 wt% 2-octanol OMC 

  

7.0 –2.2(4) 2.399(4)  0.0100(3) 
11.1 –2.6(5) 2.395(4)  0.0086(3) 
13.2 –2.2(4) 2.399(4)  0.0092(3) 
37.1 –2.6(5) 2.403(5) 2.399(8) 0.0099(4) 
147 –1.5(5) 2.420(5)  0.0097(4) 
530 –0.5(8) 2.448(8)  0.0092(7) 

40 wt% TODGA resin 20.3 –2.2(4) 2.402(4)  0.0107(4) 

 22.5 –2.8(4) 2.392(3)  0.0090(3) 

 22.3 –2.5(3) 2.395(3)  0.0096(2) 

 52 –2.3(4) 2.405(4) 2.398(8) 0.0133(4) 

 89 –1.9(3) 2.411(3)  0.0107(2) 
  480 –1.5(5) 2.431(5)  0.0102(4) 

24 wt% TODGA/ 
16 wt% 2-octanol resin 

17.5 –2.5(5) 2.398(4)  0.0104(4) 
20.5 –2.8(4) 2.391(4)  0.0085(3) 
25.7 –2.5(4) 2.400(4) 2.396(7) 0.0108(4) 
43 –1.8(3) 2.411(3)  0.0106(2) 
52 –1.6(2) 2.414(2)  0.0104(2) 
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Table 5.3: Europium EXAFS three-shell fit summary for selected materials. Coordination numbers were fixed at 9 O, 6 Ca, and 6 Cb. A 
single Debye-Waller factor (σ2) was refined for both Ca and Cb. A single energy threshold parameter (ΔE0) was used for all three shells. 

   Eu–O Eu–Ca Eu–Cb 

 Eu3+ (mg g–1) ΔE0 (eV) r (Å) σ2 (Å2) r (Å) σ2 (Å2) r (Å) 
34 wt% TODGA OMC 

  
12.2 –1.6(3) 2.398(2) 0.0084(2) 3.361(8) 0.0048(8) 3.541(8) 
15.0 –1.8(3) 2.403(4) 0.0107(3) 3.296(8) 0.0054(7) 3.524(9) 
10.0 –1.5(3) 2.400(2) 0.0084(2) 3.358(8) 0.0058(9) 3.547(9) 
28.6 –1.8(3) 2.402(3) 0.0090(2) 3.359(8) 0.0065(9) 3.558(9) 
73 –2.1(3) 2.406(3) 0.0090(2) 3.37(1) 0.008(2) 3.56(1) 

22 wt% TODGA/ 
4 wt% 2-octanol OMC 

7.3 –1.8(3) 2.396(3) 0.0084(2) 3.351(8) 0.0047(8) 3.538(8) 
9.0 –1.8(3) 2.403(3) 0.0092(3) 3.35(1) 0.008(1) 3.56(1) 
14.5 –1.7(3) 2.398(3) 0.0078(3) 3.367(8) 0.0033(8) 3.545(9) 
16.6 –1.6(3) 2.404(3) 0.0092(2) 3.37(1) 0.008(2) 3.55(1) 

16 wt% TODGA/ 
8 wt% 2-octanol OMC 

  

7.0 –1.5(3) 2.402(3) 0.0100(3) 3.35(1) 0.007(1) 3.55(1) 
11.1 –1.8(4) 2.400(3) 0.0087(3) 3.37(2) 0.009(3) 3.55(2) 
13.2 –1.7(2) 2.401(2) 0.0092(2) 3.337(6) 0.0049(6) 3.537(7) 
37.1 –2.3(4) 2.403(4) 0.0100(4) 3.31(1) 0.008(1) 3.53(2) 
147 –1.3(4) 2.419(4) 0.0097(4) 3.32(1) 0.006(1) 3.55(1) 

40 wt% TODGA resin 
  

20.3 –1.8(3) 2.402(3) 0.0107(3) 3.322(9) 0.0064(9) 3.54(1) 
22.5 –1.8(2) 2.396(2) 0.0091(2) 3.358(8) 0.008(1) 3.556(9) 
22.3 –1.7(2) 2.399(2) 0.0096(2) 3.359(8) 0.008(1) 3.566(9) 
52 –1.3(3) 2.411(4) 0.0134(3) 3.43(4) 0.02(1) 3.60(7) 
89 –1.2(2) 2.416(3) 0.0107(2) 3.41(2) 0.020(6) 3.61(3) 

24 wt% TODGA/ 
16 wt% 2-octanol resin 

17.5 –2.1(3) 2.399(4) 0.0104(3) 3.32(1) 0.009(1) 3.55(1) 
20.5 –1.9(3) 2.396(3) 0.0085(2) 3.366(8) 0.0046(8) 3.553(8) 
25.7 –1.8(3) 2.403(4) 0.0109(3) 3.35(1) 0.009(2) 3.57(1) 
43 –1.1(2) 2.415(3) 0.0106(2) 3.40(2) 0.020(4) 3.65(2) 
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resolved laser fluorescence spectroscopy.227 The 1:2 Eu–TODGA species is made possible through 

heteroleptic complexation with nitrate and/or water. Because the Eu–O first shell is best fit by a 

coordination number of 9 in the EXAFS, a heteroleptic complex is also expected. 

Collectively these findings—along with the shift in the electrode potential for the reduction of 

Eu3+ in the high Eu3+ loaded functionalized OMC materials reported in a previous study216—

suggest that TODGA and TODGA/2-octanol functionalized OMC materials undergo a non-

crystalline to crystalline phase transition driven by the adsorption of hyperstoichiometric Eu3+ 

concentrations. The TODGA and TODGA/2-octanol functionalized resin materials are also 

capable of hyperstoichiometric Eu3+ absorption and demonstrate Eu–Eu interactions at high Eu3+ 

loading. But unlike the OMC systems, the SAXS data (Figure 5.5d and e) provide no evidence for 

the formation of microcrystalline absorbates. The similarities in the Eu3+ adsorption properties and 

Eu coordination environments between the functionalized OMC and resin materials indicate that 

a mesophase consisting of multinuclear Eu topologies is present for the resin material. However, 

the larger pore sizes (and their broader distribution) for the resin inhibits the formation of 

microcrystalline-like domains. In contrast, Eu confinement within the smaller pore sizes (and their 

narrower distribution) for the OMC promotes and enhances crystalline nucleation. Precedent for 

exactly this type of phenomenon is provided by Shah et al.228 who report selective protein 

crystallization in ordered mesoporous systems having narrow pore size distributions. 

At low Eu3+ loadings, the Eu coordination environments for the OMC and resin materials 

resemble the LLE systems, supporting the formation of discrete, molecular Eu(TODGA)3
3+ 

complexes in EXC systems. When the Eu3+ loading is increased beyond the hyperstoichiometric 

1:3 Eu3+ to TODGA ratio, signature diffraction peaks appear and the local Eu coordination 
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Table 5.4: Europium EXAFS fit summary for high Eu3+ loaded materials. The coordination number for O was fixed at 9. The 
coordination numbers for Ca and Cb were fixed after initial refinement (see text for details). A single Debye-Waller factor (σ2) was 
refined for both Ca and Cb. The final coordination shell was fit with multiple likely elements. The best refined fit is shown. 

  
Eu3+ ΔE0  Eu–O 

Eu–Ca 
Eu–Cb 

Eu–X 

  (mg g–1) (eV) r (Å) σ2 (Å2) N r (Å) σ2 (Å2) X N r (Å) σ2 (Å2) 

34 wt% TODGA  
OMC 

28.6 –1.5(2) 2.403(2) 0.0090(2) 
4 
5 

3.354(7) 
3.544(6) 

0.0046(6) C 6.6(9) 4.382(5) 0.004(1) 

73 –1.6(2) 2.407(2) 0.0090(2) 
3 
5 

3.35(1) 
3.540(7) 

0.0034(7) Eu 5.1(9) 4.050(6) 0.013(1) 

460 –1.7(7) 2.427(6) 0.0084(6) 
2 
4 

3.39(4) 
3.57(2) 

0.002(2) Eu 6(2) 4.04(1) 0.011(2) 

22 wt% TODGA/ 
4 wt% 2-octanol  

OMC 
  

16.6 –1.6(2) 2.404(2) 0.0092(2) 
3 
5 

3.34(1) 
3.52(1) 

0.0042(7) C 8(1) 4.382(6) 0.005(1) 

80 –1.7(4) 2.414(4) 0.0105(3) 
2 
4 

3.34(2) 
3.54(1) 

0.0022(9) Eu 3.7(9) 4.029(8) 0.010(2) 

672a –1.1(4) 2.442(4) 0.0117(3) 
2 
– 

3.59(1) 
– 

0.003(2) Eu 3.1(8) 4.031(8) 0.010(2) 

16 wt% TODGA/ 
8 wt% 2-octanol  

OMC 
  

37 –2.1(4) 2.405(4) 0.0100(3) 
3 
4 

3.30(1) 
3.51(1) 

0.003(1) C 8(2) 4.37(1) 0.007(3) 

147 –1.1(3) 2.421(4) 0.0098(3) 
3 
5 

3.33(1) 
3.548(8) 

0.0028(7) Eu 4(1) 4.05(1) 0.012(2) 

533 –0.7(8) 2.446(8) 0.0092(6) 
1 
2 

3.40(7) 
3.59(4) 

0.002(5) Eu 6(3) 4.05(2) 0.016(6) 
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Table 5.4: Continued. 

  
Eu3+ ΔE0  Eu–O 

Eu–Ca 
Eu–Cb 

Eu–X 

  (mg g–1) (eV) r (Å) σ2 (Å2) N r (Å) σ2 (Å2) X N r (Å) σ2 (Å2) 

40 wt% TODGA  
resin 

89 –1.4(2) 2.413(2) 0.011(2) 
3 
4 

3.348(8) 
3.560(7) 

0.0061(8) C 5.9(8) 4.371(5) 0.005(1) 

480 –1.7(4) 2.429(4) 0.010(3) 
– 
– 

– 
– 

– Eu 4.6(8) 4.042(6) 0.010(1) 

24 wt% TODGA/ 
16 wt% 2-octanol  

resin 

43 –1.2(2) 2.414(2) 0.0106(2) 
3 
4 

3.36(1) 
3.60(1) 

0.008(1) C 3.2(8) 4.391(9) 0.003(2) 

52 –1.1(1) 2.418(1) 0.0104(1) 
2 
4 

3.386(8) 
3.587(5) 

0.0043(5) Eu 2.5(4) 4.071(5) 0.012(1) 

a The 22 wt% TODGA/4 wt% 2-octanol OMC loaded with 672 mg Eu3+ g–1 fit best using a four-shell model without carbon 
interactions. This model retained the fixed coordination number of 9 O in the first shell. The coordination numbers for the second 
shell (Eu–N) was fixed to 2 after initial refinement. The third coordination shell was set to describe Eu–Eu interactions, with a refined 
coordination number of 2(1). The coordination number for the fourth coordination shell (Eu–Odistal) was set equal to Eu–N, relating 
to the distal oxygen of bidentate nitrate coordination. The refined distances for Eu–O, Eu–N, Eu–Eu, and Eu–Odistal are 2.440(4), 
2.92(1), 4.01(2), and 4.38(5) Å, respectively, with Debye-Waller factors (σ2) of 0.0118(3), 0.006(2), 0.008(3), and 0.007(8). The 
refined energy shift (ΔE0) is –1.8(5) eV. 
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environment changes—having less carbon interactions and having multinuclear Eu speciation. The 

structure of this mesophase—although not fully identified—diverges from the discrete molecular 

cation complex, Eu(TODGA)3
3+, notably by the presence of Eu–Eu correlations that are diagnostic 

of a multinuclear entity, whose contribution to the EXAFS does not completely obscure the 

molecular TODGA complex. Because EXAFS captures an average of all the surroundings of all 

the Eu present in the system, it is difficult to make an absolute assertion on the extent of Eu–

TODGA complexation and Eu-mesophase domain structures attributable to the formation of 

reverse admicelles under high Eu3+ loading conditions. In some liquid-solid separations 

(chromatography), admicelles are used to increase the solubilization of nonpolar solutes within an 

oleophilic core.229,230 In this scenario with TODGA, a hydrophilic, fluid-like environment would 

be created in the reverse-admicelle core, composed of an undefined number of TODGA molecules. 

The fluid-like environment would consist of extracted Eu3+, NO3
–, HNO3, and water. At the highest 

Eu3+ loadings in the OMC materials, this fluid-like environment may begin to condense causing 

the microcrystalline-like SAXS diffraction peaks. In LLE, the analogous process of phase 

separation is known as third phase formation, a deleterious phenomenon that TODGA is 

susceptible to when contacted with high concentrations of Eu3+ and other trivalent lanthanide 

ions.25,42,87,91,227,231  

5.5  Conclusions 

At high Eu3+ loadings, in which the Eu3+ to TODGA ratio is greater than 1:3, the 

hyperstoichiometric Eu3+—in excess of the TODGA saturation where all the TODGA is bound to 

Eu3+ in the form of the Eu(TODGA)3
3+ coordination complex—adsorbs to the solid supports as 

reverse-admicelles. From a microscopic perspective of Eu3+, the presence of mixed speciation 

diminishes the signatures for the coordination complex, leading to elongated Eu–O inner (first) 
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coordination sphere distances and diminished intensities of the outer sphere Eu–Ca and Eu–Cb 

peaks due to the carbonyl sp2-hybridized carbon (second coordination sphere) and the sp3-

hybridized carbon adjacent to the ether O (third coordination sphere). Additional, distant 

backscattering is observed that is consistent with a fourth coordination sphere of Eu, suggesting 

the presence of a multinuclear entity. At the mesoscopic level, the influence of material properties 

is evident especially in terms of the pore size and pore ordering, both of which play a role in 

creating microcrystalline-like domains of Eu3+ with OMC. No such domains are templated by the 

disordered pore distributions of the resin. The ability to tune the support material porosity for solid-

liquid separations—facilitating the crystallization of a selected cation from a mixed solution—

opens new opportunities for research and engineering in EXC.  
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CHAPTER SIX 

CONCLUDING STATEMENTS 

6.1  Lanthanide chromatographic separations 

Ordered mesoporous carbon materials, physisorbed with a lanthanide selective extractant, have 

proven effective as a chromatographic support material. The uniform morphology allows for even 

column packing and the small particle size enhances chromatographic resolution. The applicability 

of OMC-based chromatographic materials was demonstrated through the dynamic separation of 

147Nd3+ and 154Eu3+ using HDHEP as an extractant. The column employed was small and 

unpressurized, which are desirable properties for remote nuclear forensics capabilities. The 

resolution—while an improvement over the commercially available resin—still needs 

improvement for adjacent lanthanide separation capabilities. Notably, the elution scheme was very 

simple using a single acid concentration for metal elution. Altering the acid concentration 

throughout the elution could improve upon the resolution by increasing the elution rate of selected 

metals. Another way to improve resolution would be to lengthen the column; however, this 

introduces backpressure issues when dealing with nanoparticle materials. Future studies will need 

to demonstrate the limiting column length before backpressure becomes an issue and if moderate 

column lengths can be operated without high pressures.  

6.2  Lanthanide adsorption/desorption by electrochemical redox reactions 

OMC materials, physisorbed with TODGA, adsorbed Eu(III) just as a chromatographic 

material; however, instead of being used in a column, the electrically conducting OMC materials 

were used as electrodes. Through the reduction of Eu3+ to Eu2+, the binding affinity TODGA has 

with Eu is significantly diminished and the Eu2+ is subsequently desorbed. Because TODGA is a 
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lanthanide selective extractant, this study demonstrates the potential for adjacent lanthanide 

separations based on redox chemistry (e.g. Sm, Eu, and Gd). Future studies could expand on this 

separation possibility. The electroanalytical study also provided insight into the modification of 

TODGA by 2-octanol. The modification of TODGA by a moderate concentration of 2-octanol the 

significantly improved the electrochemical reversibility of the system, signaling an improvement 

in analyte diffusion. Another common modifier used in TODGA LLE systems is 

N,N-dihexyloctanamide (DHOA)26,37,87,153,157 and could provide insight into the modifier’s role in 

electrochemical reversibility. The improvement in diffusion from a modifier could have extending 

impacts in understanding third-phase modification in LLE systems.  

6.3  Lanthanide-extractant relationships confined in porous supports 

A hyperstoichiometric uptake of Eu3+ is not a phenomenon unique to TODGA functionalized 

OMC. Stoichiometry greater than 1:3 (Eu3+ to TODGA) was observed for TODGA functionalized 

OMC and Amberchrom CG-71. Electrochemical studies indicated a fluid-like environment 

confining additional Eu3+, likely within a TODGA reverse admicelle. The results from SAXS and 

EXAFS data collected for the TODGA functionalized OMC and resin materials show that the 

confinement effects are dependent on the support material. At the mesoscale, the Eu–TODGA 

domain is similar for the two porous materials up to the hyperstoichiometric Eu3+ loading at which 

point the materials begin to diverge. The likely fluid-like environment present in a reverse 

admicelle in the OMC materials forms microcrystalline-like domains at the highest Eu3+ loadings. 

Further evidence is given by the EXAFS data. Under hyperstoichiometric Eu3+ loadings, the local 

Eu coordination environment deviates from the Eu(TODGA)3
3+ structural motif common in LLE 

and present for the low Eu3+ loaded materials. Future studies comparing functionalized porous 
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materials and confinement effects would help elucidate if the phenomenon for microcrystalline-

like domains is unique for TODGA-OMC.  

6.4  Future directions 

This work has explored extractant physisorbed OMC materials for lanthanide chromatographic 

separations, as an electrode for adsorption/desorption redox-based separations, and fundamental 

explorations into extractant-metal-support interactions. These studies only lay the foundation for 

further experimental investigations for OMC support materials for lanthanide separations and open 

avenues for trivalent actinide separations. For example, chromatographic lanthanide separations 

using TODGA functionalized OMC need to be done.  

The physisorbed extractant possibilities are not limited to HDEHP and TODGA. Further, the 

potential to covalently attach a ligand to the OMC support has reusability benefits, such that 

extractant leaching would be significantly reduced. The tunability of OMC—from particle size to 

pore size—allows for a careful examination of the confinement effects based on the pore size 

distribution. Understanding the extractant-support and the metal-extractant-support interactions 

would greatly inform the development of liquid-solid separations. Computational characterization 

methods could be used to compliment the experimental techniques to examine the meso- and 

microscopic domains in these systems.  
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APPENDIX A 

CHAPTER THREE SUPPLEMENTARY DATA 

Table A.1: LN Resin Langmuir adsorption isotherm data. 

C0 (mol L–1) Ce (mol L–1) qe (mol g–1) 

2.04 × 10–5 1.92(4) × 10–5 1.0(4) × 10–7 

1.11 × 10–4 1.03(2) × 10–4 6(2) × 10–7 

3.41 × 10–4 3.03(7) × 10–4 3.1(6) × 10–6 

5.58 × 10–4 5.0(1) × 10–4 5(1) × 10–6 

1.14 × 10–3 1.05(2) × 10–3 9(2) × 10–6 

3.41 × 10–3 3.09(7) × 10–3 2.5(6) × 10–5 

5.67 × 10–3 5.2(1) × 10–3 3.7(9) × 10–5 

8.50 × 10–3 7.6(2) × 10–3 7(1) × 10–5 

1.14 × 10–2 1.03(2) × 10–2 7(2) × 10–5 

1.42 × 10–2 1.21(3) × 10–2 1.8(3) × 10–4 

1.99 × 10–2 1.88(4) × 10–2 9(3) × 10–5 

2.27 × 10–2 2.15(5) × 10–2 9(4) × 10–5 

2.83 × 10–2 2.69(6) × 10–2 1.3(5) × 10–4 
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Table A.2: HDEHP-OMC-l-MSN Langmuir adsorption isotherm data. 

C0 (mol L–1) Ce (mol L–1) qe (mol g–1) 

4.82 × 10–7 4.4(1) × 10–7 4(1) × 10–9 

3.28 × 10–6 2.74(6) × 10–6 4.7(6) × 10–8 

6.07 × 10–6 5.2(1) × 10–6 8(1) × 10–8 

9.00 × 10–6 7.7(2) × 10–6 1.2(2) × 10–7 

1.47 × 10–5 1.34(3) × 10–5 1.2(3) × 10–7 

2.04 × 10–5 1.83(4) × 10–5 2.1(4) × 10–7 

2.61 × 10–5 2.39(5) × 10–5 2.2(5) × 10–7 

5.45 × 10–5 4.7(1) × 10–5 7(1) × 10–7 

8.26 × 10–5 7.4(2) × 10–5 8(2) × 10–7 

1.11 × 10–4 7.0(2) × 10–5 3.5(2) × 10–6 

3.41 × 10–4 2.60(6) × 10–4 8.0(7) × 10–6 

5.58 × 10–4 5.1(1) × 10–4 5(1) × 10–6 

1.14 × 10–3 9.7(2) × 10–4 1.6(2) × 10–5 

3.4 × 10–3 3.15(7) × 10–3 2.3(7) × 10–5 

5.67 × 10–3 5.3(1) × 10–3 4(1) × 10–5 

8.50 × 10–3 7.9(2) × 10–3 6(2) × 10–5 

1.14 × 10–2 9.4(2) × 10–3 2.0(2) × 10–4 

1.42 × 10–2 1.21(3) × 10–2 1.9(3) × 10–4 

1.70 × 10–2 1.45(3) × 10–2 2.3(3) × 10–4 

1.99 × 10–2 1.76(4) × 10–2 2.4(4) × 10–4 

2.27 × 10–2 2.05(5) × 10–2 2.1(5) × 10–4 

2.83 × 10–2 2.57(6) × 10–2 2.4(6) × 10–4 

3.40 × 10–2 3.18(7) × 10–2 2.1(7) × 10–4 

3.97 × 10–2 3.73(8) × 10–2 2.3(8) × 10–4 
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Table A.3: Data for LN Resin and HDEHP-OMC-l-MSN breakthrough curves. 

 V50 (μL) V0 (μL) ms (g) 
C0 

(mol L–1) 
Q(m)  

(mmol g–1) 

LN Resina 940(50) 250.6(1) 0.1859(1) 0.0300(5) 0.111(8) 

LN Resinb 800(100) 239.5(1) 0.1599(1) 0.0300(5) 0.10(2) 

HDEHP-OMC-l-MSNa 900(100) 123.3(1) 0.0638(1) 0.0300(5) 0.34(7) 

HDEHP-OMC-l-MSNb 900(100) 164.6(1) 0.0693(1) 0.0300(5) 0.30(3) 
a Breakthrough curves presented in Figure 3.7. b Breakthrough curves presented in Figure 3.10. 

 

 

Figure A.1: Additional breakthrough curves using Eu3+ and LN Resin (black circles) and HDEHP-
OMC-l-MSN (red squares). The LN Resin column was prepared at full column height (~1.5 cm) 
and the HDEHP-OMC-l-MSN column was prepared at half the column height (~0.75 cm). 
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Figure A.2: Linear (a) and semi-log (b) chromatograms using LN Resin for the separation of 
147Nd3+ (blue circles, upper line) and 154Eu3+ (red squares, lower line). Activities are not volume 
corrected. The limit of quantitation is presented for 147Nd3+ (short blue dashed) and 154Eu3+ (long 
red dashes). 
 

 

Figure A.3: Linear (a) and semi-log (b) chromatograms using HDEHP-OMC-l-MSN for the 
separation of 147Nd3+ (blue circles, left line) and 154Eu3+ (red squares, right line). Activities are not 
volume corrected. The limit of quantitation is presented for 147Nd3+ (short blue dashed) and 154Eu3+ 
(long red dashes). 
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APPENDIX B 

CHAPTER FOUR SUPPLEMENTARY INFORMATION 

Table B.1: Peak positions (Ep,a and Ep,c), number of electrons involved in the redox process (n), 
and peak current ratios (|ipa/ipc|) for the observed Eu(III)/Eu(II) redox couples in the cyclic 
voltammograms from Figure 4.2 (obtained in 1 M LiNO3 electrolytes) using unfunctionalized 
Vulcan XC-72 and OMC CMEs in 0.100 M Eu(NO3)3/1 M LiNO3 electrolyte and functionalized 
OMC CMEs of 34 wt% TODGA OMC and 16 wt% TODGA/8 wt% 2-octanol OMC contacted 
with 0.100 M Eu(NO3)3/1 M HNO3. 

υ (mV s–1) Ep,a (V) Ep,c (V) n |ipa/ipc| 
Vulcan XC-72 

9 –0.568 –0.609 1.41 0.75 
16 –0.571 –0.606 1.65 0.86 
25 –0.571 –0.607 1.60 0.84 
36 –0.570 –0.609 1.50 0.84 
49 –0.568 –0.612 1.31 0.84 
64 –0.566 –0.615 1.17 0.94 
81 –0.564 –0.617 1.08 1.00 

100 –0.558 –0.622 0.91 0.89 
avg. –0.567(4) –0.612(6) 1.3(3) 0.86(9) 
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Table B.1: Continued. 

υ (mV s–1) Ep,a (V) Ep,c (V) n |ipa/ipc| 
OMC 

9 –0.564 –0.628 0.91 0.82 
16 –0.558 –0.629 0.82 0.96 
25 –0.550 –0.635 0.68 1.01 
36 –0.540 –0.641 0.58 1.16 
49 –0.530 –0.645 0.51 1.39 
64 –0.525 –0.645 0.48 1.63 
81 –0.515 –0.647 0.44 1.71 

100 –0.508 –0.651 0.41 2.23 
avg. –0.54(2) –0.640(9) 0.6(2) 1.4(5) 

34 wt% TODGA OMC 
25 –0.707 –0.873 0.35 1.20 
36 –0.694 –0.880 0.31 1.56 
49 –0.691 –0.876 0.31 1.98 
64 –0.678 –0.909 0.25 0.92 
81 –0.673 –0.917 0.24 1.13 
100 –0.670 –0.920 0.23 1.09 
avg. –0.69(1) –0.90(2) 0.28(5) 1.3(4) 

16 wt% TODGA/8 wt% 2-octanol OMC 
25 –0.745 –0.854 0.53 1.93 
36 –0.739 –0.860 0.48 2.06 
49 –0.731 –0.863 0.44 2.46 
64 –0.728 –0.863 0.43 2.39 
81 –0.724 –0.862 0.42 2.53 
100 –0.719 –0.864 0.40 2.13 
avg. –0.73(1) –0.861(4) 0.45(5) 2.3(2) 
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Figure B.1: Nitrogen physisorption isotherms and pore size distributions (insets) for (a) 
unfunctionalized OMC, (b) 34 wt% TODGA OMC, (c) 22 wt% TODGA/4 wt% 2-octanol OMC, 
and (d) 16 wt% TODGA/8 wt% 2-octanol OMC. 

 

 

Figure B.2: TEM images of OMC displaying hexagonal morphology (A) and prominence of pore 
ordering and size (B). 
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Figure B.3: Low angle XRD of the OMC material (solid) and the MSN template (dotted). The 
peak feature shown for each elucidated the [100] pore plane ordering. 

 

 

Figure B.4: Thermogravimetric analysis of unfunctionalized OMC (dashed grey), 34 wt% 
TODGA OMC (black), 22 wt% TODGA/4 wt% 2-octanol OMC (blue), and 16 wt% 
TODGA/8 wt% 2-ocatnol OMC (red). 
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Figure B.5: Differential pulse voltammograms collected using an unfunctionalized OMC CME in 
0 (black), 0.0046 (blue), 0.050 (purple), and 0.249 M Eu(NO3)3/1 M LiNO3 (pink) electrolytes and 
with a conventional (i.e. bulk) graphite rod (3.05 mm diam., Alfa Aesar #40765) working electrode 
in 0.005 M Eu(NO3)3/3 M LiNO3 (green). No anodic (oxidation) peak was observed for the lowest 
(0.0046 M) Eu concentration using the OMC electrode, corresponding to the limit-of-detection. 
The average E1/2 value of Eu(III) using OMC CME is –0.594 V while for the glassy carbon 
electrode (GCE) the E1/2 is –0.560 V. This difference is attributed to the shift caused by the use of 
the higher (3 M) electrolyte concentration with the bulk GCE than with the CME (1 M).13 

 

 

Figure B.6: Differential pulse voltammograms obtained for the 34 wt% TODGA OMC (black), 
22 wt% TODGA/4 wt% 2-octanol OMC (blue), and 16 wt% TODGA/8 wt% 2-octanol OMC (red) 
CMEs preloaded with 28.6 mg, 670 mg, and 530 mg Eu(III) g–1, respectively, in 1 M LiNO3.
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APPENDIX C 

CHAPTER FIVE SUPPORTING INFORMATION

 

 

 

 

 

 

 

 

 

 

Figure C.1: Normalized transmittance (ln(I0/It)) or fluorescence (If/I0) absorbance spectrums for 
(a) 34 wt% TODGA OMC, (b) 22 wt% TODGA/4 wt% 2-octanol OMC, (c) 16 wt% 
TODGA/8 wt% 2-octanol, (d) 40 wt% TODGA resin, and (e) 24 wt% TODGA/16 wt% 
2-octanol resin. Roman numerals correspond to EXAFS and O phase-shift-corrected Fourier 
transform (FT) data (Figures 5.6 and 5.7) for each Eu3+ loading concentration. 
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Figure C.2: Differential pulse voltammograms for Eu(TODGA)3
3+ complexes. Blue (open circles): 

Eu(TODGA)3(BiCl4)3 in 3 M LiNO3 using a carbon paste electrode (CPE). The E1/2 is –0.782 V. 
Black (filled circles): 16 wt% TODGA/8 wt% 2-octanol OMC carbon microelectrode (CME) 
contacted with 0.100 M Eu(NO3)3/1 M HNO3 in 1 M LiNO3. The E1/2 is –0.777 V.216 

 

 

Figure C.3: Enlarged SAXS profile for OMC material with a prominent peak at 0.0756 Å–1 (100) 
and two poorly defined features at 0.130 (110) and 0.150 Å–1 (200), indicative of a 2D hexagonal 
pore arrangement (refer to Figure 5.2a).125 
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Table C.1: SAXS peaks for unfunctionalized OMC and Amberchrom CG-71 (refer to Figure 5.2). 

OMC, q (Å) Amberchrom CG-71, q (Å) 
0.0756 0.0797 

 0.159 

 1.29 
1.64  

 

Table C.2: SAXS peaks for 40 wt% TODGA resin and 24 wt% TODGA/16 wt% 2-octanol resin 
(refer to Figures 5.2–5.5). Diffraction peaks are indicated by italics. 

 40 wt% TODGA resin, q (Å) 
Eu3+ (mg g–1): 0.0 1.0 20.3 22.5 22.3 52 89 480 

Eu3+ to TODGA:  1:105 1:5 1:5 1:5 1:2 1:1 1:5 

 0.0797 0.0782 0.0775 0.0782 0.0783 0.0784 0.0785 0.0779 

 0.164 0.163 0.164 0.165 0.163 0.164 0.163 0.165 

        0.293 

  0.361 0.350 0.346 0.346 0.352 0.349 0.329 

 1.29 1.34 1.36 1.35 1.36 1.37 1.36 1.38 

 24 wt% TODGA/16 wt% 2-octanol resin, q (Å) 
Eu3+ (mg g–1): 0.0 1.0 17.5 20.5 25.7 43 52 580 

Eu3+ to TODGA:  1:62 1:4 1:3 1:2 2:3 1:1 9:1 

        0.0086 

 0.0792  0.0784 0.787 0.0776 0.0773 0.0787 0.0805 

 0.163   0.166  0.166 0.164  
  0.358 0.343 0.341 0.342 0.342 0.341 0.345 

 1.31 1.31 1.33 1.33 1.32 1.33 1.34 1.34 
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Table C.3: SAXS peaks for 34 wt% TODGA OMC (refer to Figures 5.2–5.5). Diffraction peaks 
are indicated by italics. 

 34 wt% TODGA OMC, q (Å) 
Eu3+ (mg g–1): 0.0 1.1 12.2 15.0 10.0 28.6 73 460 

Eu3+ to TODGA:  1:81 1:7 1:6 1:9 1:3 1:1 5:1 

 0.0745 0.0740 0.0740 0.0742 0.0742 0.0743 0.0743 0.0744 

        0.289 

    0.314  0.310 0.316 0.310 

 0.370 0.353 0.341 0.330 0.344 0.342  0.354 

        0.394 

        0.398 

        0.464 

        0.499 

        0.527 

        0.537 

        0.559 

        0.562 

        0.577 

        0.588 

        0.609 

    0.628   0.633 0.614 

        0.620 

        0.669 

        0.682 

        0.690 

        0.709 

        0.726 

        0.785 

        0.786 

        0.795 

        0.803 

        0.808 

        0.844 

        0.847 

 1.49 1.50 1.48 1.50 1.49 1.50 1.49 1.56 
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Table C.4: SAXS peaks for 22 wt% TODGA/4 wt% 2-octanol OMC (refer to Figures 5.2–5.5). 
Diffraction peaks are indicated by italics. 

 22 wt% TODGA/4 wt% 2-octanol OMC, q (Å) 
Eu3+ (mg g–1): 0.0 1.1 7.3 9.0 14.5 16.6 80 670 

Eu3+ to TODGA:  1:53 1:8 1:6 1:4 1:3 1:1 12:1 

 0.0742 0.0740 0.0743 0.0744 0.0742 0.0743 0.0740 0.0744 

        0.289 

      0.317 0.310 0.310 

 0.367 0.353 0.333 0.337 0.338 0.335 0.337  
       0.354 0.354 

       0.393 0.393 

       0.398 0.398 

       0.465 0.465 

       0.499 0.498 

       0.527 0.528 

       0.537 0.537 

       0.558 0.558 

       0.562 0.562 

        0.578 

       0.587 0.586 

       0.609 0.609 

       0.614 0.613 

       0.620 0.620 

       0.668 0.668 

       0.689 0.689 

       0.708 0.709 

       0.726 0.727 

       0.785  

       0.789 0.787 

       0.795 0.796 

       0.803 0.803 

       0.817 0.806 

       0.846 0.846 

 1.49 1.52 1.50 1.50 1.51 1.51 1.51 1.54 
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Table C.5: SAXS peaks for 16 wt% TODGA/8 wt% 2-octanol OMC (refer to Figures 5.2–5.5). 
Diffraction peaks are indicated by italics. 

 16 wt% TODGA/8 wt% 2-octanol OMC, q (Å) 
Eu3+ (mg g–1): 0.0 1.0 7.0 11.1 13.2 37.1 147 530 

Eu3+ to TODGA:  1:43 1:6 1:4 1:3 1:1 4:1 13:1 

 0.0746 0.0741 0.0742 0.0745 0.0744 0.0745 0.0742 0.0744 

        0.289 

      0.309 0.310 0.310 

 0.366 0.354 0.334 0.337 0.335 0.336 0.337  
       0.354 0.354 

       0.394 0.391 

       0.398 0.398 

       0.464 0.465 

       0.499 0.498 

       0.527 0.527 

       0.537 0.537 

       0.559 0.558 

       0.561 0.562 

        0.576 

       0.587 0.587 

       0.609 0.608 

       0.614 0.613 

       0.620 0.620 

       0.668 0.668 

        0.681 

       0.689 0.689 

       0.708 0.708 

       0.726 0.726 

       0.785 0.785 

       0.789 0.788 

       0.794 0.795 

       0.802 0.803 

       0.808 0.807 

       0.846 0.846 

 1.51 1.51 1.49 1.50 1.49 1.49 1.51 1.52 
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Table C.6: SAXS slope analysis using selected momentum transfer regions for OMC materials 
(refer to Figures 5.2–5.5). 

 

Eu3+  
(mg g–1) 

q  
(Å–1) Slope 

q  
(Å–1) Slope 

OMC 0.0 0.003–0.012 –3.18 0.085–0.200 –3.65 
34 wt% TODGA OMC 0.0 0.004–0.012 –3.6 0.087–0.150 –3.94 

1.1 0.003–0.012 –3.90 0.085–0.150 –3.95 
122 0.003–0.012 –3.76 0.085–0.150 –3.97 
15 0.003–0.012 –3.69 0.085–0.150 –3.93 

10.0 0.003–0.012 –3.90 0.085–0.150 –3.89 
28.6 0.003–0.012 –3.81 0.085–0.150 –3.94 
73 0.003–0.012 –3.72 0.085–0.150 –3.87 
460 0.003–0.012 –3.74 0.085–0.150 –3.84 

22 wt% TODGA/ 
4 wt% 2-octanol OMC 

0.0 0.003–0.012 –3.78 0.085–0.150 –3.93 
1.1 0.003–0.012 –3.82 0.085–0.150 –3.85 
7.3 0.003–0.012 –3.90 0.085–0.150 –3.84 
9.0 0.003–0.012 –3.92 0.085–0.150 –3.95 
14.5 0.003–0.012 –3.83 0.085–0.150 –3.86 
16.6 0.003–0.012 –3.88 0.085–0.150 –3.89 
80 0.003–0.012 –3.76 0.085–0.150 –3.90 
670 0.003–0.012 –3.69 0.085–0.150 –3.70 

16 wt% TODGA/ 
8 wt% 2-octanol OMC 

0.0 0.003–0.012 –3.85 0.085–0.150 –4.17 
1.0 0.003–0.012 –3.86 0.085–0.150 –3.86 
7.0 0.003–0.012 –3.80 0.085–0.150 –3.84 
11.1 0.003–0.012 –3.86 0.085–0.150 –3.87 
13.2 0.003–0.012 –3.88 0.085–0.150 –3.89 
37.1 0.003–0.012 –3.83 0.085–0.150 –3.97 
147 0.003–0.012 –3.85 0.085–0.150 –3.86 
530 0.003–0.012 –3.84 0.085–0.150 –3.82 
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Table C.7: SAXS slope analysis using selected momentum transfer regions for resin materials 
(refer to Figures 5.2–5.5). 

 

Eu3+  
(mg g–1) 

q  
(Å–1) Slope 

q  
(Å–1) Slope 

Amberchrom CG-71 0.0 0.006–0.012 –2.727 0.020–0.070 –3.053 
40 wt% TODGA resin 0.0 0.006–0.012 –3.063 0.020–0.070 –3.877 

1.0 0.006–0.012 –3.557 0.020–0.070 –3.810 
20.3 0.006–0.012 –3.567 0.020–0.070 –3.885 
22.5 0.006–0.012 –3.44 0.020–0.070 –3.934 
22.3 0.006–0.012 –3.29 0.020–0.070 –3.957 
52 0.006–0.012 –3.28 0.020–0.070 –3.968 
89 0.006–0.012 –3.25 0.020–0.070 –3.982 

480 0.006–0.012 –3.41 0.020–0.070 –4.021 
24 wt% TODGA/ 
16 wt% 2-octanol 

0.0 0.005–0.012 –3.04 0.020–0.070 –3.871 
1.0 0.004–0.012 –3.51 0.020–0.070 –2.945 

17.5 0.004–0.012 –3.56 0.020–0.070 –3.214 
20.5 0.004–0.012 –3.49 0.020–0.070 –3.615 
25.7 0.004–0.012 –3.59 0.020–0.070 –3.408 
43 0.004–0.012 –3.52 0.020–0.070 –3.527 
52 0.003–0.012 –3.44 0.020–0.070 –3.310 

580 0.003–0.012 –3.32 0.020–0.070 –3.178 
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