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ABSTRACT 

 Implementation of advanced nuclear fuel cycles is critical to a sustainable future for 

nuclear energy production. Closed nuclear fuel cycles proposing to transmute long-lived minor 

actinide elements, such as americium, into shorter-lived nuclides using advanced reactors hinge 

on the separation of americium from the lanthanides. Though many separation schemes have 

been proposed, the physicochemical properties of the trivalent actinides and lanthanides pose a 

challenge to refining their efficiency for industrial application. 

 The ALSEP (Actinide-Lanthanide SEParation) process is a relatively new separations 

protocol whereby the An3+ and Ln3+ cations are (1) co-extracted from 3-4 M nitric acid into a 

mixture of the extractants HEH[EHP] (2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester) 

and TEHDGA (N,N,Nô,Nô-tetra(2-ethylhexyl)diglycolamide) in n-dodecane, (2) scrubbed of 

excess nitric acid with a buffered aqueous solution, and (3) selectively stripped of americium by 

a buffered aqueous phase containing polyaminopolycarboxylate ligand, commonly DTPA 

(diethylenetriaminepentaacetic acid) or HEDTA (N-(2-hydroxyethyl)ethylenediamine-N,Nô,Nô-

triacetic acid). Though ALSEP has demonstrated many advantages over its predecessors, the 

fundamental chemistry of the strip step remains a critical bottleneck to the processô 

implementation. 

 The body of work available for understanding equilibrium complexation and the kinetic 

barriers in ALSEP is limited. Accurate interpretation of kinetic data begins with defining the 

speciation of the metals, ligands, and extractants in each phase and step. The equilibrium 

characterization work presented here is the first to provide a definitive stoichiometry for the 

metal extracting complex in ALSEP. In addition, changes in complexation were probed in both 

buffered and un-buffered systems, over a broad range of process relevant acidities. A speciation 

model of the metal-extractant complexes that describes the speciation transitions from start to 

finish are also defined for the first time. 

 Finally, the kinetics of the strip step was investigated using buffered and self-buffered 

EDTA (ethylenediaminetetraacetic acid) solutions. Rate laws were attained, and reactions 

contributing to the rate-limiting mechanism were suggested. Additionally, EDTA was replaced 

with the self-buffering picolinic acid-substituted derivative EDTA-Mpic (N-2-methylpicolinate-
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ethylenediamine-N,Nô,Nô-triacetic acid), to access the stripping kinetics under lower pH 

conditions. The evidence so far suggests that picolinate functionalization improves mass transfer 

rates through the solubility of the picolinic acid substituted arm and provides effective self-

buffering for similar kinetic benefits to that seen in the standard ALSEP system. 
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DEDICATION 

ñIt is not the critic who counts; 

not the man who points out how the strong man stumbles, or where the doer of 

deeds could have done them better. 

The credit belongs to the man who is actually in the arena, whose face is 

marred by dust and sweat and blood; 

who strives valiantly; 

who errs, who comes short again and again, because there is no effort without 

error and shortcoming; 

but who does actually strive to do the deeds; 

who knows great enthusiasms, the great devotions; 

who spends himself in a worthy cause; 

who at the best knows in the end the triumph of high achievement, and who at 

the worst, if he fails, at least fails while daring greatly, so that his place shall 

never be with those cold and timid souls who neither know victory nor defeat.ò 

 

-Theodore Roosevelt 
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CHAPTER 1 

 INTRODUCTION  

1.1 Background 

Implementation of advanced nuclear fuel cycles is critical to plans for sustainable use of 

nuclear energy. Closed nuclear fuel cycles based on partitioning and transmutation propose to 

recycle uranium and plutonium from used nuclear fuel and then separate and transmute long-

lived minor actinide elements to shorter-lived nuclides in fast reactors. The separation and 

recycle of uranium and plutonium by the Plutonium Uranium Reduction EXtraction (PUREX) 

process has been widely implemented since its inception because it is an effective and efficient 

separation method. Unfortunately, efficient chemical separation of the trivalent minor actinides 

americium and curium from the lanthanide-rich matrix the PUREX process leaves behind poses 

a greater chemical separations challenge due to the similar physicochemical properties of the 

trivalent lanthanide (Ln) and actinide (An) ions.1,2 Isolation of americium from the waste is a 

particularly critical step towards easing the burden on nuclear waste repositories, as isotopes of 

americium are the primary contributors to the long-term radiotoxicity of the waste once 

plutonium has been removed from the used fuel. The transmutation of Am to shorter-lived 

species requires removal of the lanthanides because several lanthanide isotopes possess large 

neutron capture cross sections, causing them to act as neutron poisons, and thereby making the 

transmutation process less efficient and less viable. 

Liquid-liquid extraction has been the standard separations protocol for used nuclear fuel 

and rare earth separations alike for quite some time now. In the past 60 years, a number of 

solvent extraction processes for An/Ln separations have been proposed.3ï9 Amongst them is the 

TALSPEAK (Trivalent Actinide-Lanthanide Separation by Phosphorous reagent Extraction from 

Aqueous Komplexes) process, the predecessor to many An/Ln separation systems. It uses the 

acidic organophosphorous extractant bis(2-ethylhexyl)phosphoric acid (HDEHP) as an An/Ln 

extractant in the organic phase, and an aqueous aminopolycarboxylate (APC) ligand such as 

DTPA (diethylenetriaminepentaacetic acid) or HEDTA (N-(2-Hydroxyethyl)ethylenediamine-

N,Nǋ,Nǋ-triacetic acid) to selectively hold back the minor actinides in a concentrated lactate 
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buffered aqueous phase while the lanthanides are extracted away into the organic phase. This 

framework has been successful at separating actinides from lanthanides because, while both 

groups of elements are considered hard acids according to Pearsonôs hard and soft acids and 

bases theory, the actinides are slightly softer acids compared to the lanthanides, giving them a 

greater tendency to preferentially bind with softer bases. Thus, the invention of the TALSPEAK 

chemical framework has inspired more than 60 years of research to exploit the inherent benefits, 

and to overcome the issues encountered in the original TALSPEAK process. The undesirable 

Figure 1.1 Chemical structures for (A) 2-ethylhexyl phosphonic acid mono-2-ethylhexyl 

ester (HEH[EHP]), (B) bis(2-ethylhexyl)phosphoric acid (HDEHP) and (C) N,N,Nô,Nô-tetra(2-

ethylhexyl) diglycolamide (TEHDGA), the extractants relevant to the TALSPEAK and ALSEP 

processes organic phases. 
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steep pH dependence exhibited by the original TALSPEAK formulations was resolved in the 

Advanced TALSPEAK process (also known as TALSQuEAK)10 by replacing HDEHP with the 

weaker acid extractant HEH[EHP] (2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester, 

Figure 1.1), but to this day the kinetic limitations inherent to TALSPEAK chemistry remain a 

challenge. 

1.2 Motivatio n for the Invention of a Mixed Extractant Actinide-Lanthanide Separation 

Process 

 There are a few goals central to the pursuit of new An/Ln separation processes and 

flowsheets: a) simplicity, b) compact flowsheet, and c) efficiency. A process may only have two 

to three general steps but necessitate many stages of preparation, and then many more stages for 

separation (in the case of TALSPEAK, Reverse TALSPEAK, and Advanced TALSPEAK), and 

then further preparation to enter a subsequent process. Some processes only do bulk separation, 

like the separation of lanthanides and actinides from other fission products in the TRUEX 

process. In general, it is more favorable if a process can make direct use of PUREX raffinate, do 

a direct separation of the actinides and lanthanides from the rest of the raffinate, and then 

separate the actinides from the lanthanides all within one scheme. 

 One way this goal can be achieved is through the combination of a solvating extractant 

and an acidic extractant into a single organic phase. By themselves, nitrogen-containing 

solvating extractants like malonamides and diglycolamides allow for the direct extraction of 

trivalent lanthanides and actinides from PUREX raffinate but require low acid conditions to strip 

the actinides with APC ligands. Without the use of salting out agents (e.g. NaNO3), the 

lanthanides are stripped alongside the actinides.11 The supplemental use of acidic 

organophosphorous extractants such as HEH[EHP] and HDEHP (Figure 1.1) with neutral 

extractants circumvents the issue of co-stripping lanthanides with the actinides, while retaining 

the advantage of a direct An/Ln extraction at high acidities. Combined extractant systems are not 

a new or foreign concept; beginning as early as 1963, researchers were describing the synergism 

exhibited by a mixed system of acidic and neutral extractants,12 and more recently the French 

explored mixed systems combining an acidic extractant with malonamide extractants to 

selectively strip actinides without simultaneously stripping lanthanides or requiring salting out 
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agents.11 But the exact nature of synergistic extraction in such systems has eluded researchers for 

a long time,12ï14 including one very recent TALSPEAK derivative of particular promise, the 

Actinide-Lanthanide SEParation (ALSEP) Process. 

1.2.1 The Actinide-Lanthanide Separation Process 

 The ALSEP process was built on the principles of the Advanced and Reverse 

TALSPEAK processes, with the addition of a mixed extractant organic phase.15 The ALSEP 

process possesses many characteristics that are desirable for industrial scale An/Ln separations; 

its chemistry performs robustly across a broad range of operating conditions, and it condenses 

and streamlines An/Ln separations. In ALSEP, the An3+ and Ln3+ cations are extracted together 

directly from the PUREX process raffinate (3 - 4 M nitric acid) into an n-dodecane organic phase 

containing an acidic dialkylorganophosphorus extractant and a neutral diglycolamide extractant 

(Figure 1.1 for full structures and Figure 1.2, step (1): extraction).16,17 These two extractants 

provide a powerful advantage by supplying extraction capability at molar acid concentrations 

and lower acidities. Acidic organophosphorous extractants (abbreviated as HA) partition metal 

(M3+) into the organic phase (indicated by overbars) at low acidities by the following 

equilibrium, 

 ὓ σ Ὄὃ ᴾὓὌὃ σ Ὄ . (1.1) 

Exchanging an acidic proton to create a metal-extractant bond means these extractants perform 

best at low acidities. Whereas diglycolamide extractants (abbreviated as DGA) require 

counterion to form an extractable neutral complex, 

 ὓ σ ὈὋὃσ ὔὕᴾὓὈὋὃϽσ ὔὕ, (1.2) 

and perform best when adequate concentrations of the nitrate counterion are present either 

through high ionic strength or acidity.  
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 Although several formulations of ALSEP were considered, the most effective organic 

phase formulation of the ALSEP process uses a mixture of the extractants HEH[EHP] and 

N,N,Nô,Nô-tetra(2-ethylhexyl)diglycolamide (TEHDGA), which are shown in Figure 1.1.18 

Following extraction of the trivalent lanthanide and actinide cations from ca. 3 M HNO3, the 

organic phase is contacted with a scrub solution to adjust the acidity and remove minor 

impurities (Figure 1.2, step (2): scrub). Then, americium and curium are selectively stripped 

from the scrubbed organic phase by the addition of a APC ligand such as DTPA or HEDTA to a 

buffered aqueous phase (Figure 1.2, step (3): strip).  

 The ALSEP process simplifies the separation of trivalent actinides by combining the 

partitioning of trivalent f-elements and the An3+/Ln3+ separation processes into a single 

separation cycle, allowing for direct use of PUREX raffinate solutions. Although ALSEP 

exhibits fast extraction rates and many other advantages over its TALSPEAK predecessors, the 

Figure 1.2 A simplified schematic of the three-step ALSEP process; step (1) the concomitant 

extraction of trivalent actinides (orange spheres) and lanthanides (blue spheres) by a ternary 

complex of TEHDGA and HEH[EHP] from molar nitric acid, step (2) scrubbing of the metal-

loaded organic phase to remove extracted acid and nitrate, and lastly, step (3) selective stripping 

of actinides into a DTPA containing aqueous solution. 
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ALSEP strip step conditions create a chemical environment fundamentally similar to that of the 

TALSPEAK process, and thus is also kinetically hindered.19,20 In the practical implementation of 

solvent extraction separations, the minimum necessary rate of partitioning is dictated by the type 

of equipment used for the separation. Centrifugal contactors ï a technology engineered to 

perform these separations efficiently ï require fast extraction kinetics to make full use of their 

high throughput. Optimal use of centrifugal contactors requires that separations equilibrate in 

under 30 seconds, but the optimized ALSEP strip step in its original formulation falls short by 

requiring approximately 100 seconds to reach equilibrium. An overarching mechanistic 

understanding of the chemical reactions that limit the rates of these solvent extraction systems 

still does not exist and this ultimately hinders the improvement and implementation of these 

processes. 

 The purpose of the work in this thesis is to expand on the few available studies that have 

rigorously probed the kinetics of TALSPEAK process related chemistry to encompass systems 

relevant to the ALSEP process,21ï23 and specifically to understand how the reaction mechanism 

changes upon introduction of the buffer. The presence of two bulk phases, two stagnant diffusion 

layers, the interfacial region as well as the interface itself, and the chemical gradients within 

these zones makes experimentation and conclusive identification of specific extraction 

mechanisms and their rate-limiting steps very difficult. The work presented in this thesis began 

by acknowledging the intrinsic challenges of biphasic system kinetics and provides promising 

tools to help parse the chemical reactions that are rate-limiting. A rigorous investigation into the 

chemistry that bottlenecks TALSPEAK-related An3+/Ln3+ separations is long overdue, but the 

journey begins with defining the species in the organic and aqueous phases at equilibrium. 

Especially for the ALSEP organic phase, since the process is still relatively new and other mixed 

extractant systems being ill-defined provided little insight13 the organic phase extracting complex 

had yet to be defined.18,24  

1.2.2 Equilibrium Studies 

 A review summarizing the available literature on mixed extractant systems combining an 

acidic organophosphorous extractant with a neutral extractant by Lumetta et al. captures the 

complex nature of defining these systems, rarely do researchers actually produce a detailed 
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stoichiometry for metal complexes in the organic phases of the various mixed systems studied.13 

The focus of publications that have probed ALSEP process chemistry have been aimed at 

analyzing the bulk equilibrium metal species over a range of acid conditions relevant to the 

extraction and stripping stages of the process.24ï27 Based on the usual behavior of the individual 

extractants (shown in Equilibria 1.1 and 1.2), it was thought that the equilibrium organic phase 

complex contained TEHDGA alone in the inner coordination sphere of the metal complex.28 The 

stoichiometry for TEHDGA was easily obtained by radiotracer slope analysis for the extracting 

complex in equilibrium with molar quantities of nitric acid. And though the literature indicates a 

stoichiometry of roughly two for the DGA molecules in the ALSEP organic phase metal 

complex extracting from molar quantities of acid,17,24 this is not the theoretical three TEHDGA 

molecules that extract trivalent cations when on its own in solution. It was expected then that 

HEH[EHP] dependencies would exhibit an average slope of one to render the complex charge 

neutral, but stoichiometries derived from radiotracer slope analysis on the order of one-half were 

commonly seen.24,29 

 While radiotracer slope analysis is a common and valuable technique for deriving 

average stoichiometries for constituents involved in metal complexes, often times spectroscopy 

can be used in tandem to qualitatively differentiate metal complexes. Neodymium and europium 

are useful, frequently exploited, non-radioactive surrogates for americium in this regard, given 

that neodymium is size-matched with americium and europium is isoelectronic with americium. 

Neodymium is optically active and possesses optical properties that cause its so-called 

hypersensitive transitions to change distinctly with subtle changes to its coordination 

environment. The benefit is similar with europium, but rather than absorbance spectroscopy, it is 

typically used to probe for water coordination using fluorescence spectroscopy. Researchers have 

attempted to compare the ALSEP organic phase spectrum for neodymium with the spectra of 

neodymium extracted into organic phases of the extractants individually, more specifically to 

evaluate the similarity of the neodymium ALSEP spectrum to the neodymium TEHDGA 

spectrum. Unfortunately, many struggled to gather spectra for neodymium with TEHDGA alone 

in n-dodecane due to a strong propensity for the extractant to gather in large aggregates of 

reverse micelles that cause a second organic layer to form (referred to as a third phase).30 Instead, 

evidence from the comparison of the spectra of neodymium complexed by N, N, Nô, Nô-

tetraoctyldiglycolamide (TODGA) alone and in the ALSEP system was referred to instead, and 
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this data supported a 3:1 TODGA:metal complex ratio.29 On the other hand, HEH[EHP] by itself 

has demonstrated very minimal extraction capability at molar acidities where it is thought to 

extract by solvation rather than the usual cation exchange mechanism described in Equilibrium 

1.1,26 but the evidence from radiotracer slope analysis of the involvement of HEH[EHP] in the 

inner-coordination sphere of these metal complexes raised questions about the possibility of a 

ternary complex, and in turn about the mechanism of coordination by HEH[EHP] under 

conditions atypical for it to extract under.  

 Prior to exploring the kinetic limitations of the ALSEP processô strip step, the 

equilibrium stoichiometry must be well defined to understand the prevalence of each of the 

complexes formed within the ALSEP organic phase across the 0.01-5 M nitric acid range. Not 

only is this important to experiments varying acid concentration, but also to experiments that 

explore the kinetics of advanced ligands operable at higher acidities. Since no researchers had 

previously defined the equilibrium stoichiometry of the organic extraction complex due to 

difficulties obtaining integral stoichiometry values by radiotracer slope analysis and in obtaining 

a Nd-TEHDGA alone spectrum for comparison to a Nd-ALSEP spectrum. It became necessary 

to this thesis work to explore alternative methods for obtaining a value for the average 

stoichiometry of HEH[EHP] in the ternary complex and support that finding using an activity-

corrected acid dependence to identify HEH[EHP]ôs mechanism of coordination with additional 

computational analysis on various arrangements of the potential complex, and finally provide a 

spectral comparison between metal complexation in ALSEP and metal complexation with only 

TEHDGA.13 Additionally, the speciation transitions from extraction to strip must be understood 

to identify the importance of TEHDGA to the stripping organic equilibrium complex, and 

pinpoint where TEHDGA becomes or remains relevant in the low to moderate acid regime, 

because the objective of the final kinetic studies is to explore alternative aqueous ligands in a 

higher acid regime. 

1.3 Thesis Organization 

 This thesis will begin with an overview in Chapter 2 of solvent extraction reactions and 

kinetics, including the anatomy of an extraction system, which covers basic concepts such as 

experimental equipment and effects of solution components on extraction kinetics, and provides 



9 

 

examples and explanations for the various kinetic regimes of solvent extraction. The final half of 

the chapter provides a thorough review of the literature on biphasic lanthanide kinetics, starting 

with simplified systems of just acidic organophosphorous extractants and an acidic aqueous 

phase, builds up to include literature on similar simplified systems that include buffer, and then 

considers studies that include TALSPEAK-like systems containing an APC ligand. It will also 

cover the available literature on extractants similar in structure to DGA extractants, and 

ultimately mixed systems. Chapters 3 and 4 consider the equilibrium species present in the bulk 

organic phase during the ALSEP process. Defining these species and their spectral signatures is 

important to being able to measure the kinetics and unravel the kinetic bottleneck in the 

extraction process. Chapter 3 describes the research conducted to define the equilibrium 

stoichiometry of the metal-containing organic phase species during the extraction step of the 

ALSEP process step, while Chapter 4 is dedicated to expanding the equilibrium characterization 

studies to define how the speciation transitions from the extraction through into the scrub stage 

to give the source organic species for the ALSEP strip step. Armed with this information, 

Chapter 5 examines the kinetics of an ALSEP system using EDTA as the APC ligand is studied 

in the presence and absence of citric acid buffer, and then compared to a self-buffering EDTA-

derived ligand to provide a rate-limiting reaction mechanism and demonstrate the effect of 

aqueous ligand modification on the extraction kinetics. Finally, Chapter 6 synthesizes the 

findings from these papers and considers future directions for the work. 
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CHAPTER 2 

 RARE EARTH SEPARATIONS: KINETICS AND MECHANISTIC THEORIES  

Reproduced with permission from Handbook on the Physics and Chemistry of Rare Earths. 

Copyright © North Holland 2018 

Gabriela A. Picayo* ,1 and Mark P. Jensen1,2 

2.1 Abstract 

 Pure rare earth materials are critical to many technologies, and efficient industrial scale 

solvent extraction processes are important to reducing costs and meeting the demands of this 

growing and essential industry. Unfortunately, the similar chemical properties of the rare earths 

make their separation difficult and time consuming. Understanding and optimizing the kinetics 

of rare earth separations represents an often overlooked approach to increasing the throughput of 

rare earth separations. However, the kinetics of solvent extraction can be incredibly complex. 

The presence of two bulk phases, stagnant diffusion layers, the interfacial regions as well as the 

interface itself, mandates careful experimentation across a wide range of conditions. To stimulate 

kinetic studies of the rare earth separations, we provide an overview of liquid-liquid extraction 

chemistry relevant to rare earth separations, the equipment and methods for collecting kinetics 

data, and fundamental kinetic models for dealing with extractions controlled by diffusion or slow 

chemical reactions. Published kinetic studies available for rare earth extractions using the most 

viable and industrially applied systems are also reviewed and analyzed. 
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2.2 Introduction  

 The distinct physical, chemical, and nuclear properties of the rare earth elements place 

them at the heart of many modern technologies. These properties have been appreciated for 

decades in the production of iron, steel, and high-performance alloys; in automotive catalytic 

converters and as catalysts for hydrocarbon cracking; in the manufacture of glasses, optical 

lenses, and lasers; and as an essential part of conventional and LED optical displays. The unique 

magnetic properties of the 4f7 Gd(III) ion also make it ideal for applications in magnetic 

resonance imaging, for example in the imaging contrast agents Omniscan and Magnevist, and as 

the critical component in advanced, low-energy consumption magnetic refrigeration. In addition, 

the nuclear properties of particular rare earth nuclides are exploited in nuclear medicine, where 

radioactive 153Sm is used in the palliative drug Quadramet, and in nuclear energy production 

where lanthanides with high neutron capture cross-sections are incorporated into nuclear fuel as 

burnable poisons to extend the length of time the fuel can remain in the reactor. Beyond all these 

applications, the rare earths also figure prominently in green energy technologies. Rare earths are 

found in high-temperature superconducting wires, high-efficiency fluorescent and LED lighting, 

rechargeable battery anodes, and the high-field permanent magnets used in the electric motors 

and generators central to electric vehicles and wind turbines. Each of these applications requires 

specific rare earth elements or particular mixtures of rare earths. 

 However, the sources of rare earths for all these applications, rare earth bearing minerals, 

are generally complex mixtures that contain varying amounts of multiple rare earth elements. 

The natural abundances of individual rare earths in the Earthôs crust vary by two orders of 

magnitude from the most abundant rare earths, Y and the light lanthanides La, Ce and Nd, to the 

least abundant, the heavy lanthanides Tm and Lu 31. The chemistries of individual rare earth 

elements are broadly similar, which usually causes rare earth ions, especially yttrium and the 

lanthanide elements, to follow each other through most chemical transformations and leads them 

to accumulate together in nature. As a consequence, the distribution of individual rare earth 

element abundances in most economically viable mineral deposits roughly track the general 

trends of natural abundance, although the rare earth phosphate mineral xenotime tends to be 

enriched in the less abundant heavy rare earths. Because rare earth elements tend to occur 

together in natural minerals, the production of pure rare earth elements for technological and 
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scientific applications relies on efficient separations to isolate them from the mineral matrix as a 

group and then to separate individual members of the series out of rare earth mixture.  

 Unfortunately, the same chemical similarities that cause rare earths to accumulate 

together in nature make separation and purification of individual rare earths difficult. Three 

fundamental properties of the rare earths drive their chemical similarity. First, their chemical 

bonds tend to be principally ionic in nature 32. Second, all the rare earths are most stable in 

aqueous solution in the trivalent oxidation state. Third, only Sc3+ possesses a substantially 

different ionic radius (88.5 pm for CN = 6) relative to the other rare earth elements (e.g., Y3+ = 

104.0 pm, La3+ = 117.2 pm, and Lu3+ = 100.1 pm for CN = 6) 33. Together, these three chemical 

properties cause yttrium and the lanthanides to partition together in chemical separations; only 

scandium is easily separated from other trivalent rare earth ions. An example of how the 

chemical similarities of the rare earths make it difficult to produce pure materials is apparent in 

the earliest approaches to separating individual rare earth elements, which used fraction 

crystallization. Isolation of spectrographically pure thulium bromate from a rare earth ore was 

reported to require a staggering 15,000 individual operations 34. One to two recrystallizations of 

the rare bromates could be accomplished in a day, providing a substantial bottleneck that limited 

the availability of rare earth elements until fractional crystallization was replaced by more 

efficient separation techniques.  

 The throughput of rare earth separations and the ease with which individual rare earths 

could be isolated greatly increased when fractional crystallization was supplanted by ion 

exchange chromatography in the 1940ôs 35,36 and liquid-liquid (solvent) extraction in the 1950ôs 

and 60ôs 37,38. In these separation techniques each individual separation step is generally more 

selective for a given rare earth over the others than an individual crystallization operation, each 

fractionation step can take place in seconds to minutes rather than days, and the nature of 

chromatographic and liquid-liquid separations makes it far easier to combine many individual 

separation steps into a single separation process that can produce high purity rare earths on the 

order of hours to days rather than months or years. While both of these separation approaches 

remain in use for rare earths across the range of scientific and technological applications today 

39ï43, chromatographic separations are most important for analytical separations of rare earths 

while the scalability and comparatively high single-stage separation factors of rare earth 
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elements in particular solvent extraction systems make liquid-liquid extraction the primary 

method considered for the industrial-scale separation of rare earths.  

 Except for rare earth elements such as Ce and Eu that can be oxidized or reduced from 

the trivalent oxidation state under reasonable conditions, rare earth ions are separated based on 

the subtle differences in the size of the different trivalent cations. Because the differences in 

ionic radii of adjacent rare earth ions are small (ca. 0.002 nm), the thermodynamic selectivity of 

any solvent extraction reagent for a given rare earth in a mixture of neighboring rare earths is 

small. The best commercial reagents have an average selectivity across all lanthanides of 2.3 

kJ/mol, which corresponds to an average separation factor of 2.5. While this is far superior to the 

separation factors encountered in most rare earth fractional crystallizations and sufficient for 

effective solvent extraction separations, larger separation factors would shorten and simplify rare 

earth recovery by reducing the number of repeated separation stages required to reach a 

particular purity. Consequently, much fundamental science in rare earth separations has been 

targeted toward understanding and improving the thermodynamic selectivity of extraction 

reagents and the implementation of variations on conventional solvent extraction that allow easy 

coupling of sequential separation steps to each other 39,44ï47. 

 However, the kinetic aspects of rare earth separations are at least as important as the 

thermodynamic selectivity in determining the throughput of a separation process, and the 

kinetics of a separation determines how long the system will take to achieve the optimum 

selectivity between two or more rare earth species. Therefore, the kinetics of separation also 

dictates how fast materials can flow through a separation system while achieving a desired level 

of purity as well as the size and which types of separations apparatus are best suited to 

supporting optimal material flows in the separation. 

 Given the importance of kinetics in practical separations, this review targets the chemical 

kinetics of rare earth element separations, an area that does not appear to have been reviewed 

previously. Because of its importance in rare earth production, we will emphasize the kinetics of 

rare earth solvent extraction and how kinetic studies can illuminate the specific mechanisms of 

solvent extraction separation. Variations on traditional liquid-liquid extraction, such as supported 

liquid membranes, extraction chromatography, centrifugal partition chromatography, and 

microfluidic separations can also inform our understanding of solvent extraction kinetics. 
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Although ion exchange chromatography remains an important separations technique for rare 

earth elements, fundamental kinetic studies of rare earth separations by ion exchange are scarce, 

and future kinetic studies in that area are unlikely unless ion exchange chromatography reasserts 

itself as the dominant approach to industrial-scale rare earth separations, as separation kinetics 

are rarely an issue in employing analytical scale separations for the rare earths.  

2.3 Solvent Extraction Background 

 The flexibility and scalability of solvent extraction make it the most common separation 

process for recovery and purification of rare earths. Solvent extraction is a separations technique 

that partitions materials between two liquid phases based on the relative solubility of a given 

compound in the two liquids 48ï51. As such, solvent extraction represents a particular class of 

heterogeneous chemical reactions, and the overall rate of a given solvent extraction separation 

will be determined by the rate of the slowest chemical or physical process in the overall 

extraction. Here we briefly outline important facets of the technique as applied to the rare earth 

separations to enable discussion of the kinetics of these separations. Additional general 

information about rare earth solvent extraction can be found in several prior reviews 39ï41,52ï54. 

 When separating rare earth elements by solvent extraction the materials targeted for 

separation are the cations of the rare earth elements. In solvent extraction, one of the liquid 

phases is usually an aqueous solution (the aqueous phase), while the other phase is dissolved in a 

water-immiscible organic solvent (the organic phase). Normally, the two liquids freely mix when 

agitated, a process that greatly increases the contact area between the two phases and promotes 

transfer of particular species between the two phases. In addition to the organic solvent itself 

(also called the diluent) and the material to be separated, the organic phase generally contains 

one or more extractants, molecules that promote the transfer of the desired material into the 

organic phase through the formation of neutral lipophilic complexes or ion-pairs. Many different 

molecules have been used to separate rare earths by solvent extraction, including alcohols, 

ketones, neutral or acidic organophosphorus compounds, b-diketones, carboxylic acids, crown 

ethers, and alkyl amines. The aqueous phase may also contain holdback or stripping reagents, 

which are ligands that form hydrophilic complexes with particular ions and hold those materials 

in the aqueous phase. The enormous number of possible combinations of organic solvents, 
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extractant molecules, and aqueous ligands dictates a general approach to understanding the 

behavior of rare earth elements in solvent extraction and the features that drive the separation 

kinetics in these systems. 

2.3.1 Major Features of Rare Earth Extraction 

2.3.1.1 Solvent Extraction Equilibria  

 The extractant plays a central role in liquid-liquid extraction because polyvalent metal 

cations, such as the rare earth ions, and their common salts display poor solubility in most 

conventional water-immiscible organic solvents. The actual separation of materials by solvent 

extraction arises directly from the selective transfer of materials between the aqueous and 

organic phases. This phase transfer is usually controlled and manipulated through a series of 

chemical equilibria, generically depicted in Figure 2.1. The role of the extractants is to form 

complexes that are more soluble in the organic solvent than in water, allowing the otherwise 

unextractable rare earth cations to report to the organic phase. The degree of partitioning of a 

rare earth between phases in solvent extraction is measured by the distribution ratio, D, defined 

as the ratio of the total concentration of a particular rare earth, R, in the organic phase to its total 

concentration in the aqueous phase, or  

 
[]
[R]

R

total
R

total

D =

 . (2.1) 

 We will use the notation that chemical species in the organic phase are written with an 

overscore, for example R . The larger the distribution ratio, the more rare earth is extracted into 

the organic phase. When the distribution ratio is greater than 1, the system is under extracting 

conditions, while a distribution ratio less than 1 is considered to be under stripping conditions. In 

addition, the selectivity of a separation for one rare earth element over another element, M, is 

quantified by the separation factor, 
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The farther the separation factor is from unity, the larger the separation. 

 Extractant molecules are conveniently divided in to three categories determined by the 

nature of the metal-extractant complex and the overarching chemical equilibria that drive the 

extraction reaction. Acidic extractants react with metal cations, basic extractants extract anionic 

metal complexes, and solvating extractants extract neutral metal salts, for example R(NO3)3 or 

R(ClO4)3. Such distinct divisions are not always straightforward, though. Acidic or basic 

extractants will sometimes function as a solvating extractant if the acidity of the aqueous phase is 

high enough to inhibit deprotonation of an acidic extractant or is low enough to hinder 

Figure 2.1 Solution conditions for solvent extraction reactions. (a) Schematic of common 

solvent extraction equilibria for the extraction of a trivalent rare earth ion from an aqueous phase 

containing a water soluble ligand into an organic phase containing an extractant that adsorbs at 

the interface. (b) Schematic distributions of water molecules (ð), organic solvent molecules (ï 

ï ï), and extractant molecules (- - - -) in the interfacial region with increasing distance from the 

aqueous-organic interface.  
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protonation of a basic extractant. Different types of extractants may also work in concert in a 

synergistic solvent extraction system 55ï57. This is most common in mixtures of acidic and 

solvating extractants and is important for both rare earth and actinide ions. 

 Acidic extractants, particularly bis-(2-ethylhexyl)phosphoric acid (HDEHP) and its 

phosphonic or phosphinic acid derivatives, are the most important extractants for rare earth 

elements 39,41. The formation and extraction of hydrophobic rare earth complexes with acidic 

extractants are driven by a cation exchange mechanism where one or more extractantôs acidic H+ 

is exchanged for the cation of interest. Since the common rare earth cations are tripositive, three 

H+ ions must be exchanged into the aqueous phase for each trivalent rare earth ion extracted into 

the organic phase and this usually means that three extractants will each lose one H+ and bind to 

a single rare earth cation. The major equilibria needed for a useful thermodynamic description of 

the extraction of a trivalent rare earth cation, R3+, by an acidic extractant, HEx, that is 

preferentially dissolved in the organic phase are 

 HEx HExDK

 (2.3) 

 HEx H  + ExaK + - (2.4) 

 3+ +

3R 3HEx REx 3HexK
+ + . (2.5) 

 Equilibrium 2.3 represents the partitioning of the extractant between the aqueous and 

organic phases, with equilibrium constant KD. Equilibrium 2.4 represents the ionization of the 

extractant in the aqueous phase with the equilibrium constant Ka. The overall extraction 

equilibrium is represented by Equilibrium 2.5 with an equilibrium constant of Kex. The neutral, 

lipophilic complex, REx3, reports at least partially to the organic phase and three equivalents of 

H+ are released to the aqueous phase to maintain charge neutrality in both phases. In practical 

extractions KD is usually large, on the order of 100 or more, and the extraction is operated at 

acidities that tend to disfavor a significant concentration of Ex- in the aqueous phase. When R3+ 
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is the only rare earth species in the aqueous phase, and REx3 is the only rare earth containing 

species in the organic phase, the distribution ratio of rare earth R can be written in terms of the 

extractant concentration in the organic phase and the acidity of the aqueous phase, 

 
3

3

3+ 3

[REx ] [HEx]

[R ] [H ]
exD K

+
= =  . (2.6) 

 Rare earth extraction by acidic extractants is often influenced by other equilibria as well. 

Prime examples of this are complexation of the rare earth in the aqueous phase and aggregation 

of the extractant in the organic phase. If present, consideration of these equilibria is usually 

essential to a proper thermodynamic description of the extraction equilibria. It is important to 

note, however, while Equations 2.3-2.5 may represent a realistic description of the initial and 

final states of a generic extraction by an acidic extractant molecule, and they are valid 

thermodynamic descriptions of the extraction processes, these equilibria may or not be directly 

relevant to the kinetic description of the extraction process and they do not necessarily represent 

the actual chemical mechanism of an extraction.  

 A second class of extractants, basic extractants such as tertiary or quaternary amines, 

extract anionic complexes of the rare earths. Basic extractants tend to aggregate in the organic 

phase and extract anionic rare earth complexes based on simple electrostatic attraction as liquid 

anion exchangers. Their extraction chemistry is similar to that of solid anion exchange resins. In 

the case of tertiary amine extractants, the extractant must be protonated in order to extract 

anions, which makes the aqueous phase acidity an additional parameter that must be considered. 

Because of the similar sizes and relatively uniform complexation chemistry of Y3+ and Ln3+ ions, 

basic extractants are not particularly effective at separating individual rare earths from each 

other. Rather, they are used to separate rare earths from other elements. For example, solvent 

extraction systems based on the quaternary amine Aliquat 336 have been used for the difficult 

group separation of the trivalent rare earths from trivalent actinides as anionic chloro or 

thiocyanato complexes or as a synergist with acidic extractants for lanthanide extraction 58,59. 

Other anionic rare earth complexes, for example R(EDTA)-, may also be extracted by basic 

extractants 60. 
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 A generic extraction equilibrium for an anion exchanging basic extractant, A+, and the 

rare earth complexes of singly charged anions (e.g. NO3
- or Cl-) is 

 
3+ - + + + - -

4R + 4 X + A X A RX XexK
+ , (2.7) 

which leads to the net extraction equilibrium 

 3+ - + + + -

4R + 3 X + A X A RXexK . (2.8) 

If the equilibria for formation of A+X- in the organic phase can be neglected and R3+ and A+RX4
- 

are the only important rare earth containing species, the distribution ratio can be expressed as 
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Because additional aqueous equilibria, which produce unextractable species, such as 

 3+ - (3-n)+

nR + n X RXnb  (2.10) 

commonly occur in these systems, the actual distribution ratio expression becomes 

 
- 3 + -+ - + -

4 4

3+ -

[X ] [A X ][A RX ] [A RX ]

[R] [R ](1 [ ] ) (1 [X ] )

ex

n n

total n n

n n

K
D

Xb b-
= = =

+ +ä ä
 (2.11) 

where bn is the formation constant 61 of the complex RXn
(3-n)+ from R3+ and n X- ions and [R]total 
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is the concentration of all the aqueous phase species containing rare earth, R. For some elements 

and ligands, the anionic species extracted by amines are stable anionic complexes that exist in 

the aqueous phase in the absence of the extractant. For rare earth elements, however, the anionic 

complexes extracted often do not exist in significant concentrations in the aqueous phase. In this 

case the thermodynamic stability of the organic phase ion pair A+RX4
- promotes formation of the 

organic phase complex from other rare earth containing complexes. 

 The third type of extractant molecule is the neutral, solvating extractant. Common 

examples of solvating rare earth extractants are tributylphosphate or trioctylphosphine oxide and 

their derivatives. Solvating extractants may be dissolved in an organic solvent or they may be the 

solvent itself if the solvent molecules are sufficiently polar to interact with rare earth salts (e.g. 

methylisobutylketone or tributylphosphate). Because of the stringent requirement to maintain 

charge neutrality in both the organic and the aqueous phase, solvating extractants extract neutral 

rare earth complexes or charge balanced ion pairs. In systems with a monovalent anion, transfer 

of the rare earth between the phases by the solvating extractant, S, occurs according to the 

general equilibrium 

 3+ -

3 mR 3 X m S RX SexK
+ +  ,  (2.12) 

which gives a distribution ratio expression of 
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As with basic extractants, the formation of unextractable RXn
(3-n)+ complexes according to Eq. 

2.10 is common, and is accounted for in the denominator of the distribution ratio expression 

similar to Eq. 2.11. Nitrate, chloride, and perchlorate anions are the most common counter ions 

used for rare earth extraction by solvating extractants, but hydroxide 62, organic anions 63ï66, and 

synergistic acidic extractants 48,49 have been used to produce neutral complexes for rare earth 
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extraction in solvating extraction systems as well. 

2.3.1.2 Dynamics of the Solvent Extraction Process 

 While the thermodynamic equilibria of most properly functioning solvent extraction 

systems depend on the composition of the bulk aqueous and organic phases, the actual separation 

is a dynamic process that occurs when an ion pair or molecule moves from one phase to the 

other, crossing the boundary between the two liquid phases in a process called mass transfer. 

Figure 2.2 Schematic of the different solution regions encountered in a solvent 

extraction and the concentration gradients encountered in a simplified, steady state 

extraction of a rare earth, R3+, by an acidic extractant, HEx. The reaction between the rare 

earth and extractant takes place in a thin reaction zone within the interfacial region on the 

aqueous side of the interface. 
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In considering the dynamics of rare earth solvent extraction, it is useful to define three different 

regions in the aqueous and organic phases, the bulk aqueous and organic solutions, the aqueous 

and organic diffusion layers, and the interfacial region (Figure 2.2). In the bulk aqueous or 

organic phase, the properties of the solution, for example the dielectric constant; solvent density; 

chemical potentials; and activity coefficients are the same as those that would be observed in an 

isolated solution with the same chemical composition. The diffusion layers are zones adjacent to 

each side of the aqueous-organic boundary where the turbulent mixing of the aqueous or organic 

phase is strongly damped and concentration gradients of the rare earth species drive rare earth 

transport across the layer through diffusive processes. In dilute solutions, the solution properties 

of these diffusion layers, but not the concentrations of partitioning species, match those of the 

bulk phase until the interfacial region is reached. The interfacial region (Section 2.3.1.3) spans 

narrow portions of the aqueous and organic diffusion layers and includes the boundary between 

the two phases. As part of the diffusion layers, molecular transport is diffusion controlled in the 

interfacial region, but the solution properties of the interfacial region reflect a progressive 

transition from the properties of the bulk aqueous phase to those of the bulk organic phase 

(Figure 2.1b). In a solvent extraction system, chemical reactions can occur in any or all of these 

zones, while the diffusion layer and interfacial region control the physical transport of species 

between the bulk aqueous and organic phases.  

 The rate of solvent extraction is, by definition, the rate of mass transfer between the 

phases, and it is determined by the rate of the slowest processes in the solvent extraction system. 

The rate-determining step of a given liquid-liquid extraction system could occur at any point in 

the set of interactions that define that extraction process in either the bulk aqueous or organic 

phases, the diffusion layers, or the interfacial region. Because the rate of inter-phase mass 

transfer depends on both chemical equilibria and diffusion of the extracted species, the rate 

determining step could be a chemical reaction, diffusive processes, or a combination of the two. 

Several different theoretical frameworks for treating mass transport in solvent extraction exist 67ï

69, but the overall understanding derived from the different approaches does not vary 

substantially for most systems 70,71. In the simplest of these models, the two-film model, different 

diffusion coefficients and concentration gradients in the stagnant films on the aqueous and 

organic sides of the interface couple to the unique solution compositions in the interfacial region 

to determine the maximum rate at which a given chemical species will move from one bulk 
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solution to the other. 

 Focusing on the physical process of transferring a given rare earth species across the 

aqueous-organic interface, the rate of diffusive mass transport under steady state conditions can 

be treated in terms of Fickôs First Laws as 

 

1 [R]R
R

dn d
J d

A dt dx
= =-

, (2.14) 

where J is the flux, A is the interfacial area, nR is the number of moles of the rare earth species R 

transferred across the interface, [R] is the concentration of that species at distance x from the 

phase boundary, and dR is its diffusion coefficient. Since the diffusion coefficients of a given 

species can be considered constant for a given chemical composition, temperature, and pressure, 

the only ways to increase the mass transfer rate at a given bulk [R] are to increase the interfacial 

area or decrease the thickness of the aqueous or organic diffusion layers adjacent to the interface, 

both of which can be accomplished by efficiently mixing the phases.  

 Although the aqueous and organic phases often can be efficiently and rapidly mixed, 

which eliminates diffusion of the chemical species within the stirred bulk phases and greatly 

increases the interfacial area, the interface presents a physical barrier to complete mixing within 

the aqueous or organic phases of practical, macroscopic solvent extraction systems 69,72. As a 

consequence, thin diffusion layers of largely stagnant solution form on both sides of the interface 

regardless of the degree of mixing. Other theories account for greater degrees of turbulent 

mixing in the diffusion layers 67,68,73, but the overarching concepts are similar. These diffusion 

layers typically appear to be 1 ï 100 mm thick, with the layer thickness being influenced by the 

mixing rate as well as the viscosity and density of the aqueous and organic solutions. Though 

thin, the diffusion films are much thicker than either the size of the diffusing molecules or the 

interfacial region, therefore the rate of molecular diffusion across the films often is comparable 

to or even longer than the rate of the chemical reactions in the solvent extraction system (vide 

infra). Even in the most vigorously mixed conventional extraction systems, a thin diffusion layer 

remains and the diffusion rate through these layers sets an upper limit on the extraction rate with 
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the time required to cross a diffusion layer of thickness, d, which is given by 74 

 
2

R

t
d

d
= . (2.15) 

The rare earth containing molecules or ion pairs that partition between the aqueous and organic 

phases typically have diffusion coefficients on the order of 10-5 ï 10-6 cm2/s 75,76, implying that a 

rare earth complex typically requires approximately 0.001 ï 100 seconds to cross the diffusion 

layer. This is comparable to or slower than the rates of many chemical reactions, particularly 

reactions of the rare earth elements. Thus, the diffusion rate is often a significant contributor to 

the rate of solvent extraction. The interplay between the diffusion rate and the rate of chemical 

reactions of rare earths in determining the actual kinetics of mass transfer is discussed further in 

Section 2.4.2. 

 The absence of diffusive effects and the presence of a diffusion layer of constant 

thickness can be difficult to distinguish 77,78. An interesting study to probe a purely diffusive 

extraction system was constructed by Kandil and Choppin 79 that tracked the extraction of 

trivalent Tm by dinonoylnaphthalenesulfonic acid. The two phases were not stirred, just assayed 

for Tm content over approximately 20 hours, and three linear terms were necessary to fit the 

experimental data. Kandil and Choppin conclude that three terms can be used to describe the 

diffusive processes, the first of which occurs in the interfacial films and across the interface. The 

second and third terms are taken to describe diffusion in each of the bulk phases, which become 

rate limiting when a steady state concentration gradient is established in the interfacial film.  

 The importance of diffusion in determining the rate of mass transfer varies greatly for 

separations derived from conventional solvent extraction, such as extraction chromatography, 

centrifugal partition chromatography, supported liquid membranes, and microfluidic liquid-

liquid extraction because the efficacy of mixing varies widely in these systems. Diffusion 

generally plays a larger role in supported liquid membranes or chromatographic liquid-liquid 

extractions because the immobilized phases are not agitated in these techniques, which creates 

comparably thick diffusion layers. On the other hand, a properly designed microfluidic slug 
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extraction apparatus (see Section 2.3.2.5), with -slug dimensions on the order of 100 mm or less, 

eliminates considerations of diffusion by inducing highly-efficient mixing of nanoliter volumes 

with negligible diffusion layers in both phases of a liquid-liquid extraction system 80. 

2.3.1.3 The Aqueousïorganic Interface 

 Because the interfacial region near the aqueous-organic boundary is both part of the 

diffusion layer and presents a chemical environment distinct from either the bulk aqueous or 

organic phases, the interfacial region often plays an outsized role in the rate of solvent extraction 

separations 73.  

 The aqueous-organic interface is often depicted as a flat, sharp transition between the two 

phases; however both experimental and computational studies demonstrate that this model is 

unrealistic at the molecular level 81ï84. Instead, the interfacial region is better viewed as a zone of 

progressively changing chemical compositions that extends approximately 1 ï 10 nm into the 

aqueous and organic phases (Figure 2.1). Leaving the bulk aqueous phase and crossing the 

interfacial region, an ion or molecule will generally encounter increasing concentrations of the 

organic solvent molecules and other hydrophobic molecules and decreasing concentrations of 

water, solvated ions, and hydrophilic complexes. The concentrations of interfacially active 

molecules, most notably the extractants, generally also change across the interfacial region, 

reaching a maximum near the midpoint of the interfacial region. The width of the interfacial 

region and the sharpness of the transition from the properties of the bulk aqueous phase to those 

of the bulk organic phase will vary depending on the nature of the solvents and the solutes as 

well as the concentrations of interfacially active species (i.e. extractants or ligands) present in the 

system 83,85. Because of these combined gradients in both the concentration of the diffusing 

species and the properties of the solution, rigorous modeling of mass transport across the 

interfacial area requires models more advanced than the simple two film model, but the limited 

width of the interfacial region implies that the diffusion-controlled residence time within the 

interfacial region will be short compared to the overall residence time in the aqueous and organic 

diffusion layers. 

 Nevertheless, the interfacial region can have a large impact on the kinetics of the 
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extraction first because the interface presents an energic barrier to the transfer of species between 

phases 73,86 and second because the chemical composition and associated solution conditions 

encountered in the interfacial region enables formation of interfacial species that do not exist in 

the bulk aqueous and organic phases. A key reason for this is the propensity of many extractant 

molecules to concentrate at the interface 87. Extractants are generally amphiphilic as they are 

composed of both polar hydrophilic groups necessary for binding metal ions (e.g. -POOH ,-C=O, 

=N-OH, ſN), and non-polar hydrophobic groups necessary to solubilize the resulting complex in 

the organic solvents. In the interfacial region both the hydrophilic and hydrophobic groups of the 

extractant are able to interact simultaneously with compatible solvent molecules; the extractantsô 

polar functionalities are oriented toward the aqueous phase while the non-polar ñtailsò are 

oriented toward the organic phase. The affinity of extractant molecules for this hybrid 

environment makes it common for the interfacial region to be physically saturated with 

extractant molecules or metal-extractant complexes when the bulk concentration of extractant is 

high enough to achieve useful distribution ratios. These interfacial assemblies, in turn, may 

accelerate or retard the mass transfer between the phases depending on the specific properties of 

the complex 73,88.  

 Interfacial complexes may also affect the rate of mass transfer through the rate of the 

particular chemical reactions required to form a given interfacial complex, as observed in the 

TALSPEAK solvent extraction separation of trivalent actinides from lanthanides 23. The 

complexes encountered in the interfacial region may be hybrid species intermediate between the 

complexes observed in the bulk aqueous and organic phases 89, unique species observed only in 

the interfacial region, such as the ternary europium complex described by Watarai 90, or they 

may be interfacially active complexes that concentrate in the interfacial region but also exist in 

either of the bulk phases 82,91.  

2.3.1.4 Chemical Kinetic Considerations in Rare Earth Separation Chemistry 

 The chemistry of the rare earth elements is marked by the predominance of the trivalent 

oxidation state, a consistent variation in ionic radii, and hard Lewis acid behavior that together 

result in primarily ionic chemical bonds of varying strength across the rare earth series. Together 

these chemical properties cause the rare earths to generally follow each other in chemical 
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separations, which enables straightforward separations of the rare earths as a group and makes 

the separation of individual rare earths challenging. The fundamental solvent extraction 

equilibria and mass transport processes for these separations outlined above frame the boundaries 

for extractive separations of the rare earth elements, but the unique chemical properties of the 

rare earths manifested in their solution and coordination chemistry also can influence the kinetics 

of their solvent extraction separations by changing the kinetics of the rate determining step of the 

separation, or even changing the rate determining step altogether. 

 All rare earth ions are most stable in the trivalent oxidation state in aqueous solution. 

Although organometallic complexes of divalent rare earths and simple solid inorganic 

compounds of a number of tetravalent lanthanides are well known 92, they generally are not 

stable in the air saturated aqueous solutions used for separations. Of these ions only tetravalent 

cerium and divalent europium are stable enough to have been exploited in solvent extraction 

separations under select conditions. The charge and size of rare earth cations enables them to 

form moderately strong complexes with ligands in solutions, whether the ligands are simple ions, 

dipolar solvent molecules, such as water, or more complex molecules containing Lewis base 

donor groups well-suited to rare earth binding. When steric effects are not important, the 

thermodynamic strength of the rare earth complexes with a given ligand generally increases with 

decreasing cation size due to the greater charge density of the smaller rare earth ions. These 

systematic thermodynamic differences are useful for separating individual rare earth elements 39, 

but they also reflect differences in the rates of rare earth complexation and complex dissociation 

that can affect the separation kinetics 93,94. For example, the steady increase in the equilibrium 

constant for complexation of trivalent rare earth ions by CDTA4- (trans-1,2-diaminocyclohexane-

N,N,Nô,Nô-tetraacetate) as the radii of the rare earth cations decrease (Figure 2.3a) is due to an 

order of magnitude increase the rate of the complex formation reaction and, more importantly, to 

steady decreases in the rate constants for both the acid-dependent and acid-independent 

dissociation of the R(CDTA)- complexes that each span approximately 4 orders of magnitude 

(Figure 2.3b). 

 The nature and energies of the valence electrons and unoccupied orbitals of rare earth 

ions also combine to make the rare earth cations favor formation of ionic chemical bonds with 

ligands containing hard Lewis base donor atoms, especially oxygen. The combination of 
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principally ionic bonding, large ionic radii, and the multiplicity of diffuse and well-shielded 4f 

valence orbitals allows lanthanide cations to form complexes that are not constrained by the 

familiar geometries (tetrahedral, octahedral, bipyramidal, etc.) encountered in transition metal 

chemistry, and rare earth complexes with coordination numbers of 8 or 9 are commonly 

encountered. More importantly for kinetics, though, the non-directional ionic bonds of rare earth 

complexes are generally labile and the ligand exchange reactions of these complexes often 

proceed much more quickly than the ligand exchange reactions of trivalent transition metal or 

main group element cations 95.  

Figure 2.3 Relationship between equilibrium and kinetic rate constants for trivalent rare 

earth-CDTA complexes. (a) The logarithmic equilibrium constants for the reaction 2
#$4!ᵶ2#$4! (Ã) increase steadily with increasing charge density caused by the 

decreasing size of the rare earth cations. (b) The steady increase in the equilibrium constant 

across the rare earths is principally due to the steady decrease in the dissociation rate constants. 

The rate constants for the formation of 2#$4! (Â) vary little between different rare earth 

cations, while the rate constants for the acid independent ()̧ and acid catalyzed (p) 

dissociation of 2#$4! decrease steadily with increasing charge density caused by the 

decreasing size of the rare earth cations. Adapted from data in 93 with ionic radii (Rcation) for 

coordination number 8 33. 
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 Ligand exchange reactions are critical in solvent extraction because bare, uncomplexed 

R3+ cations do not exist in condensed phases. Rather, the rare earths always occur in some 

compound or complex. Even in a simple aqueous chemical reaction, such as Eq. 2.10, R3+ 

actually signifies the fully solvated aqua cation of a rare earth, R(H2O)h
3+ (h = 7 or 8 for Sc3+; 8 

for Y3+; and 8 or 9 for Ln3+) 96ï98. Thus, the reaction of a rare earth cation with a ligand, L, in 

aqueous solution is actually a ligand exchange reaction where one or more water molecules 

originally associated with the rare earth cation are replaced by the ligand to form a hydrated R-L 

complex. The exact reaction mechanism of such ligand exchange reactions (associative, 

dissociative, associative interchange, or dissociative interchange) varies depending on the 

specific metal cation, ligands and solvent involved, but in aqueous solution these sorts of rare 

earth complexation reactions can usually be described by a general form of the Eigen mechanism 

99.  

 In the general Eigen mechanism, a solvent-separated, or outer sphere 100, metal-ligand 

complex forms rapidly and the ligand replaces one or more water molecules coordinated to the 

metal in a subsequent slow, rate-determining step. Focusing only on the water molecules directly 

coordinated to a rare earth cation, this class of reaction can be summarized as 

 1 2

1

3+ n- 3+ n- 3-n

2 h 2 h 2 h-x 2R(H O) + L R(H O) --L RL(H O) + x H O
k k

slowk-
½½½­ .  (2.16) 

Since the rate-determining step is the displacement of coordinated water molecules in the 

transition from the solvent-separated rare earth-ligand complex, the rate of the overall ligand 

exchange reaction is 

 
3+

2 2 h
2 h-x

[L][R(H O) ]
[RL(H O) ]

1 [L]

os

os

k Kd
rate

dt K
= =

+
  (2.17) 

subject to the conditions [R(H2O)h
3+--L] << [R(H2O)h

3+] << [L], with Kos representing the 

equilibrium constant for the formation of the outer sphere complex and Kos = k1/k-1 
101. For many 



30 

 

metal ions, including the rare earth cations, the rate constant k2, which determines the reaction 

rate, often is observed to be largely independent of the ligand but closely correlated to the 

solvent exchange rate. This implies that the release of coordinated water from the intermediate 

solvent-separated metal-ligand complex, R(H2O)h
3+--L, controls the complexation rate of ligand 

L 102. The non-directional electrostatic ion-dipole interactions between rare earth cations and 

water molecules favor rapid water exchange rates both for the fully hydrated aqua cations 

(Figure 2.4a) and for rare earth-ligand complexes that contain residual coordinated water 

molecules (Figure 2.4b). Therefore, the complex formation reactions of rare earth ions are 

Figure 2.4 Comparison of ligand exchange rates of aqueous trivalent metal complexes with 

the range of times typically required to cross the diffusion layer in solvent extraction (10-3 ï 102 

seconds). (a) Lifetimes for water exchange of trivalent cations. (b) Distribution of water 

exchange lifetimes reported for 113 gadolinium(III) complexes. (c) Range of ligand exchange 

rates measured for aqueous trivalent rare earth-ligand complexes assuming 0.01 M uncomplexed 

ligand and 0.001 M H+; f = forward rate, r = reverse rate, rô = acid catalyzed reverse rate. Data 

adapted from 93,329ï333 
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generally expected to be rapid for a wide range of complexing agents.  

 The reported lifetimes of the forward and reverse complexation reactions for a range of 

rare earth ions with various ligands are compared in Figure 2.4c for aqueous solutions containing 

0.01 M ligand. The overall equilibria for such reactions, 

 3+ n- 3-n

2 h 2 h-x 2R(H O) + L RL(H O) + x H O
f

r

k

k
  (2.18) 

typically feature complex formation reactions, characterized by rate constant kf , which are 

substantially faster than the lifetime of these species in the solvent extraction diffusion region 

(0.001 ï 100 seconds). The complex dissociation reactions (the reverse reactions characterized 

by rate constant kr) show a more complicated behavior. As for the forward reactions, the reported 

dissociation lifetimes of many rare earth complexes are much shorter than the lifetime of the 

species crossing the diffusion layers. However, for strongly complexing ligands with large 

equilibrium constants (K Ó 107), such as CDTA, the dissociation lifetimes of rare earth 

complexes are often comparable to or even much longer than the time it takes for the species to 

cross the diffusion region (Figure 2.4c). This arises from the kinetic definition of the equilibrium 

constant, K = kf /kr, which implies that a large equilibrium constant requires a reverse rate 

constant that is much smaller than the forward rate constant, and from the fact that the water 

exchange rate places an upper limit on the value of kf. 

 The rapid complexation kinetics of the rare earths are not limited to the aqueous phase. 

Although the kinetics of organic phase complexation reactions have been studied far less than 

reactions in aqueous solution, the same fundamental rare earth chemistry governs both the 

aqueous and organic phase complexes. Differences between reactions in the two phases arise 

because the organic phases of solvent extraction systems usually cannot support the presence of 

ionic species and, unlike water, many common organic diluent molecules do not interact directly 

with the rare earths. This means that other reactions, for example the transfer of an acidic proton 

between exchanging ligands, may be required to occur in concert with the ligand exchange 

reactions. The exchanging organic phase ligands also will be present at much lower 

concentrations than the aqueous concentration of water. Both of these conditions can hinder 
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organic phase ligand exchange reactions. Nevertheless, the reported ligand exchange rates of rare 

earth complexes in the organic phases ( 

Table 2.1) are also fast compared to the diffusion limited mass transfer rates in solvent 

extraction. The slower rates of HTTA exchange reported by Szabo et al. for yttrium complexes 

appear to derive from the slow opening the Y-TTA chelate ring and transfer of the acidic proton 

between the entering and leaving extractant molecules 103. The ligand exchange rates of neutral 

extractants, such as TBP and CMPO, are consistent with the relatively short equilibration times 

observed for f-element extractions by these ligands, while extractants that require longer to reach 

equilibrium, e.g. HTTA, display much smaller rate constants.  

Table 2.1 Rate constants for extractant exchange reactions of organic phase rare earth 

complexes 

Reactants kex, s
-1 Solvent T, K Reference 

La{H(DEHP)2} 3 + (HDEHP)2 1.3 x 105 DIPBa 298 104 

Sm{H(DEHP)2} 3 + (HDEHP)2 1.8 x 103 DIPBa 298 104 

Y(TTA)3(H2O)2 + HTTA 4.4 x 102 CDCl3 260 103 

Y(TTA)3(TBP)(H2O) + HTTA 1.4 x 101 CDCl3 268 103 

Pr(NO3)3(TBP)2 + TBP 5.2 x 104 CDCl3 300 105 

Eu(NO3)3(TBP)2 + TBP 2.4 x 104 CDCl3 300 105 

Y(TTA)3(TBP)(H2O) + TBP 2.1 x 103 CDCl3 268 103 

La(NO3)3(CMPO)3 + CMPO 2.5 x 104 CDCl3 300 105 

Pr(NO3)3(CMPO)3 + CMPO 1.3 x 104 CDCl3 300 105 

Sm(NO3)3(CMPO)3 + CMPO 8.9 x 103 CDCl3 300 105 

 a1,3-diisopropylbenzene 

2.3.2 Equipment for Benchtop Liquid -liquid Extraction Studies 

 Because of the fundamental importance of diffusion and chemical reactions in the 

interfacial region to the kinetics of solvent extraction, methods for creating well-defined 

interfacial areas, controlling the hydrodynamics, and manipulating the width of the largely 

stagnant diffusion layers adjacent to the interface are critical for quantitative mechanistic studies 
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of solvent extraction. A variety of experimental approaches, such as high-speed stirring, constant 

interfacial area cells, moving drops, rotating cells, and microfluidics, have been developed for 

quantitative studies of solvent extraction kinetics. Studies of rare earth extraction have used 

experimental setups from each of the major approaches to probe the rates and chemical 

mechanisms of extraction. 

2.3.2.1 High-speed Stirring 

 The simplest approach for quantitative studies of liquid-liquid extraction kinetics is to 

rapidly stir the aqueous-organic mixture to produce a suspension of small droplets of one phase 

within a continuum of the other phase. This approach best approximates the mixing conditions 

encountered both in laboratory-scale solvent extraction investigations, where phases are often 

vigorously mixed by vortexing, and in most industrial-scale rare earth separations, which employ 

mixer-settlers. 

 The minimal apparatus for kinetic measurements via high-speed stirring consists of a 

reaction vessel, a method to rapidly and reproducibly stir the aqueous-organic mixture, and a 

means to determine the concentration of at least one partitioning species in either phase at 

discrete times without interrupting the stirring. The mixing apparatus and reaction flask can be 

quite simple and is usually comprised of a high-speed motor with some version of a propeller-

type stirrer in an appropriate glass vessel. The primary difficulty in implementing this approach 

arises in sampling and analyzing the mixture. The simplest sampling systems remove an aliquot 

of the mixed phases at known time intervals and the aqueous and organic phases are separated 

and analyzed off-line by a suitable technique 106. More advanced systems, such as the AKUFVE 

solvent extraction system 107, continuously sample and analyze one 108,109 or both 110ï112 of the 

phases. An alternative approach for fast extraction reactions is rapid aqueous-organic mixing in a 

stopped-flow cell, which initially creates solution conditions similar to high-speed mixing 113, 

and is suitable for spectroscopic measurement of the concentrations in the aqueous or organic 

phases or the interface. 

 Although it can be easy to implement, the high-speed stirring approach to experimental 

measurements of solvent extraction kinetics is limited by the difficulty of obtaining a known 



34 

 

interfacial area and controlling the hydrodynamics on both sides of the interface 114. In certain 

cases, the average drop size and interfacial area of the solvent extraction system can be 

determined through separate sets of measurements on the system being studied 115. However, 

even when the interfacial area can be measured, and the continuous phase is rapidly mixed, 

efficient mixing within the droplets of dispersed phase remains problematic as it will be driven 

primarily through drop coalescence and reformation.  

2.3.2.2 Constant Interfacial Area Cells 

 The limitations of the high-speed stirring technique for determining the absolute kinetics 

of a solvent extraction system are addressed in constant interfacial area cells. These types of 

mass transfer cell are often collectively referred to as Lewis cells after the designer of the first 

stirred constant area cell for liquid-liquid kinetic measurements 116, despite important 

modifications and improvements to Lewisô original design 117ï120. They are most important to 

laboratory studies of rare earth separation kinetics, where they represent the majority of all 

quantitative kinetic studies of rare earth extraction, rather than industrial-scale separations 

because their limited interfacial area impedes the mass throughput necessary for efficient 

industrial applications. 

 In constant interfacial area cells, the two liquid phases are layered in a cylindrical 

compartment where the aqueous and organic phases are both stirred (Figure 2.5). Because the 

stirrers are far from the interface and the stirring speeds are chosen to maintain a quiescent 

interface, the interfacial area is exactly determined by the geometric cross section of the contact 

area between the phases. Advanced versions of the Lewis cell may contain removable inserts or 

baffles to vary the contact area, independent counter-rotating stirrers for the aqueous and organic 

phases, and mesh screens 117,119 on either side of the interface. The screens are particularly 

important to maintaining a still interface, and thus a well-defined interfacial area, at higher 

stirring speeds. The screens interrupt the translational motion of the stirred bulk phases, 

converting concerted flow in the stirred bulk phases to turbulent flow near the interface, 

quenching the formation of vortexes, and suppressing ripples that would distort the interface. 

The turbulent flow near the interface is essential to minimize the thickness of the diffusion 

layers, but it also makes the interfacial hydrodynamics of most Lewis cells ill-defined 118. 
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Nevertheless, efficient stirring in Lewis cells with screens makes effective diffusion layers as 

thin as 10 mm achievable 69. 

 Stirred constant interfacial area cells are generally believed to exhibit a particular 

advantage for kinetic measurements of solvent extraction processes as they can diagnose when 

an extraction rate is controlled by diffusion. Because the interfacial area of a Lewis cell is 

Figure 2.5 Diagram of the ARMOLLEX modified Lewis cell for solvent extraction kinetic 

measurements. From: ARMOLLEX: An apparatus for solvent extraction kinetic measurements, 

P. Danesi, C. Cianetti, E. P. Horwitz, and H. Diamond, Separation Science and Technology, 

1982, 17(7) pp. 961-968, Taylor and Francis, reprinted by permission of the publisher (Taylor & 

Francis Ltd, http://www.tandfonline.com). 
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constant, the changes in the extraction rate with stirring speed are attributable to changes in the 

thickness of the diffusion layer. At low stirring rates, mixing near the interface is comparatively 

inefficient and the thickness of the diffusion layer is large, often large enough that the extraction 

rate is diffusion controlled. Increasing the stirring rate improves the mixing throughout the 

system, including near the interface, which decreases the thickness of the diffusion layers. It also 

proportionately increases the rate of diffusion-controlled extractions. In some solvent extraction 

systems, all the chemical reactions are so fast that the diffusion rate controls the extraction rate 

regardless of the stirring speed. In other solvent extraction systems, for example the extraction of 

rare earths from nitric acid by HDEHP, increasing the stirring eventually leads to a region where 

the mass transfer rate becomes independent of the stirring speed, a phenomenon that could arise 

from two sources. Either the diffusion layer has become so thin that the extraction rate is now 

controlled by the kinetics of chemical reactions rather than diffusion, or the thickness of the 

diffusion layer has become independent of stirring speed 119. It is common to assume the former 

case, but that assumption is not necessarily correct 121 and more complex studies are required to 

differentiate between these two possibilities when this condition is encountered.  

2.3.2.3 Moving Drops 

 The moving drop technique for measuring extraction kinetics is closely related to the 

continuous contact column extractors used for industrial separations. In this method uniform-

size, spherical drops of aqueous or organic phase fall or ascend through a vertical tube containing 

the other (continuous) phase. A drop is formed at one end of the tube, detaching when it becomes 

sufficiently large. Falling or rising through the column of the other phase, the drop constantly 

encounters fresh solution and its motion also provides turbulent mixing in the column. Extraction 

occurs across the surface of the drop, and the mass transfer may be into or out of the drop 

depending on the solute concentrations. After a particular transit time determined by the length 

of the liquid column, each drop joins a pool of collected drops at the opposite end of the tube that 

can be sampled to determine the extraction rate. The degree of extraction in this apparatus can be 

systematically varied by changing the length of the column or the drop size.  

 While single drop methods are relatively simple to implement, they have been used 

infrequently to study the kinetics of rare earth extraction 122ï124. The fundamental drawbacks in 
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applying this technique for quantitative kinetic studies are premature and post-collection 

extraction and the difficulty in modeling the hydrodynamics within the drops. Extraction begins 

before drop detachment as soon as drop formation starts and the two phases come into contact 

and it continues, albeit more slowly, as long as the collected pool of drops is in contact with the 

liquid column. This introduces uncertainty into both the interfacial area and the contact time, but 

rapid drop formation and continuous sampling of the collected drops can minimize this. 

Mathematical treatments of extraction during drop formation have also been proposed 125. The 

larger difficulty arises from the internal hydrodynamics of the drops 126,127. Although movement 

of the drop through the column creates turbulent mixing in the column phase, it has a much 

smaller effect on mixing inside the drop, especially when surface active extractants are strongly 

adsorbed at the interface. The range of extraction rates accessible to this technique are also 

limited as discussed by Danesi et al. 128. 

2.3.2.4 Rotating Cells 

Figure 2.6 Schematic diagram of a microfluidic extraction system with a micrograph of 

slugs of aqueous 0.01 M HEDTA in a continuous phase of 0.05 M tetra(2-

ethylhexyl)diglycolamide/0.75 M HEH[EHP]/n-dodecane traversing a 250 mm diameter 

microfluidic channel. 
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 A rotating disk drags solution along the disk surface, creating laminar flow that is 

replenished with fresh solution flowing parallel to the diskôs surface. The surface area of the disk 

is well known, and the equations describing the hydrodynamic conditions can be solved exactly, 

as is the case for the rotating disk electrode commonly used for electrochemical measurements. 

To measure solvent extraction kinetics, the disk is usually a thin hydrophobic or hydrophilic 

membrane impregnated with one of the phases, though gels are also sometimes used. The mass 

transfer rate between the phase immobilized in the disk and the opposite phase is measured, and 

the thickness of the diffusion layer can be calculated from the Levich equation 129. However, 

rotating cells have no comparable apparatus in industrial systems, and rarely have been applied 

to study rare earth separations over the past 40 years 130.  

2.3.2.5 Microfluidics  

 The most recently developed and highly-promising approach to measuring solvent 

extraction kinetics employs microfluidic channels to contact small volumes of aqueous and 

organic phases with readily measurable interfacial areas. For kinetic measurements slugs, which 

are cylindrical drops that completely fill the width of the channel, flow through a microfluidic 

channel containing the other phase (Figure 2.6). Uniform-sized slugs are generated at a 

consistent frequency as the carrier phase and slugs of the other phase flow through the 

microfluidic channel. Mass transfer between the phases takes place across the ends of the slugs 

where the two phases are in contact 131, and this interfacial area at the end of the slugs is directly 

measurable using a microscope. The flow rate and length of the microfluidic channel determines 

the residence time of each slug and thus the contact time between the phases. At the end of the 

channel, the slugs are separated from the carrier phase, collected, pooled and sampled to 

determine the extraction rate. Since the slug dimensions are small, on the order of 100 mm, each 

slug contains approximately a nanoliter of solution and the specific interfacial area (the ratio of 

the interfacial area to the drop volume) is orders of magnitude larger than the specific interfacial 

area of a Lewis cell. Most importantly, the hydrodynamics of the microfluidic systems are well-

defined. Unlike the moving drop technique, the small dimensions of the microfluidic slugs and 

the contact between the slugs and the channel walls induce a very efficient, millisecond time-

scale convective mixing in both phases that can eliminate significant diffusion layers on either 
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side of the interface, so diffusion will not contribute to the observed mass transfer rates in a 

properly configured system 80. 

2.4 Solvent Extraction Kinetics 

 The kinetics of rare earth separations by solvent extraction are critical from two 

perspectives. First, the throughput of a separation process is controlled by the number of 

separation stages required to achieve the desired purity and the rate of mass transfer in each of 

those stages; the faster the kinetics of separation the higher the throughput of a given separation 

stage. Therefore, the kinetics of a given solvent extraction system determine the practicality and 

ultimately the cost of purifying the rare earths from contaminants and producing individual rare 

earths. Second, comprehensive studies of the extraction kinetics open a window into the specific 

physical processes and chemical reactions that control the mass transfer with corresponding 

insight into the mechanisms of a separation, which can provide specific approaches for tuning 

the kinetics.  

2.4.1 Effects of Solution Components on the Extraction Rates 

 The kinetics of solvent extraction cannot be generally predicted from the identity of the 

rare earth and extractant involved. Even in systems that contain very few components, for 

example rare earth; extractant; diluent; and acid, the extraction rate will often be affected by the 

counter ion, pH, and ionic strength as well. 

 Within the organic phase, the diluent has multiple mechanisms for affecting the 

extraction rates. It influences how extractants align at the interface, and how or if extractants 

aggregate. Diluent choice can also influence Cmin, the minimum concentration to achieve 

saturation at the interface. Increasingly polar diluents interact more strongly with extractants and 

are also more inclined to align with water molecules at the interface, giving rise to an increase in 

Cmin (aliphatic < aromatic < chloroform) 132ï134. This is especially important in systems where the 

rate-limiting step occurs at or near the interface. For extractants that complex by a cation 

exchange mechanism, aliphatic hydrocarbons have become the diluent of choice because they 

usually produce the best extraction kinetics and highest distribution ratios 135.  
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 Increasing the extractant concentration is by far the most straightforward way to increase 

the rate of extraction 136ï138, but only up to a point ï particularly with cation exchanging acidic 

extractants. Above a certain concentration, the increase in extraction rate will plateau due to 

saturation of the interface with unreacted extractant 139ï143. Extractant choice is a balancing act 

between fast kinetics (favored by more basic extractants) and fast stripping (favored by the more 

acidic extractants) 123,144,145. A more recent approach to maintaining selectivity but improving 

extraction kinetics is to create a mixed extractant system. The addition of a second extractant can 

sometimes provide synergistic benefit by extracting one rare earth faster than another that does 

not receive synergistic benefit 146,147. 

 The acidity of the bulk aqueous phase and the interfacial region also influences Cmin. 

Increasing the pH while maintaining ionic strength increases the concentration of deprotonated 

cation exchanging extractant at the interface, lowering Cmin but generally accelerating the rate of 

extraction 132,136. Eventually all the interfacially adsorbed extractant will be ionized and the effect 

of increasing pH on the extraction rate will plateau, much like the extractantôs effect on the rate 

123,136,140,144,148. The effect of pH on the rate is also much stronger at low pHôs when aliphatic 

hydrocarbon diluents are used; as pH increases, diluent choice makes less of a difference on the 

rate 149. One important note to make is that the addition of HF to neutral extractant systems has 

been shown to drastically decrease the kinetics of the system 150, although the mechanism for this 

effect is not entirely clear.  

 Addition of non-extracted rare earth complexing ligands to the aqueous phase, such as 

aminopolycarboxylic acids, has been shown to decrease the extraction kinetics, but the inclusion 

of carboxylic acid buffers into these solutions helps to ameliorate the slow kinetics although not 

entirely 23,151,152. In the absence of a holdback reagent, the buffer can have a negative effect on 

the rate of extraction depending on which buffer is chosen 153ï155, or it can promote dramatic 

increases 155ï157 in the extraction rate. Care must be taken to choose an appropriate pH as it can 

sometimes decrease the rate of extraction, and some argue that pH is more important than which 

carboxylic acid is chosen 152. 

 When tested alone, increasing the rare earth concentration will increase the extraction 

rate 136,140,141,149,157ï161, but few studies have looked at the kinetic impact of mixtures of rare 

earths on the separation kinetics. The effects are system dependent; sometimes the addition of 
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another rare earth into the solution inhibits the extraction rate of the other rare earths 123, other 

times a combination may enhance extraction 142, while for others there is no effect at all 80,162. 

Across the range of rare earths, depending on the extractant used, the rates might either increase 

(HDEHP, HEH[EHP], Cyanex 302) 140,153,163,164 or decrease (malonamides) 165 from the light to 

middle rare earths, with the correlation being affected by extractant basicity and cation size 163. 

The relative position of the two rare earths being evaluated will dictate the relative impact to the 

extraction rates.  

 Increasing the ionic strength of the aqueous phase generally increases interfacial activity 

132, thereby increasing extraction 166. When it comes to the effects of counter ion, it is very 

dependent on the hydration energy of the counter ions and the stability constants of the rare 

earth-counter ion complexes. Chloride tends to play little to no role in enhancing extraction 

kinetics 167,168, while nitrate can enhance extraction rates measurably 168,169, even in systems 

where the equilibrium complex does not include nitrate 143,159,170, contrary to the inaccurate 

assumption that the kinetic effects do not need to be studied for components not involved in the 

equilibrium complex 171ï173. 

2.4.2 Kinetic Regimes of Solvent Extraction Reactions 

 Mechanistic kinetic studies of solvent extraction systems are complicated by the role of 

diffusive processes in the rate of mass transfer (Section 2.3.1.2) and the presence of two liquid 

phases. This can make it difficult to distinguish between alterative mechanisms in the extraction 

of rare earths. Because of this complexity, parallel physicochemical information beyond the 

simple rates of mass transfer is often more important for interpreting the kinetic data of solvent 

extraction reactions than for conventional, single phase chemical reactions, though this 

information can be difficult to obtain in stirred systems 174. Fortunately, the kinetics of solvent 

extraction displays many similarities to the kinetics of heterogeneous catalysis and biphasic (gas-

liquid, gas-solid, liquid-liquid, or liquid-solid) chemical synthesis. Comparisons with such 

systems can be helpful for understanding the relative importance of diffusion and chemical 

kinetics for a given rare earth solvent extraction system and in formulating rate expressions and 

chemical mechanisms, particularly when supported with other physical data. Numerous 

examples of the forms the solvent extraction kinetic equations take for different types of rate 
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limiting steps have been summarized previously 87,128,175.  

 To emphasize the central role that diffusion plays in solvent extraction kinetics, solvent 

extraction separations are commonly categorized as occurring under one of three different 

regimes. Extractions are considered under diffusion control, when all the relevant chemical 

reactions occur much faster than diffusive processes and the rates of diffusion control the rate of 

mass transfer; under kinetic control, when diffusion is faster than one or more chemical reactions 

and the rates of these slow chemical reactions control the rate of mass transfer; or under mixed 

diffusion and kinetic control, the most general case of extraction reactions where both diffusion 

and rate controlling chemical reactions occur at similar rates. Although these categories are 

useful for organizing solvent extraction reactions, it is important to recognize that a given solvent 

extraction system may transition between these different regimes depending on the mixing 

conditions. Because the diffusion layer thickness, and thus the diffusion lifetime of a given 

species, is altered by the mixing rate, the balance between the rates of diffusive processes and 

chemical reactions can be a function of mixing speed. A separation that is diffusion controlled at 

slower mixing speeds can transition through the regime of mixed diffusion and chemical kinetic 

control to pure kinetic control as mixing becomes more vigorous. Despite this, correctly 

distinguishing between diffusion and kinetic control under a given set of conditions is essential 

to the analysis of solvent extraction kinetics even though it is often difficult to conclusively 

identify these different conditions even with supporting experiments 114,176,177.  

2.4.2.1 Diffusion Controlled Ext ractions 

 When diffusion is the rate limiting step, consideration of extraction rates in the context of 

film theory begins with Fickôs law, which is expressed for steady state diffusion in Eq. 2.14. 

Converting the number of moles being transferred to a concentration by dividing by the 

appropriate volume, V, yields 

 
[R] [R]

R

d A d
d aJ

dt V dx
- =- =, 2.19 
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which introduces the specific interfacial area, a = A/V, to the diffusion equations and relates the 

flux, J, to the kinetic rate of change in the concentration of rare earth R. For steady state 

diffusion with linear concentration gradients across the thin, stagnant diffusion layer on the 

aqueous side of the interface (e.g. Figure 2.2), 

 
*[R] [R] [R ] [R]

R R R R

a

d
J d d d

dx x d

D -
=- =- =-

D
  2.20 

where [R*] indicates the interfacial concentration of species R in the interfacial zone on the 

aqueous side of the interface, and da is the thickness of the aqueous diffusion layer. Similar 

equations hold for diffusion on the organic side of the interface as well 69. For the extraction of 

rare earth R from the aqueous phase into the organic phase, 

 
[R]

rate forward rate  reverse rate ( [R] [R])ao oa

d
a k k

dt
=- = - = -   2.21 

where the forward rate is the rate of transfer from the aqueous phase to the organic phase, with 

rate constant kao, the reverse rate is the rate of transfer from the organic phase to the aqueous 

phase with rate constant koa, and the equilibrium constant for partitioning of species R is KD = 

kao/koa. To find the kinetic rate equation, the concentrations of all interfacial species involved in 

the extraction are obtained from the bulk concentrations, diffusion coefficients, and the thickness 

of the diffusion layer by rearranging and solving the system of flux equations for the aqueous 

and organic diffusion (Eq. 2.20) of all the relevant species in conjunction with the equilibrium 

constant expressions relevant for a given extraction. 

 In this framework two general cases of diffusion controlled rare earth extractions can be 

defined when the partitioning across the interface is fast, (1) the extraction of a rare earth 

containing complex or compound that is rapidly formed before it reaches the interfacial region, 

or (2) the partitioning of a rare earth compound rapidly formed by a chemical reaction in the 

interfacial region from reactants that slowly diffuse. A third general case applies when the 
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species that partitions between the phases is strongly adsorbed at the interface and the transfer 

between phases is the rate limiting step; however strong adsorption at the interface is generally 

undesirable for solvent extraction processes 73.  

2.4.2.1.1 Extraction Rates Controlled by Diffusion of Partitioning Species 

 The first general case of diffusion-controlled extractions occurs when the partitioning 

species is formed outside of the interfacial region and the rate is controlled by the diffusion of 

that species to and away from the interface. This could be the case for extraction of rare earth 

ions by extractants with high aqueous solubility, such as acetylacetone 178,179. The overall phase 

transfer reaction for the rare earth containing extracted species, R-Ex, is 

 R-Ex R-Ex  (2.22) 

which is quantified by the equilibrium partition coefficient, KD and the concentrations of R-Ex in 

the bulk organic and aqueous phases. In this general case, however, the rate is controlled by the 

diffusion of aqueous R-Ex to the interface and of organic phase R-Ex away from the interface. 

The partitioning reaction at the interface, 

 * *R-Ex R-Ex   (2.23) 

is, by definition in this case, fast compared to the rate limiting diffusion reactions. Therefore, the 

interfacial partitioning reaction is in equilibrium and can be quantified by the bulk phase 

equilibrium partition coefficient KD with  

 
[ ]

*

*

[R-Ex] [R-Ex ]

R-Ex [R-Ex ]

eq

D

eq

K = =  . (2.24) 
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 Recognizing that the diffusional fluxes on the aqueous and organic sides of the interface 

are equal under steady state conditions and combining Eq. 2.20 and 2.24, the flux can be 

expressed as a function of the bulk concentrations of the partitioning species in each phase, 

 
[R-Ex] [R-Ex]D

a o
D

R Ex R Ex

K
J

K
d d

d d

- -

-
=

+

  (2.25) 

where dR-Ex is the diffusion coefficient of R-Ex in the aqueous phase, 
R Ex

d
-

 is the diffusion 

coefficient of R-Ex in the organic phase, and da and do are the thicknesses of the aqueous and 

organic phase diffusion layers, respectively. The extraction rate of R-Ex can be expressed by 

combining Eq. 2.19, 2.21 and 2.25  
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 (2.26) 

with the first term from the flux expression (Eq. 2.25) corresponding to the rate constant for 

diffusion-controlled partitioning of R-Ex from the aqueous phase into the organic phase (kao) and 

the second term from Eq. 2.25 corresponding to the rate constant for the partition of R-Ex from 

the organic phase into the aqueous phase (koa). 

 The rate equation for extractions controlled by the diffusion of the partitioning species 

(Eq. 2.26) highlights an important link between the thermodynamic partition coefficient KD of 

the rare earth complex and the ratios between the diffusion coefficients and the thickness of the 

diffusion layers in diffusion-controlled extractions. When KD is very large, most of the R-Ex 

complex partitions into the organic phase at equilibrium and the kao
 term dominates the rate 

expression with kao ~ dR-Ex/da. Thus, diffusion of the extracted species, R-Ex, in the aqueous 

phase primarily determines the rate of extraction for a given specific interfacial area when KD is 
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large. Conversely when KD is small, very little R-Ex is extracted into the organic phase and the 

koa term dominates the rate expression. In that case, the rate is primarily determined by diffusion 

in the organic phase because ~ /oa oR Ex
k d d

-
 under that condition. For quantitative studies where 

diffusion-controlled extractions are suspected, determination of the diffusion coefficients of the 

relevant species and measurement of the variation in the forward and reverse rate constants with 

systematic variation of the diffusion layer thickness represent important supporting information. 

2.4.2.1.2 Extraction Rates Controlled by Diffusion of Reacting Species 

 The rate equations for a diffusion-controlled process require different considerations 

when the extracted species is rapidly formed at or near the interface and the extraction rate is 

controlled by diffusion of the reacting species rather than the extracted complex. An example of 

this would be the rapid formation and phase transfer of the complex formed between a rare earth 

ion and an acidic extractant in the interfacial region,  

 3+ * * * + *

3R 3 HEx R(Ex) 3 H+ +   (2.27) 

which is characterized by equilibrium constant Kex valid both for the overall bulk extraction 

equilibrium and the interfacial reaction such that 

 

+ 3 + ** 3
3 3

3+ 3 3+ * * 3

[R(Ex) ] [H ] [R(Ex) ][H ]

[R ] [HEx] [R ][HEx ]

eq eq

ex

eq eq

K = =  . (2.28) 

The interfacial concentrations of each product and reactant in the equilibrium constant 

expression can be derived from Eq. 2.20 under the simplifying assumptions for the aqueous and 

organic phases that 33 aH R
d d d+ += =  and

3( )
3 oHEx R Ex

d d d= = ; however the resulting equation,  
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yields a fourth-degree polynomial that is not readily reduced to a useful analytical solution for 

the flux, as we achieved in Eq. 2.25, without further simplifying assumptions. At low fluxes, the 

higher order terms in J that result from expanding and simplifying Eq. 2.29 may be neglected 

and the flux can be expressed as 

 
3+ 3 + 3

3

3 3+ 2 + 2 + 3

3
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º
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 . (2.30) 

If the total concentration of rare earths is much less than the concentration of extractant, the 

second and third terms in the denominator of the simplified flux expression can be neglected, 

giving 

      

3+ 3 + 33+
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3 + 3 3 + 3

[R ][HEx] [R(Ex) ][H ][R ]
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, (2.31) 

which demonstrates that the extraction rate is a function of the concentrations of each of the 

reacting species and the products. This is unlike systems where the extraction rate is controlled 

by slow diffusion of the extracted complex (Eq. 2.26); however at constant extractant and acid 

concentrations, Eq. 2.31 reduces to a form mathematically equivalent to Eq. 2.26. Consequently, 

distinguishing between these two diffusion-controlled mechanisms requires investigation of the 

variation in extraction rate with changing reactant concentrations. 

2.4.2.2 Kinetically Controlled Extractions  

 In contrast to diffusion-controlled extractions, the rates of kinetically controlled 
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extractions are determined by the rate of one or more slow chemical reactions. The extraction 

rate of a kinetically controlled separation therefore is independent of the thickness of the 

diffusion layer, when normalized for the interfacial area, and is also independent of the stirring 

rate. The rate determining chemical reaction may occur in the bulk aqueous or organic phases, in 

the stagnant diffusion layers near the interface, or at the interface itself, depending on the 

specific chemistry of a given extraction system, and many different forms of the rate law and rate 

expressions are possible depending on location and nature of the specific rate determining step. 

Because rare earth elements are usually extracted as neutral metal complexes formed with 

extractants, complex formation reactions are often part of the rate determining step and the 

aqueous solubility and interfacial activity of an extractant can be particularly important to 

determining where the rate determining step of kinetically controlled rare earth extractions take 

place, and thus the ultimate form of the rate expression. If the rate determining reaction takes 

place in the bulk aqueous or organic phases, the rate laws, rate expressions, and rate constants 

take the familiar forms observed in studies of solution complexation reactions that take place in 

single phase systems and the extraction rate will be independent of the specific interfacial area, a. 

If the rate determining reaction takes place in the interfacial region, which is often the case when 

the hydrophilic rare earth cations react with hydrophobic extractant molecules, the interfacial 

concentrations of the relevant species and the specific interfacial area enter the rate expressions. 

2.4.2.2.1 Extraction Rates Controlled by Reactions in the Bulk Aqueous or Organic 

Phase  

 Extractions where the rate determining step occurs in the bulk aqueous or organic phase 

are easily diagnosed as these are the only extraction systems where the extraction rate is 

independent of the specific interfacial area. The interactions of hydrated rare earth cations with 

simple anions such as Cl- or NO3
- are usually very fast in the bulk aqueous phase (Section 

2.3.1.4), but reactions with more complicated ligands, such as extractant molecules with 

appreciable aqueous solubility or ñholdbackò reagents, ligands added to the aqueous phase to 

complex rare earths and hold them in the aqueous phase, are sometimes quite slow 180,181 and can 

be rate controlling in some instances. 

 The appropriate rate expressions for extractions controlled by the bulk aqueous phase 
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reaction between a rare earth cation and an aqueous soluble acidic extractant, for example the 

sequence of equilibria with a rate determining step in Equilibrium 2.33 

 HEx HEx   (2.32) 

 1

1

3 2+ +R HEx REx H
k

k-

++ +   (2.33) 

 
2

3REx 2HEx REx 2H+ ++ +   (2.34) 

 3 3REx REx   (2.35) 

have been previously described by Danesi et al 128.  

 Extraction rates can also be controlled by the rates of competing reactions in the bulk 

phases. An example of this arises when the overall rate is determined by reversible dissociation 

of an unextractable rare earth-ligand complex (RL) in the bulk aqueous phase (Eq. 2.36) that is 

coupled to a rapid multi-step extraction equilibrium (Eq. 2.37), such as 

 1

1

3+RL R  + L
k

k-
  (2.36) 

 2

2

3

3R 3HEx REx 3H
k

k-

+ ++ +   (2.37) 

with Kex = k2/k-2. If the concentration of R3+ is small and essentially constant, the steady state 

approximation holds, and the extraction rate can be fully represented as 
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where 3[REx ]t  is the organic phase concentration of the rare earth at time t, and 3[REx ]eq is its 

equilibrium concentration. When 
3 + 3[HEx] / [H ]  is large, the kobs term reduces to kobs = k1, while 

kobs reduces to kobs = k-2 when 
3 + 3[HEx] / [H ]  is small 182. 

 Similar sets of considerations would apply if the rate limiting reaction occurs in the bulk 

organic phase, for example the reaction between an extracted rare earth complex, REx3, and a 

synergist, S. In this case the rapid primary extraction equilibrium (Eq. 2.39), which is comprised 

of multiple fast elementary reactions, would precede the rate limiting step (Eq. 2.40) when the 

system operates under extracting conditions.  

 1

1

3

3R 3HEx REx 3H
k

k-

+ ++ +   (2.39) 

 2

2
3 3REx S REx S

k

k-
+   (2.40) 

Under the same steady state assumption employed above, the initial rate of this set of reactions 

will be dominated by the forward extraction rate if 3[REx S] is small. The initial rate can then be 

expressed as  

 
3+ 3 + 3

1 2
2 3

1 2

[R ][HEx] [S] / [H ]
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[S]

k k
rate k

k k-

= =
+

 . (2.41) 

 When a particular reaction in the bulk aqueous or organic phase is suspected to be rate 

limiting, it is useful to compare the rate constants derived for the hypothesized rate limiting step 
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from biphasic extraction experiments to the rate constant obtained for related reactions in a 

monophasic aqueous or organic solution. Good agreement between the rate constants obtained in 

the biphasic and single-phase systems generally supports the assignment of the rate limit step and 

the overall mechanism of the extraction.  

2.4.2.2.2 Extraction Rates Controlled by Interfacial Reactions 

 Although rate limiting reactions that occur in the bulk aqueous or organic phase often 

yield readily solvable rate expressions, the rates of many kinetically controlled solvent extraction 

reactions are experimentally determined to depend on the specific interfacial area and thus the 

rate limiting step must involve reactions in the interfacial region. By themselves, metal ions are 

poorly soluble in the non-polar low dielectric constant organic solvents favored for solvent 

extraction. Many extractant molecules, on the other hand, are poorly soluble in the aqueous 

phase as they are designed to form lipophilic metal complexes. However, extractantsô polar 

metal coordinating functionalities also tend to make extractants interfacially active, and many 

extractants will adsorb at the interface 73,174,177 where they can react with hydrated metal ions 

present on the aqueous side of the interface (Figure 2.1). This is distinct from the case defined by 

Eq. 2.32ï2.35 because the formation of the extracted complex and the rate determining step 

occur in the interfacial region rather than the bulk aqueous phase. 

 When the extraction rate is controlled by an interfacial reaction, the rate equations 

include the interfacial concentrations of the various species (in units of moles/cm2 of interface). 

In our consideration of diffusion-controlled extractions (Section 2.4.2.1), the interfacial 

concentrations are determined from the flux, the thickness of the diffusion layer, the diffusion 

coefficient, and the concentration in the bulk phase (Eq. 2.20). A different approach to 

determining the interfacial concentrations is required when the concentrations are not tied to 

diffusion, and treatments of interfacially controlled solvent extraction processes usually rely on 

the Langmuir adsorption isotherm to express the interfacial concentrations of species in terms of 

their concentrations in the bulk aqueous or organic phases. 

 Idealizing the interface as a 2-dimensional plane between the phases, a molecule or ion, 

A, adsorbed at the interface will be in equilibrium with the bulk phases 
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*A A   (2.42) 

with an adsorption constant Kô and an equilibrium constant a2Kô = [A*]/[A]  bulk. The reaction 

may take place on either side of the interface. At a certain concentration of A*, however, the 

interface will become saturated with A and addition of further A to the bulk phase will not 

increase [A*]. This behavior can be described for a single species adsorbing from the bulk 

organic phase by the Langmuir Adsorption Law in the form 

 
'

* 2

'

[A]
[A ]

1 [A]

K

K

a
=
+

  (2.43) 

where a2 is the interfacial concentration of A at saturation. This form of the Langmuir 

Adsorption Law defines two distinct limiting conditions for interfacial adsorption. When Kô[A]  

<< 1, the interface is undersaturated and Eq. 2.43 reduces to [A*] å a2 Kô[A] . Increasing the 

organic phase concentration of A will increase [A*] in proportion to the product a2 Kô. Thus, the 

rate of kinetically controlled interfacial reactions involving A as a reactant would be expected to 

increase with increasing the bulk organic phase concentration of A. On the other hand, when Kô

[A]  >> 1, Eq. 2.43 reduces to [A*] å a2. Under this condition, the interface is saturated with A, 

and increasing the bulk organic phase concentration of A has no effect on [A*]. When the 

interface is saturated with A, the forward extraction rate therefore will be independent of [A] . 

These two limiting conditions define different forms for the extraction rate expression. 

 Consider the following equilibria for the extraction of a rare earth cation with a rate 

limiting interfacial reaction (Eq. 2.45) between the rare earth cation and interfacially adsorbed 

extractant HEx where the interfacial adsorption of HEx is much stronger than the adsorption of 

its rare earth complex, REx2+, as reported for HEDEP in toluene 183. 
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*HEx HEx  a2Kô (2.44) 

 2

2

3 * 2 * +R HEx REx H
k

k-

+ ++ +  slow (2.45) 

 
2 * 2+ *REx HEx REx + HEx++  Kex1 (2.46) 

 
2+ +

3REx 2HEx REx 2H+ +  Kex2  (2.47) 

which together give the overall extraction reaction 

 
3+ +

3R 3HEx REx 3H+ +  Kex   (2.48) 

From the rate determining step, the expression for the overall extraction rate can be written as 

 ( )3+ * 2+* +

2 2[R ][HEx ] [REx ][H ]rate a k k-= -   (2.49) 

for any value of Kô[HEx] . Under ideal adsorption conditions [HEx*] å a2 Kô[HEx] , while the 

equilibrium constant expressions derived from Equilibria 2.44, 2.46, and 2.47 can be combined 

to express the interfacial concentration [REx2+*] in terms of the bulk aqueous acidity and the 

organic phase concentrations of REx3 and HEx 
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which gives 
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As expected both the forward and reverse rates vary with the bulk organic phase concentration of 

extractant when the interface is not saturated with extractant. When the interface is saturated 

with extractant, [HEx*] å a2 and Eq. 2.49 takes a different form 
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  (2.52) 

 At equilibrium, both Eq. 2.51 and 2.52 reduce to the expected form of the equilibrium 

constant for the overall reaction, 

 
+ 3

32

3+ 3

2

[REx ][H ]

[R ][HEx]
ex

k
K

k-
= =   (2.53) 

This simple example illustrates the most basic considerations in formulating rate expressions for 

kinetically controlled extractions with a slow interfacial reaction. Many more complex extraction 

mechanisms for rare earths with different or even multiple interfacial rate limiting steps are 

possible, and equations for treating the extraction kinetics for common cases can be found 

elsewhere 128,175.  

2.4.2.3 Extractions Controlled by Both Diffusion and Chemical Kinetics 

 Diffusion control and chemical kinetic control of rare earth extraction each represent 
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limiting cases of the most general form of solvent extraction kinetics, the so-called mixed regime 

where the rates of one or more chemical processes are similar to the rates of diffusion. In the 

mixed kinetic regime both diffusion and chemical reactions must be considered and solved 

simultaneously when formulating the rate expressions and interpreting the rates of rare earth or 

extractant transfer. Rigorous solution of the resulting equations is often complex enough that 

physical insight into the extraction process from the rate equation is not feasible, if the 

determination of a usable rate law is even possible. Studies in the mixed regime may also require 

additional experiments in the purely diffusion or kinetic controlled regimes in order to quantify 

these processes in the mixed regime. 

 Nevertheless, valid rate expressions can be derived for some simple mixed regime cases. 

Danesi has derived the expression for extractions where the rate is controlled both by diffusion 

and a slow partitioning equilibrium of the extracted complex at the interface 69. This corresponds 

to a case related to the diffusion-controlled extraction discussed in Section 2.4.2.1.1 where 

Equilibrium 2.23 is slow. If the forward and reverse rate constants for Eq. 2.23 are k1 and k-1, the 

resulting rate equation will be 

 1 1

1 1 1 1

[R-Ex] [R-Ex]
/ / 1 / / 1a R Ex o a R Ex oR Ex R Ex

k k
rate a

k d k d k d k dd d d d
-

- - - -- -

å õ
= -æ öæ ö+ + + +ç ÷

 (2.54) 

 This rate expression has an extra term in the denominator as compared to Eq. 2.26, but it 

can only be distinguished from the purely diffusion-controlled process considered in Section 

2.4.2.1.1 from rate measurements at different, known, diffusion layer thicknesses selected to 

ensure that neither of the first two terms in the denominator are substantially larger than 1. 

 Hanson et al. considered a different case in the mixed regime 184 where a metal cation 

reacts with acidic extractant molecules in the aqueous phase according to the reaction 

 1

1

3+ +

3R 3 HEx REx 3 H
k

k-
+ +  . (2.55) 
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The resulting rare earth complex then diffuses to the interface and partitions into the organic 

phase. Considering this in the framework of mass transfer with simultaneous chemical reaction, 

the initial rate of transfer across the interface when there is little REx3 in the organic phase and 

the reverse reaction can be neglected is: 

 
3 3

' + 3

2 3 1REx REx
[REx ] [H ]rate K d ka -=  . (2.56) 

 Notice that this expression for the initial rate of forward mass transfer features a non-

integral reaction order even though the chemical equilibria themselves would normally produce 

integral orders in the rate law if this was a purely kinetically controlled reaction. Thus, the 

observation of non-integral reaction orders may indicate reactions occurring in the mixed regime.  

 The simple examples considered above demonstrate that the kinetics of solvent extraction 

are complex, and the rate expression is not necessarily a unique indicator of the factors 

controlling the extraction rates. Care must be exercised to examine a range of concentrations and 

conditions to ensure that derived rate laws are valid, that the extraction regime has been 

identified, all possible supporting evidence is gathered, and that alternate mechanisms are 

considered when examining the extraction kinetics of rare earths.  

2.5 Studies of Rare Earth Kinetics 

2.5.1 Solvating Systems 

2.5.1.1 Malonamides 

 Malonamides (MA) are characteristic to the DIAMEX-SANEX processes used in Europe 

for the separation of actinides from lanthanides in used nuclear fuel (Figure 2.7). The chemical 

equilibrium for this neutral extractant is: 
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3+ -

3 3 3 3R 3NO 3MA R(NO ) (MA)+ +   (2.57) 

The few existing studies of rare earth extraction kinetics by malonamides have come to 

conflicting conclusions and none produced a rate law or proposed a kinetic mechanism or rate-

limiting step. The consistencies between papers show a higher extraction rate for the lighter 

lanthanides; specifically La, Ce, and Pr, on the order of roughly 20 x 10-7 m/s whereas 

lanthanides heavier than Pr are in the range of 3-7 x 10-7 m/s 185. Weigl et al. and Charbonnel et 

al. both came to similar conclusions about relative extraction rates for (La, Ce, Pr); (Nd, Sm, 

Eu); (Gd-Lu) being roughly in the ratio of 6:2:1. Each of the three studies used different 

apparatuses to study the kinetics, and two studies found the kinetics to be diffusion controlled 

130,165. Although Weigl et al.165 found a linear relationship between stirring and the rare earth 

flux, Simonin et al. 130 did not with a rotating membrane cell, and attribute Weigl et al.ôs results 

to the limit of achievable diffusion layer thickness when using a Lewis-type cell 121. No 

consensus was achieved as to the location of the rate-limiting reaction; further studies are needed 

to better understand this technologically important extraction system. Europium extracted by 

DMDOHEMA was studied alongside DMDBTDMA by Simonin et al.; DMDOHEMA was 

Figure 2.7 Structures of malonamide extractants for rare earth elements. 
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discovered to have slower extraction kinetics than DMDBTDMA under the experimental 

conditions employed, but its reaction kinetics accelerate rapidly with increasing temperature. 

2.5.2 Acidic Organophosphorus Extractants 

2.5.2.1 General Properties 

 Organophosphorus extractants with one acidic proton, such as di(2-

ethylhexyl)phosphoric acid (HDEHP); 2-ethylhexyl phosphonic acid mono 2-ethylhexyl ester 

(HEH[EHP]); and bis(2,4,4-trimethylpentyl)phosphinic acid (Cyanex 272), are the most common 

Figure 2.8 Structures of acidic organophosphorus extractants for rare earth elements. 
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extractants used for the separation of rare earth elements because of their unique ability to 

discriminate between R3+ ions based on the regular changes in ion size between the rare earth 

elements (Figure 2.8). Under optimal conditions, acidic organophosphorus (HA) extractions of 

rare earth ions proceed via a cation exchange equilibrium. At high acid concentrations these 

extractants also are capable of extracting by a solvation mechanism (e.g. Eq. 2.12), but generally 

do not achieve as high partitioning of the rare earths under those conditions. 

 In non-polar organic solvents, the acidic dialkylorganophosphorus extractants exist as 

hydrogen-bonded dimers186, (HEx)2, over the range of practical concentrations employed for 

extractions. When extracting rare earths via the cation exchange mechanism, the ideal extraction 

equilibrium is: 

 
3+ +

2 2 3R 3(HEx) R(HEx ) 3H+ +   (2.58) 

In the industrial purification of rare earths, the aqueous phases are usually made up of various 

acid solutions such as hydrochloric, nitric, sulfuric, or phosphoric acid. However, adding 

aqueous soluble ligands to a extraction system containing an acidic organophosphorus extractant 

can increase the separation factor of specific rare earth pairs 46, or enable the separation of 

trivalent actinide cations from the rare earths in nuclear applications 4,187. 

 The acidic organophosphorus extractants (particularly HDEHP and HEH[EHP]) have 

been popular choices for rare earth extractions since their inception. Although the 

dialkylphosphoric acids are more prone to hydrolytic degradation than their phosphonic and 

phosphinic extractant analogs, HDEHP possesses excellent extraction characteristics that are 

difficult to surpass. The phosphoric acid extractants are more acidic than their phosphonic and 

phosphinic acid analogs, giving HDEHP the highest extraction power of the series. It is also the 

most surface active of the three types of acidic organophosphorus extractants 133,144. The 

advantages of using more acidic extractants come in the form of an easier stripping, which is 

often desirable for industrial scale processes.  
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2.5.2.2 Phosphoric Acid Extractants 

2.5.2.2.1 Bis(2-ethylhexyl)phosphoric Acid (HDEHP)  

 Studies of the rare earth extraction kinetics of the dialkylphosphoric acid HDEHP find 

the chemical reactions relevant to extraction or stripping occurring at the interface with the 

experiments generally presenting consistent rate laws for the extraction. The seminal work in the 

kinetics of rare earth extraction by acidic organophosphorus extractants was conducted by 

Danesi and Vandegrift 188, who studied the forward and reverse partitioning rates of Eu3+ from 

mixtures of aqueous NaCl and HCl at 1.0 M ionic strength and acidities between 0.01 and 1.0 M 

HCl by HDEHP in n-dodecane. The system contained no buffers, and the HDEHP dimers in the 

organic phase were treated using activities rather than concentrations 189. The data were 

consistent with an interfacially controlled extraction, but a weak dependence of the extraction 

rate on the stirring rate even at the highest achievable speeds left the particular extraction regime 

unclear. The extractant and acid dependence of the rates were determined over a wide activity 

range, and the resulting data were fit to both a diffusion-controlled model (Eq. 2.31) and a 

kinetically controlled model with three sequential interfacial reactions. Both models fit the data 

to some degree across the range of concentrations studied, but the kinetically controlled model 

produced a significantly better fit to the acid dependence of the Eu stripping reaction at low pH. 

The proposed interfacial equilibria are 

 
+ *3+ * +

2Eu 2HDEHP Eu(DEHP) 2H+ +   (2.59) 

 
+ * * * +

2 3Eu(DEHP) HDEHP Eu(DEHP) H+ +   (2.60) 

and 

 
* *

3 2 2 3Eu(DEHP) 3(HDEHP) Eu{H(DEHP) } 3HDEHP+ +  . (2.61) 
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However, as tri- and tetramolecular reactions respectively, Eq. 2.60 and Eq. 2.62 are not likely to 

represent true elementary reactions in the kinetic sense. Recognizing this, later works often break 

the reaction in Equilibrium 2.60 into two stepwise bimolecular reactions of interfacially adsorbed 

HDEHP and regard Equilibrium 2.62 as a cascade of fast elementary steps 175. 

 The extractions of Sm and Gd from nitrate solutions by HDEHP in kerosene have been 

reported in a series of separate studies using the moving drop technique. Torkaman et al. studied 

the extraction of Sm by the moving drop technique 144. The Sm extraction was shown to proceed 

by the usual equilibrium stoichiometry (Eq. 2.59) 190. The rate law with respect to Sm (first 

order) is dependent on the extractant concentration in the first order, and on the proton 

concentration in the inverse first order. The pH dependence experiments show a break in the 

forward rate at pH 3.0 where the extraction rate begins to plateau, or even slightly decreases, 

with increasing pH. This pattern of dependence between the pH and forward rate constant is 

consistent with a mechanism where two rate determining steps in the interfacial region would 

include an elementary reaction between Sm and interfacially adsorbed HDEHP when the 

interface is saturated with protonated HDEHP. Such plateaus are common 188. A similar plateau 

in the dependence on the rare earth concentration was also observed at higher Sm concentrations. 

The authors suggest that at 5 mM concentrations in the aqueous phase, Sm has saturated the 

interface and no longer contributes to the rate law. Since few studies investigate the rate 

dependence on rare earth concentration, there are no other HDEHP-based systems known to 

show this effect. Earlier studies 190, found no nitrate dependence in the extraction equilibria, so 

the rate dependence on nitrate was ignored in this study without verification or consideration to 

the possibility of catalysis. El-Hefny and El-Dessouky, on the other hand, did examine the 

aqueous nitrate dependence of Gd extraction by HDEHP in kerosene and discovered a first order 

dependence with respect to Gd 159 for an overall rate law for the forward extraction reaction of 

 3 3+ - + 1

32.24 10 [Gd ][HDEHP][NO ][H ]rate - -= ³   (2.62) 

at 25 °C. The activation energy for Gd extraction, 11 kJ/mol, is taken to indicate diffusion 

control of the extraction, and the formation of a 1:1:1 gadolinium:nitrate:extractant complex at 
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the interface is postulated to be the slowest chemical reaction. This species is an intermediate, as 

the equilibrium extracted complex does not contain nitrate and the exchange of 3 H+ ions into the 

aqueous phase occurs for each Gd3+ extracted. Using the same single drop technique, Torkaman 

et al. 123 obtains a different reaction order for H+ (inverse 0.5 order) in the extraction of Gd by 

HDEHP; however they neglected the potential for nitrate involvement in the mechanism because 

nitrate is not involved in the composition of the final extracted species 191. As indicated in 

Section 2.4.2.3, fractional reaction orders in solvent extraction rate laws can arise for extractions 

occurring in the mixed regime even if the elementary chemical reactions themselves do not 

produce fractional reaction orders, and this could explain the inconsistencies in the rate laws for 

Gd extraction.  

 The kinetics of La, Eu, and Gd extraction from aqueous phosphate solutions by HDEHP 

in kerosene (La) or benzene (Eu and Gd) have also been examined 153,160. The equilibrium 

analysis of these systems is questionable, as they conclude that rare earth phosphates are being 

extracted into the organic phase. It does not appear that aqueous complexes between the rare 

earths and HPO4
2- or H2PO4

- were quantitatively considered in either the thermodynamic or the 

kinetic analyses. The rate laws for both solvent systems are first order with respect to the rare 

earth, first order with respect to HDEHP dimers and inverse first order with respect to 

phosphoric acid. The rate-limiting reaction for La extraction is believed to be the interfacial 

formation of the 1:1:1 La:H2PO4:HDEHP complex involving monomeric HDEHP and the 

release of a proton to the aqueous phase. Daoud et al. do not propose a rate limiting reaction for 

the Eu or Gd extractions 153. 

 The majority of solvent extraction kinetics studies to date have been conducted using 

modified Lewis cells, Lewis cells, or the single drop technique. The very few kinetic surveys that 

have used a hollow fiber membrane extractor technique have produced results very different 

from the majority of studies. Yoshizuka et al. 192 explored the extraction kinetics of Ho and Y 

into HDEHP from nitrate media and derived a rate law that is first order for the rare earth 

concentration, second order for extractant concentration and inverse second order for the proton 

concentration. Based on this the rate-controlling step is as the formation of the 1:3 R:(HEx)2
- 

complex from the 1:1 complex. Needless to say, these results lead one to question the specific 

hydrodynamic conditions encountered in this experimental technique. 
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 These kinetic studies of the rare earth-HDEHP extraction system show that despite the 

type of acid used, the rate law for rare earth extraction by HDEHP is generally first order in 

extractant and inverse first order in acid - whether the acid is phosphoric, hydrochloric, or nitric 

acid. The influence of the aqueous acidity on the rate law is to be expected since these ligands 

function best in the regime where they operate by a cation exchange mechanism and increasing 

the proton concentration resists mass transfer by pushing the equilibrium towards stripping 

conditions. Researchers have often neglected investigation of the rate order of the acid anion 

because it is not part of the ideal overall equilibrium expression, but such assumptions are 

problematic. This is particularly true for nitrate containing systems where nitrate anions are 

sometimes experimentally observed even in the extracted complex with HDEHP 193. The 

activation energies reported were low enough that the extractions can be considered likely to be 

at least partially diffusion-controlled. Thus, the consensus is that the extractions occur in a mixed 

regime where diffusion-control is dominant and the rate limiting chemical reaction occurs at the 

interface where the rare earth ions form complexes with the interfacially absorbed extractant 

either as a monomer (i.e. REx2+), or as a hydrogen-bonded dimer (i.e. R(HEx2)
2+). 

2.5.2.2.2 Diisodecylphosphoric Acid (DIDPA) 

 Diisodecylphosphoric acid has been studied far less than HDEHP or HEH[EHP] despite 

the structural similarities. Extraction with DIDPA proceeds by the same equilibrium 

stoichiometry of three extractant dimers to one Nd (in the case of the study by Kondo et al. 135). 

DIDPA exhibits higher extraction power than HDEHP and HEH[EHP] with the most complete 

extraction occurring in aliphatic hydrocarbon diluents. The kinetics of Nd extraction by DIDPA 

was studied in n-heptane, toluene, and benzene in a Lewis cell. The experiments found that the 

initial extraction rates in a diffusion-controlled extraction regime were different for the various 

diluents and that the aliphatic diluent, n-heptane, produced the fastest extraction rate. This 

suggests interfacial chemical reactions are likely the rate determining chemical reactions as the 

diluent choice would influence the alignment and saturation of the extractant at the interface, 

thereby impacting the extraction rate.  

 This study also claims that ligand concentrations above 10 mM and high pHôs reduce the 

rate lawôs dependence to zero for these reagents, but that at low ligand concentrations and low 
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pHôs the rate law dependence is first order (or inverse first for proton concentration) in the 

aromatic solvents and one half order in n-heptane for pH, and 1.5 order for aromatics and half 

order for n-heptane for the ligand concentration. Lastly, Nd was first order in all conditions. 

Under the lower pH and ligand concentration conditions the rate limiting step is the diffusion of 

the complex in the organic phase. At high pH and ligand concentration, it is thought the rate 

limiting step is the diffusion of Nd in the aqueous phase (Section 2.4.2.1.1). The addition of a 

sodium acetate buffer to the aqueous phase also could affect the rate law in ways not investigated 

by the authors. 

2.5.2.3 Phosphonic Acid Extractants 

 2-Ethylhexyl phosphonic acid mono 2-ethylhexyl ester (HEH[EHP]), the phosphonic acid 

analog of HDEHP, is also highly surface active although it is less acidic than HDEHP. In 

HEH[EHP], extractive power and selectivity are sacrificed for more consistent rare earth 

extraction behavior across a larger pH range and the ability to strip rare earths at lower acidity. 

Chen and Wang 163 investigated the HEH[EHP]/kerosene extraction kinetics of Sm, Eu, and Gd 

from hydrochloric acid solutions using the high-speed stirring AKUFVE apparatus. Much like 

the results seen using a hollow fiber membrane extractor with HEH[EHP] in n-heptane or in 

toluene 142, the extraction rates in kerosene increase across the lanthanide series. In fact, Kubota 

et al. demonstrate a direct proportionality between the rate constant for rare earth extraction by 

HEH[EHP]/n-heptane and the equilibrium constant for the overall extraction reaction, which 

would require the rate constant for the reverse reaction to be independent of the identity of the 

rare earth (Figure 2.9) 142. Using the AKUFVE apparatus, Chen and Wang find identical rate 

laws for the HEH[EHP] extraction of Sm, Eu, and Gd with the rare earth at first order, the 

extractant at first order, and the proton at inverse first order, similar to most studies of HDEHP 

extraction using Lewis cells. As the rate of the forward reaction increases, the extraction appears 

to proceed from a mixture of diffusion and kinetic control for Sm to the diffusion-controlled 

regime for Eu and Gd, but a rate-limiting chemical reaction was not proposed. With the hollow 

fiber membrane extractor Kubota et al. describe an unusual rate limiting reaction occurring in a 

mixed diffusion and kinetically controlled regime wherein a neutral 1:2 rare earth:HEH[EHP] 

dimer complex adsorbed at the interface, REx3(HEx)*, reacts with an additional HEH[EHP] 
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dimer to form the final extracted complex, 

 
*

3 2 2 3REx (HEx) (HEx) R(HEx )+  . (2.63) 

The mathematical model of the system derived from this proposed mechanism fits the 

experimental data well across a range of solution conditions and rare earths, lending credence to 

the model and suggesting important differences between the kinetics in the free flowing 

AKUFVE and Lewis cell systems and a hollow fiber extractor. 

 To understand the extraction kinetics under practical extraction conditions, Lu et al. 

studied the extraction of Er by HEH[EHP]/n-heptane at acidities and concentrations 

representative of commercial separation processes 194. Most notably, they find that extraction 

Figure 2.9 Overall forward (kf) and reverse (kr) rate constants for the partitioning of trivalent 

rare earths from an acetate buffered aqueous phase into HEH[EHP]/n-heptane at T =303 K 

using a hollow fiber membrane extractor. Data adapted from 142. 
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rates are higher in nitric acid than in hydrochloric acid media, indicating that nitrate benefits 

mass transfer and further illustrating the importance of studying the rate law dependence on the 

acid anion. The extraction was found to be diffusion controlled for aqueous phases containing 

either acid, and the results were consistent with studies of Er extraction at more dilute 

HEH[EHP] concentrations 195. This study also examined the effect of perchlorate ions in a 

hydrochloric acid aqueous phase compared to the kinetics of Er extraction in hydrochloric acid 

alone. When the aqueous phase is comprised only of chloride media, the activation energy hints 

at a mixed regime process; but when perchlorate ion is introduced in addition to the HCl, the 

activation energy is drastically reduced well into the diffusion-controlled regime ï yet again 

highlighting the importance of the anion in solution assisting with mass transfer. The authors 

suggest that the rate-limiting reaction happens at the interface upon the encounter of Er with a 

HEH[EHP] monomer. A slight change in the rate law emerges with the heavier lanthanides: the 

dependence on extractant concentration decreases to half order. Li and Zheng 196 obtain different 

results when evaluating the extraction of Er by HEH[EHP] in kerosene but the activation energy 

is almost double the value found by Yue et al. under similar conditions for aqueous hydrochloric 

acid. Li and Zheng suggest the rate controlling step in their system is the diffusion of the 

unsaturated complex from the interface to the bulk organic phase and that Er must dissociate 

from a hydroxide anion to facilitate this process. The rate law is 0.2 order for Er and 0.84 order 

for the extractant. 

 Rate laws have also been reported for extraction of the heaviest lanthanides Yb and Lu 

from chloride solutions 167,197 by HEH[EHP]/90% heptane/10% isooctanol and 

HEH[EHP]/kerosene, respectively. Both studies also suggest diffusion-control of the rare earth 

partitioning under these experimental conditions. Unfortunately, these studies suffer from 

limitations that cast doubt on their specific findings. (1) Addition of polar organic solvents, such 

as octanol, to the organic phase can interfere with the formation of HEH[EHP] dimers, but the 

extraction equilibria and kinetic rate limiting steps presented for Yb are based on the persistence 

of the extractant dimers in the Yb system. (2) A phthalate buffer is used to control the aqueous 

pH in the Yb extractions without any mention of correcting the distributions ratios for the pH 

dependence of Yb-phthalate complex formation in the aqueous phase, or experiments to probe 

the involvement of phthalate ions in the partitioning mechanism. (3) Both studies propose the 

formation of thermodynamically stable complexes involving hydroxide ion as well as the 
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involvement of rare earth hydroxide complexes in the interfacial region when the bulk aqueous 

pH is between 0.2 and 3.0. However, in this pH range aqueous rare earth hydroxide complexes 

do not form at sufficient concentrations to affect the extraction process in any meaningful way. 

The literature on the speciation of Yb and Lu hydroxides and the formation constants for 

Ln(OH)2+ is very clear in the assertion that the formation of such species is minimal, with values 

for the hydrolysis constants (log b 
H) typically falling between -7 and -8 depending on the precise 

solution conditions 198ï200. In fact, the formation of appreciable concentrations of mononuclear 

rare earth hydroxides does not take place below a pH of 6.0 198,201,202. An argument could be 

made that the pH in the interfacial region is substantially different than the bulk pH, or that the 

hydrolysis constants in the interfacial region are different than the bulk hydrolysis constants, but 

that will not affect the equilibrium stoichiometry of species in the bulk phases, as reported by 

both research teams. In this light, the unique elementary reactions proposed for the chemical 

extraction mechanism of Yb and Lu by HEH[EHP] must be treated skeptically 167,197. 

2.5.2.4 TALSPEAK and Derivative Processes 

 The Trivalent Actinide-Lanthanide Separation by Phosphorus reagent Extraction from 

Aqueous Komplexes (TALSPEAK) process was invented by Weaver and Kappelman in 1964 to 

separate the chemically similar trivalent actinides and rare earths. Since then, the fundamental 

formulation of TALSPEAK has been adjusted and expanded to create the advanced TALSPEAK 

(or TALSQuEAK) process and the reverse TALSPEAK process. TALSPEAK-like extraction 

chemistry has also been exploited for the separation of individual rare earths. The traditional 

TALSPEAK system is comprised of HDEHP in a non-polar diluent, (usually di-

isopropylbenzene or n-dodecane) for the organic phase and an aqueous phase buffered with high 

concentrations of particular carboxylic acids (usually lactic or citric acid) that also contains a 

polyaminocarboxylic acid ligand (usually diethylenetriaminepentaacetic acid -- DTPA) as a 

holdback reagent. Under ideal conditions this creates sets of competing equilibria, 

 
3+ +

2 2 3R +3(HDEHP) R{H(DEHP) } +3H   (2.64) 
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and 

 
3+ (h-5) (h-x-2) +

h h-xR +H DTPA R(H DTPA) +xH  , (2.65) 

which together produce greater thermodynamic selectivity between different metal ions than 

either complexant can achieve alone. Other versions of the general TALSPEAK concept include 

advanced TALSPEAK, which employs HEH[EHP] as the extractant to improve the steep pH 

dependence of traditional TALSPEAK. Unfortunately, switching the extractant did not resolve 

the slow mass transfer kinetics suffered by the original TALSPEAK process. Further 

improvement to the process came in the form of the multi-step reverse TALSPEAK process, 

whereby the actinides and rare earths are initially extracted together without a holdback reagent 

in the aqueous phase, followed by selective stripping using the traditional TALSPEAK aqueous 

phase containing either DTPA or HEDTA. Since its inception, many different formulations of 

this type of process have been studied. 

 Given the complexity of original TALSPEAK formulation, it is important to start with a 

simplified system in order to understand the extraction kinetics. The first step was to understand 

the kinetics of rare earth extraction by HDEHP and HEH[EHP] from acidic aqueous phases as 

described above (Sections 2.5.2.2 and 2.5.2.3). The extraction kinetics for several rare earths 

could then be studied for aqueous solutions containing lactic acid or citric acid buffers into 

HDEHP solutions 23,138,172,173,203. The rate laws for trivalent La, Ce, Pr, Nd, and Eu were all first 

order for the rare earths and HDEHP dimer, and inverse first order for the proton concentration. 

This is identical to the rate laws derived in the above general HDEHP/HEH[EHP] studies on the 

light lanthanides. Unfortunately, these studies did not investigate the rate dependence on lactic 

acid or citric acid, citing earlier work that claims to find no lactate in the extracted complex 156 

even though further inspection of the equilibrium extraction data reveals a half slope dependence 

on the lactate ion concentration. The authors of the La study employed IR spectroscopy to 

examine the organic phase and conclude that the extracted complex does not change upon 

addition of lactic or citric acid 203. Across the series studied the already low activation energies 

decrease, and the mass transfer coefficients increase from La to Pr then decrease again at Nd. 
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The proposed diffusion-controlled interfacial rate-limiting step is identical across the series; a 

REx2+ monomer complex reacts with another HDEHP monomer, losing the acidic proton and 

forming a fully deprotonated REx2
+ complex. 

 The previously described experiments were conducted using hydrochloric acid instead of 

the typical nitric acid medium. A broad study by Geist et al. 154 examined the extraction rates of 

three different aqueous formulations of a) nitric acid, b) ammonium thiocyanate, and c) formic 

acid/sodium formate/sodium nitrate. They observed the fastest extraction kinetics in the nitric 

acid with formic acid/sodium formate buffer medium. La, Ce, Pr, Nd, and Eu were all evaluated, 

and the extraction mechanism was deemed to be diffusion controlled. 

 Another broad study from Nichols et al. 80, investigated the forward mass transfer rates of 

all the lanthanides under full TALSPEAK aqueous conditions using DTPA and ammonium 

citrate buffer with an HDEHP/n-dodecane organic phase. A downward trend in the forward rate 

Figure 2.10 Rate constants for mass transfer of trivalent rare earths from the aqueous phase to 

an HDEHP bearing organic phase for TALSPEAK process conditions (0.05 M DTPA/1 M 

ammonium citrate/pH = 3.55 and 1 M HDEHP/n-dodecane at T = 293 K). Data adapted from 
80.  
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constant, kao, from La to Dy emerges giving way to the anomalous Gd, then the values ascend 

continuously upwards again until Lu (Figure 2.10). The rate for Y extraction is anomalously fast 

compared to those of the similarly sized lanthanides Ho and Er. Kolarik, Koch, and Kuhn 157 

observe the same descending trend in the first half of the rare earth series as well. In fact, 

Novikov and Myasoedov 162 observe the mass transfer coefficients to decrease all the way to Tm 

in two different systems tested. They also discover from their stirring experiments that an 

increase in the DTPA concentration changes the extraction regime from diffusion control to 

kinetic control. Nash 151 describes a reaction sequence that includes several potentially slow steps 

attributable to the dissociation of the rare earth from DTPA, the diffusion of an R(Lactate)3 

complex from the bulk aqueous phase into the stagnant interfacial aqueous layer, and lastly the 

displacement of a lactate ion from the rare earth complex by an HDEHP monomer.  

 The most comprehensive study of TALSPEAK kinetics was made by Danesi and Cianetti 

with a modified Lewis cell. They found a kinetic plateau for both DTPA and HEDTA when 

studying the extraction kinetics of Eu buffered with lactic acid 23. They built a step-by-step 

mechanism of the extraction that implies, like Nash, that the dissociation of a rare earth:DTPA 

complex at or near the interface contributes to the slow kinetics. They also found that the 

pentadentate polyaminocarboxylate ligand HEDTA shows faster kinetics than octadentate 

DTPA, which is not surprising since the aqueous kinetics of metal exchange in Ce-HEDTA 

complexes are substantially faster than that of DTPA 204.  

 In the traditional TALSPEAK formulation, lactate from the lactic acid buffer greatly 

improves the phase transfer kinetics, although at high concentrations lactic acid becomes 

problematic. Lanthanide-aminopolycarboxylate complexes are known to be kinetically hindered, 

although in a buffered solution the multistep dissociation process is no longer slow enough to 

account for the observed slow phase transfer kinetics. Mechanistic phase transfer kinetics studies 

have referred to R(DTPA)2- complex dissociation reactions as the limiting step in the 

process.23,205 Danesi and Cianetti conclude that over a broad range of conditions, the process is 

controlled by the kinetics of chemical reaction rates near or at the interface 23. Single phase 

studies looking at the aqueous association and dissociation of the lanthanides by Nash and 

coworkers reveal that the Ln-DTPA dissociation step is slow. They postulate that the diffusion 

process whereby intermediate Ln-lactate complexes slowly travel to the interface, and then 
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ultimately, once at the interface, the displacement of lactate by HDEHP is also slow.94 In the 

advanced TALSPEAK system where HDEHP is replaced by the weaker base HEH[EHP] and 

DTPA is exchanged with HEDTA, the need for a high concentration of buffer is eliminated, in 

fact, phase transfer kinetics are improved in this system if the buffer concentration is lowered.  

 The citrate or lactate buffers in TALSPEAK are especially helpful for improving the rates 

of systems containing DTPA, whereas malonic acid did not assist in improving the rates of Er 

and Y extraction. This is seen in the work by Matsuyama et al. 155 on a TALSPEAK type system 

using Cyanex 272 and a perchlorate aqueous phase containing DTPA, although Kolarik et al. 

also reported these findings using HDEHP 157. Matsuyama et al. mention that the extraction rates 

for several extraction systems can be improved by the addition of ligands in the aqueous phase 

and can be attributed to the loss of a water molecule upon complexation which means 

dehydration need not be overcome. Numbers are never divulged, but it is mentioned that the 

dependence of the rate on citric acid is less than one, and that the dependence on proton 

concentration was lower than in the absence of carboxylic acids. In this work, the enhancement 

Figure 2.11 Real-time optical absorption spectra of neodymium(III)  extraction from 4 

M HNO3 into 0.05 M tetra(2-ethylhexyl)diglycolamide/0.75 M HEH[EHP] in n-dodecane 

obtained while mixing both phases. The initial neodymium aqueous species with 

maximum absorbance at 580 nm decreases with time, and the spectrum of the extracted 

complex grows in at higher wavelengths. 
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effect of these carboxylic acids was observed to increase when the proton concentration 

decreased. The downside to the addition of either lactic or citric acid is a slight tradeoff of the 

selectivity provided by DTPA. Either way the conclusion remains that the process is governed by 

diffusion in the stagnant aqueous layer, and dissociation of R-DTPA and R-lactate complexes. 

 Furthermore, a thorough study by Launiere and Gelis 131 under a variety of conditions 

evaluated the extraction kinetics of the radioactive rare earth promethium and the trivalent 

actinide americium with HEH[EHP] and HDEHP, HEDTA and DTPA, and malonate and lactate 

buffers. This study is relevant to citrate based TALSPEAK, malonate based advanced 

TALSPEAK, as well as reverse TALSPEAK and the ALSEP 206 processes. In opposition to the 

findings by Matsuyama et al. 155, Launiere and Gelis report enhanced Pm extraction rates are 

found at the lower pHôs tested. For Pm stripping, the fastest rates were obtained using DTPA 

with HEH[EHP]. 

The kinetic studies all demonstrate that the partitioning of rare earths in TALSPEAK-

based extraction systems is influenced by a series of reactions in the interfacial region. 

Computational modeling 207 and new experimental techniques can be used to probe the metal-

containing species in the interfacial region during extraction or stripping. We have used a 

modified OLIS CLARiTY spectrophotometer to measure the optical spectra of the whole rare 

earth containing solvent extraction system under vigorous mixing (Figure 2.11). The CLARiTY 

cell enables the collection of data in the opaque mixtures generated by rapid stirring of 

immiscible aqueous and organic phases and can gives us insight into intermediate species in the 

interfacial region and bulk phases species when coupled with principal component analysis of 

the resulting spectra. 

2.6 Conclusions 

 Solvent extraction kinetics, even of the simplest systems, are incredibly complex. The 

presence of two bulk phases, stagnant diffusion layers, the interfacial region as well as the 

interface itself, and the chemical gradients within these zones makes experimentation and 

conclusive identification of specific extraction mechanisms and their rate-limiting steps very 

difficult. To date, extraction kinetics studies on the rare earths have focused on liquid-liquid 
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extraction systems that are of interest for potential application in industrial scale rare earth 

separations principally using some versions of a Lewis cell. Many groups have invented new 

cells as workarounds to the drawbacks encountered in the use of Lewis cells, but each advance in 

constant interfacial area cells comes with its own unique drawbacks. More recently, the use of 

microfluidics to study solvent extraction kinetics represents a promising alternative to Lewis-

type cells. By providing rapid and thorough mixing in both phases and well-defined specific 

interfacial areas, microfluidics approaches appear able to deconvolute diffusion and kinetic 

control in solvent extraction. Definitive accounting for diffusion in all systems would be 

beneficial for the study of rare earth extraction kinetics. Researchers would do well to move 

away from Lewis-type stirred cells to microfluidic approaches or rotating membrane cells to 

overcome the uncertainties in the kinetic regimes encountered when using Lewis-type cells. 

 This summary of rare earth solvent extraction kinetics data also makes startlingly clear 

the great need for innovation in the way of real-time solvent extraction speciation information 

that is able to provide insight into intermediate speciation occurring at the interface. The vast 

majority of studies recognize that these rate-limiting reactions are occurring at or near the 

interface and yet few researchers studying kinetics are incorporating techniques to corroborate 

and complement their findings. The addition of such techniques would be especially useful since 

the kinetic models often take the same mathematical forms even for the simplest extraction 

systems and regardless of the extraction regime. In more complex systems, particularly those 

under mixed diffusion and kinetic control, the models rapidly become so complicated and 

contain so many potentially relevant parameters that the physical processes involved are 

obscured, not illuminated. 

 The complexity of the kinetic models and the prevailing importance of interfacial 

reactions in rare earth solvent extraction make development and deployment of techniques for 

direct investigation of interfacial species under dynamic or even static conditions critical to 

future advances in the field. Fortunately, the optical properties of many lanthanide ions and their 

complexes provide unique opportunities to probe rare earth speciation at the interface using 

sensitive spectroscopic techniques, and perhaps to provide insight into the general mechanisms 

of solvent extraction for other metal ions as well. Conventional absorption spectroscopy in 

rapidly mixed systems, time-resolved fluorescence spectroscopy of still interfaces, and 
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fluorescence microscopy of counter flowing phases are unique tools that can strongly supplement 

traditional surface tension and kinetic measurements. Molecular computation and advanced X-

ray techniques that are sensitive to short and longer-range structures at or near still interfaces 

also show promise for determining the interfacial metal speciation and giving insight into the 

effects of various components of extraction systems. 

 Understanding the nature of the species present at the interface is critical to the future of 

research in this field, but correct interpretation of the extraction data is also important. A 

surprising number of studies neglect to account for the formation of unextractable complexes in 

the aqueous phases or known extractant aggregation equilibria in their analyses. The formation 

of aqueous complexes by proton exchange reactions can have particularly large but difficult to 

distinguish effects on the pH dependence of the extraction rates and the apparent stoichiometry 

of the extracted complex. Failing to account for this has led some kineticists to propose clearly 

incorrect rate laws and unrealistic mechanisms, most notably those involving rare earth 

hydroxide complexes in moderately acidic solutions. Slope analysis must be carefully applied, 

and separate studies of the speciation in the bulk aqueous and organic phases by other physical 

methods can be very informative here. 

 Finally, solvent extraction, like other separation techniques is inherently dynamic. 

Kinetic measurements of extraction systems are central to understanding the chemical and 

physical pathways relevant to the separations and maximizing the efficiency of extraction 

processes. It is important, therefore, for researchers to maintain the distinction between the 

widely studied thermodynamics of rare earth separations and their occasionally studied kinetics. 

While the kinetic models should be informed by the equilibrium rare earth species present in the 

aqueous and organic phases, transient kinetic species with stoichiometries intermediate between 

those of the aqueous and organic phase species will exist in every realistic rare earth solvent 

extraction system. Nevertheless, it is common for researchers to use the composition of the 

equilibrium species determined from thermodynamic studies as justification for ignoring the 

possible kinetic influence of certain components. The interface is so complex that to presume 

interfacial species are defined by the equilibrium bulk species is a grand assumption. To ensure 

that essential intermediates are not missed, all the components of a system, not just those present 

in the equilibrium complexes, should be evaluated for their influence on the rate law as they may 
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play a role in the intermediate species. In addition, more thorough accounts of experimental 

methods with a detailed list of the system components must be provided. 

 Kineticists who adopt newer approaches to measuring kinetics, apply new techniques to 

probe interfacial species, understand and correctly apply the equilibrium properties of the 

systems to the thermodynamics and kinetics, and thoroughly examine the rate dependence of all 

the components in the system will be poised to develop efficient rare earth separations.  
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3.1 Abstract 

 We have determined the identity of the complexes extracted into the ALSEP process 

solvent from solutions of nitric acid. The ALSEP process is a new solvent extraction separation 

designed to separate americium and curium from trivalent lanthanides in irradiated nuclear fuel. 

ALSEP employs mixture of two extractants, 2-ethylhexyl phosphonic acid mono-2-ethylhexyl 

ester (HEH[EHP]) and N,N,Nô,Nô-tetra(2-ethylhexyl)diglycolamide (TEHDGA) in n-dodecane, 

which makes it difficult to ascertain the nature of the extracted metal complexes. It is often 

asserted that the weak acid extractant HEH[EHP] does not participate in the extracted complex 

under ALSEP extraction conditions (2 ï 4 M HNO3). However, analysis of the Am extraction 

equilibria, Nd absorption spectra and Eu fluorescence emission spectra of metal-loaded organic 
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phases argues for participation of HEH[EHP] in the extracted complex despite the high acidity of 

the aqueous phases. The extracted complex was determined to contain fully protonated 

molecules of HEH[EHP] with an overall stoichiometry of M(TEHDGA)2(HEH[EHP])2Ā3NO3. 

Computations also demonstrate that replacing one TEHDGA molecule with one (HEH[EHP])2 

dimer is likely energetically favorable compared to Eu(TEHDGA)3Ā3NO3 whether the 

HEH[EHP] dimer is monodentate or bidentate. 

3.2 Introduction  

 Implementation of advanced nuclear fuel cycles is critical to plans for sustainable use of 

nuclear energy. Proposed closed nuclear fuel cycles based on partitioning and transmutation will 

recycle uranium and plutonium from used nuclear fuel and then separate and transmute minor 

actinide elements to short-lived nuclides in fast reactors. The separation and recycle of uranium 

and plutonium by the Plutonium Uranium Reduction EXtraction (PUREX) process is well 

studied; but efficient chemical separation of the trivalent minor actinides americium and curium 

from the lanthanide-rich matrix the PUREX process leaves behind is difficult due to the physical 

and chemical similarities of the trivalent lanthanide (Ln) and actinide (An) ions.1,2  

 In the past 60 years, a number of solvent extraction systems for actinide-lanthanide 

separations have been proposed.3ï9 Recently, a three-step solvent extraction separation, the 

ALSEP (Actinide Lanthanide SEParation) process, has been proposed to simplify isolation of 

americium and curium from the lanthanides. In ALSEP the An(III) and Ln(III) cations are 

extracted together from aqueous nitric acid solutions into an n-dodecane organic phase 

containing two potential ligands, an acidic dialkylorganophosphorus extractant and a neutral 

diglycolamide extractant.16,17 Although several ALSEP formulations have been considered, the 

most effective formulation uses a mixture of the extractants 2-ethylhexyl phosphonic acid mono-

2-ethylhexyl ester (HEH[EHP]) and N,N,Nô,Nô-tetra(2-ethylhexyl)diglycolamide (TEHDGA) in 

n-dodecane (Figure 3.1).18 Following extraction of the trivalent lanthanide and actinide cations 

from ca. 3 M HNO3, the organic phase is contacted with a scrub solution to adjust the acidity and 

remove minor impurities. Then, the americium and curium are selectively stripped from the 

scrubbed organic phase by the addition of a polyaminocarboxylic acid such as 

diethylenetriaminepentaacetic acid (DTPA) or N-(2-hydroxyethyl)ethylenediaminetriacetic acid 
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(HEDTA) to the aqueous phase. The ALSEP process greatly simplifies the separation of trivalent 

actinides by combining the partitioning of trivalent f-elements and the An/Ln separation 

processes into a single separation cycle, allowing direct use of PUREX raffinate solutions, 

exhibiting fast extraction rates, and performing robustly under a broad range of process 

conditions.19,20 

Our research aims to develop a kinetic model of the processes that underlie americium 

and curium stripping in ALSEP but probing the kinetics of this complex multi-extractant system 

requires an understanding of the metal complexes present in the bulk phases at equilibrium. This 

work begins that process by dissecting the speciation of the organic phase metal complexes in 

the ALSEP extraction step. 

 The complexes formed in solutions containing only a diglycolamide or an acidic 

dialkylorganophosphorus extractant have been studied extensively,18,208ï222 but only a few 

published works have investigated the bulk phase chemical speciation of trivalent actinide or 

lanthanide complexes in the presence of both a diglycolamide and an acidic 

dialkylorganophosphorus extractants.18,211,223ï225 These studies suggest ternary metal-extractant 

complexes are present in the organic phase under certain conditions, but they either employ 

different extractants (for example TODGA rather than TEHDGA or the phosphoric acid HDEHP 

Figure 3.1 Chemical structures for (A) 2-ethylhexyl phosphonic acid mono-2-ethylhexyl 

ester (HEH[EHP]) and (B) N,N,Nô,Nô-tetra(2-ethylhexyl) diglycolamide (TEHDGA), the two 

extractants used in combination in the ALSEP organic phase. Structures of additional 

extractants used in the computational analyses of this study and in related liquid-liquid 

extraction processes are presented in Supplemental Figure 3.9. 
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rather than the phosphonic acid HEH[EHP]), examine pH ranges that are not relevant to 

extracting conditions, or simulate organic phase conditions using solutions that are not in 

equilibrium with an aqueous phase. Unsurprisingly, these studies do not entirely agree. Some 

hypothesized that a ternary metal-diglycolamide-organophosphorus complex is present under all 

conditions211,226 while others reported that a mixed extractant complex exists only under specific 

conditions.18,224,225 

 Understanding the speciation of the ALSEP process extraction step is important to the 

accurate interpretation of kinetic data and thus to pinpointing the underlying processes that lead 

to extraction, and ultimately limit the actinide stripping rate. To resolve the ambiguities of the 

earlier reports, we explore the composition and stoichiometry of the equilibrium f-element 

complexes extracted into TEHDGA/HEH[EHP]/n-dodecane from nitric acid solutions under 

conditions directly relevant to the ALSEP process. The equilibrium organic phase species are 

characterized through equilibrium analysis, UV-visible and time-resolved laser-induced 

fluorescence spectroscopy (TRLFS), and density functional theory (DFT) calculations to probe 

the metal-ligand geometries and orientation and identify the thermodynamically stable metal-

containing species present at equilibrium in the ALSEP metal extraction step.  

3.3 Results 

3.3.1 Optical Spectroscopy of Loaded Organic Phases 

 The coordination environment of the organic phase complexes formed by extraction into 

the ALSEP process solvent was probed by optical spectroscopy. Lanthanides were loaded into 

organic phases for spectroscopic measurements from aqueous phases containing 0.01 M Nd or 

Eu. Neodymium is a particularly useful surrogate for Am because the ionic radii of Am3+ and 

Nd3+ are nearly identical,227 and the hypersensitive optical transitions of Nd can be useful for 

identifying changes in the metal coordination sphere.228 Europium(III), on the other hand, is 

isoelectronic with Am(III) (4f6 vs. 5f6) and displays strong and sensitive fluorescence in the 

visible region.229 Extractions were performed as closely as possible to ALSEP process relevant 

conditions (3 ï 4 M HNO3 and 0.05 M HEH[EHP]/0.75 M HEH[EHP]), but the need to balance 

adequate extraction while avoiding third phase formation meant using acid concentrations lower 
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than the ideal extraction conditions for ALSEP in some measurements. 

Neodymium absorption spectra for the 4I9/2 ­ 4G5/2, 
2G7/2 transition between 560 and 620 nm, 

the 4I9/2 ­ 4S3/2, 
4F7/2 transition between 720 and 770 nm, and the 4I9/2 ­ 4F5/2, 

2H9/2 transition 

Figure 3.2 UV-Visible spectra of the neodymium 4I9/2 Ÿ 
4G5/2, 

2G7/2 (560-620 nm) and 4I9/2 Ÿ 
4S3/2, 

4F7/2 and 2H9/2, 
4F5/2 (700-850 nm) transitions after extraction into; 0.75 M HEH[EHP]/n-

dodecane from 0.001 M HNO3/1 M NaNO3 (short dash), 0.1 M TEHDGA/n-dodecane from 3.5 

M HNO3 (short dot), and 0.75 M HEH[EHP]/0.05 M TEHDGA/n-dodecane (ALSEP) from 4 M 

HNO3 (solid line). 
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between 775 and 825 nm are summarized in Figure 3.2. The spectra represent Nd extracted by 

0.75 M HEH[EHP]/n-dodecane, 0.1 M TEHDGA/n-dodecane, or the ALSEP organic phase ï 

0.05 M TEHDGA/0.75 M HEH[EHP]/n-dodecane. Extraction of Nd into the ALSEP organic 

phase from 2 M HNO3 (not shown), 3 M HNO3 (not shown), and 4 M HNO3 produced identical 

spectra, but these spectra of the ALSEP organic phase are different from those of the organic 

phases containing only 0.1 M TEHDGA/n-dodecane or 0.75 M HEH[EHP]/n-dodecane. The 

most notable differences between the Nd-TEHDGA and the Nd-ALSEP spectra are diminished 

absorbances at 575 and 591.5 nm in the TEHDGA sample relative to the ALSEP sample, and 

enhanced absorbance at 735 nm for the TEHDGA sample. Furthermore, a general narrowing of 

the peaks occurs in the TEHDGA sample, particularly those centered around 802 and 587 nm, 

which is accompanied by a slight blue shift at 582 and 587 nm. 

 While the 0.1 M TEHDGA and 0.05 M TEHDGA/0.75 M HEH[EHP] spectra are similar, 

each organic phase composition investigated exhibits a unique spectrum, indicating that different 

average Nd coordination environments are encountered in each organic phase. Principal 

component analysis of the spectra and target transformation using the program SIXpack230 

indicate the Nd absorption spectrum of the two extractant TEHDGA/HEH[EHP] ALSEP system 

does not arise from a linear combination of the Nd spectra observed for the single extractant 

TEHDGA/n-dodecane and HEH[EHP]/n-dodecane systems. Moreover, peaks at 570 nm and 606 

nm are absent in the spectrum of the ALSEP system, indicating that Nd{H(EH[EHP])2} 3 is not 

present. Although the presence of an equilibrium mixture of multiple Nd complexes in the 

ALSEP system cannot be excluded based on these absorption spectra, the results of the principal 

component analysis imply the presence of at least one Nd complex in the ALSEP organic phase 

that is not found in either of the two single extractant systems. 

 The TRLFS emission spectra of Eu extracted in the three different extraction systems 

(Figure 3.3) more clearly demonstrate that the metal coordination environment of Eu in the 

ALSEP system is distinctly different from the complexes in the solutions containing only 

TEHDGA or HEH[EHP]. Each solution displays distinctly different fluorescence spectra from 

the other two systems, and the spectrum of the ALSEP system is obviously not related to the 

spectra of either of the single extractant systems. 

 The emission spectra of all three complexes were collected over a wavelength range 
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spanning the 5D0 ­ 7FJ transitions (J = 0 ï 4) and three key differences are apparent in the 

spectra. First, significant intensity for the 5D0 ­ 7F0 transition at 579.8 nm is only observed for 

the Eu-ALSEP system and only one peak is seen for this non-degenerate transition. Second, 

while the 5D0 ­ 7F1 transitions at 593 nm are similar for both the ALSEP and TEHDGA/n-

dodecane systems, as expected for this magnetic dipole transition, the intensities of the 

hypersensitive 5D0 ­ 7F2 manifold (618 nm) are substantially different for each of the solutions 

with the Eu-ALSEP system displaying a more intense 5D0 ­ 7F2 emission than the Eu-

TEHDGA/n-dodecane system. Third, the band shapes and barycenters of the 5D0 ­ 7F4 

transition at ca. 700 nm are distinct for each organic phase composition. Together the spectral 

differences in the TRLFS data indicate the Eu inner sphere coordination is different in each 

extraction system and that the ALSEP organic phase contains a single Eu coordination 

environment that does not match the Eu coordination in the organic phases containing only 

TEHDGA or HEH[EHP]. 

3.3.2 Probing Water Coordination by TRLFS  

 Water molecules have been proposed as inner sphere ligands in the organic phase 

complexes of Eu in a mixed malonamide/HDEHP extraction system.231 The possible presence of 

water in the inner coordination sphere of the extracted complexes in the ALSEP process was 

investigated by measuring the lifetime of Eu3+ samples prepared in light water and identical 

heavy water samples made with deuterated reagents. The presence of OH oscillators directly 

coordinated with europium decreases the emission decay lifetime (t = 0.11 ms, aqueous Eu-

solution) significantly when compared to heavier OD oscillators (t = 3.3 ms).232 The 

fluorescence lifetime of the major fluorescence peaks in each solution could be fit to a single 

exponential decay with ɢ2 < 1, and fluorescence lifetimes on the order of milliseconds (Table 

3.1). As expected, Eu3+ in the aqueous stock solutions was found to contain nine water molecules 

directly coordinated in the inner coordination sphere.233 In contrast, all the organic phase 

europium-ligand complexes we studied exhibited minimal inner sphere water molecules as 

shown in Table 3.1.  
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Table 3.1 Fluorescence lifetimes in H2O and D2O for M Eu complexes. Samples prepared by 

extracting 0.010 M Eu from 0.001 M HNO3/1 M NaNO3, 3.5 M HNO3, and 4 M HNO3 into 0.75 

M HEH[EHP]/n-dodecane, 0.1 M TEHDGA/n-dodecane, and 0.05 M TEHDGA/0.75 M 

HEH[EHP]/n-dodecane, respectively. Number of inner sphere water molecules calculated based 

on Eq. 3.11 with an absolute uncertainty of ±0.5 H2O. 

Complex Ű in H2O 

(ms) 

Ű in D2O 

(ms) 

Number 

 of H2O 

Aqueous Eu Solution 0.11 3.30 9.20 

0.05 M TEHDGA/0.75 M HEH[EHP] 2.17 2.26 0.02 

0.1 M TEHDGA 2.10 2.35 0.05 

0.75 M HEH[EHP] 3.03 3.27 0.03 

 

3.3.3 Liquid -liquid Extraction Equilibria  

 Analysis of the partitioning behavior of Am3+ or Nd3+ between aqueous solutions of nitric 

Figure 3.3 TRLIFS spectra of europium extracted from 0.001 M HNO3/1 M NaNO3 into 0.75 

M HEH[EHP]/n-dodecane (dashed line), from 3.5 M HNO3 into 0.1 M TEHDGA/n-dodecane 

(dotted line), and from 4 M HNO3 into 0.05 M TEHDGA/0.75 M HEH[EHP]/n-dodecane (solid 

line), respectively. 
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acid and organic phases comprised of TEHDGA, HEH[EHP] and n-dodecane was used to define 

the stoichiometries of the organic phase complexes in the ALSEP system. 

3.3.4 TEHDGA Dependence 

 Americium extraction from either 2 M or 4 M HNO3 into organic phases containing 

0.75 M HEH[EHP] and varying amounts of TEHDGA in n-dodecane was examined. For 

comparison, additional measurements of Am extraction from 2 M HNO3 into n-dodecane 

containing only variable concentrations of TEHDGA were also evaluated. The extraction of Am 

from 4 M HNO3 into TEHDGA/n-dodecane in the absence of HEH[EHP] could not be studied 

due to formation of a third phase under these conditions.30 

 The results of the three TEHDGA dependence experiments are summarized in Figure 3.4 

and Table 3.2. One set of extractions was conducted in the absence of HEH[EHP], while two sets 

were conducted in the presence of 0.75 M HEH[EHP]. The addition of 0.75 M HEH[EHP] to the 

TEHDGA solution caused a substantial increase in Am extraction, and the highest DAm values 

were always observed for in the 4 M HNO3ïTEHDGA/0.75 M HEH[EHP]/n-dodecane system. 

Figure 3.4 TEHDGA dependence for the extraction of Am3+ from 4 M HNO3 into 0.03-

0.075 M TEHDGA/0.75 M HEH[EHP]/n-dodecane (Â), from 2 M HNO3 into 0.02-0.07 M 

TEHDGA/0.75 M HEH[EHP]/n-dodecane (Ä), and from 2 M HNO3 into 0.02-0.2 M 

TEHDGA/n-dodecane (É). 
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In the solutions containing only TEHDGA, slope analysis of the Am extraction from 2 M HNO3 

indicates a third power dependence on the TEHDGA concentration (slope = 2.95 ± 0.09, Table 

3.2), implying the formation of a 1:3 Am:TEHDGA complex in the organic phase, as previously 

reported for extraction of Eu by TEHDGA213 and An3+/Ln3+ extraction by TODGA.212,221 The 

ALSEP organic phases, on the other hand, contain 0.75 M HEH[EHP] in addition to TEHDGA. 

In the ALSEP organic phases, the slopes of the extraction curves decrease substantially from the 

TEHDGA only case, giving second power dependence on the TEHDGA concentration at both 

acidities (2.11 ± 0.07 for 2 M HNO3 and 2.1 ± 0.1 for 4 M HNO3, Table 3.2). This implies an 

average 1:2 Am:TEHDGA stoichiometry for the extracted complexes at both acidities when 0.75 

M HEH[EHP] is also present in the organic phase. Consequently, one TEHDGA molecule is 

displaced from the equilibrated extracted complex when 0.75 M HEH[EHP] is added to the 

TEHDGA/n-dodecane organic phase to create the ALSEP extraction system.  

3.3.5 HEH[EHP] Dependence 

 Attempts to study Am extraction from 4 M HNO3 by 0.05 M TEHDGA/n-dodecane with 

variable HEH[EHP] concentrations resulted in formation of a third phase at lower HEH[EHP] 

concentrations and these investigations were not pursued. However, third phases were not 

observed during contact with 2 M HNO3, yielding distribution data across the HEH[EHP] 

concentration range of 0 - 0.75 M (Figure 3.5). The strong propensity of HEH[EHP] to dimerize 

in n-dodecane means that the dimer (HEH[EHP])2 is actually the active form of the extractant in 

our experiments.20 The (HEH[EHP])2 dependence of the Am extraction derived from linear 

regression analysis was 0.43 ± 0.02 (Table 3.2), similar to a previous report.224 

 The simplest interpretations of this result suggest an approximate 2:1 Am:(HEH[EHP])2 

stoichiometry in the extracted complex. This condition could be met either by the disruption of 

an HEH[EHP] dimer, (HEH[EHP])2,
214 accompanied by incorporation of one HEH[EHP] 

molecule into a mononuclear extracted complex, or by formation of a polynuclear organic phase 

complex with a 2:1 Am:(HEH[EHP])2 stoichiometry. Neither explanation is satisfying, however. 
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First, the ease of HEH[EHP] monomer formation will decrease with increasing HEH[EHP] 

concentration and would cause noticeable curvature in the distribution data over the wide range 

of HEH[EHP] concentrations studied. Second, extraction experiments at higher Am 

concentrations demonstrate that the distribution ratio is independent of [Am] across the range of 

Am concentrations studied. This observation is not consistent with the presence of 2:1 

Am:(HEH[EHP])2 complex in the organic phase as DAm is independent of metal concentration 

only if each extracted complex contains a single Am cation. 

 A reasonable alternate explanation for the non-integral HEH[EHP] dependence is that 

HEH[EHP] acts as a phase modifier as well as an extractant. Addition of HEH[EHP] 

substantially alters the polarity of the TEHDGA/n-dodecane organic phases, as suggested by its 

ability to suppress third phase formation in the ALSEP process.16,17 This, in turn, will affect the 

extractability of the organic phase complex with the effect that the equilibrium constant for the 

extraction will vary with the organic phase HEH[EHP] concentration, a condition that is 

incompatible with using the distribution ratio to probe complexation equilibria.  

Figure 3.5 HEH[EHP] dependence for the extraction of 241Am (III) from 2 M HNO3 into 

0.05 M TEHDGA/0-0.75 M HEH[EHP]/n-dodecane. The 0 M HEH[EHP] data is represented 

by a dashed line. 



87 

 

Table 3.2 Stoichiometric coefficients determined by linear regression analysis of logarithmic 

Am extraction data. 

Aqueous 

Phase 

Organic Phase  

[TEHDGA] 

Organic Phase 

[HEH[EHP]] 

 

Slope 
 

Intercept 

2 M HNO3 0.02-0.2 M 0 M 2.95 ± 0.09 3.5 ± 0.1 

2 M HNO3 0.02-0.07 M 0.75 M 2.11 ± 0.07 3.6 ± 0.1 

4 M HNO3 0.03-0.075 M 0.75 M 2.1 ± 0.1 4.4 ± 0.1 

2 M HNO3 0.05 M 0.005-0.75 M 0.43 ± 0.02 0.80 ± 0.02 

1-5 M HNO3 0.05 M 0.75 M 3.10 ± 0.10a 4.35 ± 0.05 

aSlope = 2n ï 3 with n = 3.05 ± 0.05 (see Supplemental Eq. 3.35) 

Figure 3.6 (a) UV-Visible spectra of neodymium extraction at 35ºC from 2 M HNO3, into 0 ï 

0.075 M HEH[EHP]/0.05 M TEHDGA/n-dodecane. (b) Speciation of extracted in Nd calculated 

from Eq. 3.2 with m = 0.9 ± 0.1. 
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In light of this complication, a different approach for probing the HEH[EHP] 

stoichiometry of the extracted complexes was devised. The speciation of the extracted complex 

was studied by UV-visible spectrophotometry in organic phases consisting of 0.05 M TEHDGA 

in n-dodecane and 0 - 0.075 M HEH[EHP]. The organic phases were contacted with aqueous 

phases containing 0.01 M Nd in 2 M HNO3 at 35 ºC. The higher temperature was used to 

discourage third phase formation at these metal concentrations. After measuring the amount of 

Nd extracted, the resulting organic phases were analyzed by spectrophotometry between 550 and 

620 nm to determine changes in the Nd coordination environment at different HEH[EHP] 

concentrations. The series of organic phase spectra obtained from these experiments are 

displayed in Figure 3.6.  

 Principal component analysis conducted using both the programs SIXpack230 and 

GlobalWorks (On-Line Instrument Systems, Inc.) indicated that the set of spectra for all 10 

HEH[EHP] concentrations studied was composed of two unique spectral components 

(Supplemental Figure 3.10). The spectrum of the first species determined from the model-linked 

singular value decomposition in GlobalWorks matched the spectrum of Nd(TEHDGA)3Ā3NO3 

extracted from 2 M HNO3. The spectrum of the second species matched that of the Nd-loaded 

ALSEP organic phase depicted in Figure 3.2. Using the spectra of these two Nd complexes, the 

ratio of the two complexes in the organic phase could be calculated for each solution and used to 

derive the number of (HEH[EHP])2 dimers, m, coordinated in the ALSEP system for the 

generalized equilibrium  

 ὓὝὉὌὈὋὃσὔὕ ά ὌὉὌὉὌὖ  ᵶ  

 ὓὝὉὌὈὋὃὌ ὉὌὉὌὖ ὲὔὕ + ὝὉὌὈὋὃ + άς Ὤ Ὄὔὕ (3.1) 

where species in the organic phase are indicated by overbars, h represents the number of acidic 

hydrogens in each metal-complexed HEH[EHP] dimer (h = 0, 1, or 2), and n represents the 

number of nitrate ions in the product complex, with n = 3 ï m(2 ï h). Defining the equilibrium 

constant of this reaction to be Kexchange, the equilibrium constant expression can be written as  



89 

 

 ὰέὫ άÌÏÇ ὌὉὌὉὌὖ ὦ (3.2) 

with b = log Kexchange + m(2 ï h) log [HNO3]. Between 0.005 and 0.050 M HEH[EHP], analysis 

of the spectroscopic data with Eq. 3.2 yields a value of m = 0.9 ± 0.1 (Figure 3.6), implying that 

under these conditions 1 (HEH[EHP])2 dimer displaces 1 TEHDGA molecule from 

M(TEHDGA)3Ā3NO3 to form the complex M(TEHDGA)2(Hh(EH[EHP])2)ĀnNO3 in the ALSEP 

organic phase. 

3.3.6 Nitric Acid Dependence 

 The stoichiometry of nitrate and hydrogen ions in the extracted complex was probed by 

examining Am3+ extraction into the standard ALSEP organic phase (0.05 M TEHDGA/0.75 M 

HEH[EHP]/n-dodecane) as a function of the equilibrium aqueous concentration of nitric acid 

(Figure 3.7). As previously described, a minimum in the Am extraction is observed at 

approximately 0.5 M HNO3 due to a change in the organic phase metal speciation from 

complexes containing TEHDGA and nitrate at high acidity to homoleptic complexes of 

monodeprotonated HEH[EHP] dimers, which show an inverse dependence of the metal 

distribution ratio on the aqueous acidity, at low acidities.17 However, even at aqueous acidities 

higher than 1 M HNO3, direct slope analysis of the concentration dependence of the distribution 

ratio is not a reliable indication of the proton or nitrate stoichiometry of the metal complex 

extracted in the ALSEP process. The large change in ionic strength across the range of aqueous 

nitric acid concentrations studied causes substantial changes in the activity coefficients of the 

aqueous solutes, the activity of water, the fraction of aqueous Am present as nitrate complexes, 

the degree of nitric acid dissociation, the amount of nitric acid extracted into the organic phase, 

and the fraction of each extractant available to interact with Am. Consequently, a multi-

equilibrium thermodynamic model for Am extraction from nitric acid into the ALSEP organic 

phase was developed to interpret the effect of nitric acid on Am extraction and the nitrate and 

hydrogen ion stoichiometry of the extracted complex using the general extraction equilibrium 
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 ὃά ὲ ὔὕ ς ὝὉὌὈὋὃὌὉὌὉὌὖ ᵶ  

 ὓὝὉὌὈὋὃ Ὄ ὉὌὉὌὖ ὲὔὕ σ ὲ Ὄ  , (3.3) 

where h = n ï 1 and h = 0, 1, or 2. Details of the model and the relationship between the slope of 

the nitrate dependence and n, the number of nitrate ions incorporated into the extracted complex, 

are described in the Supplemental Material. Evaluation of n, the number of nitrate anions 

extracted with each Am3+ cation, and Kex, the equilibrium constant for the extraction reaction, 

between 1 and 5 M HNO3 gave n = 3.05 ± 0.06 and log Kex = 4.35 ± 0.05 (Figure 3.7).  

Figure 3.7 Effect of aqueous nitric acid on Am extraction into 0.05 M TEHDGA/0.75 M 

HEH[EHP]/n-dodecane. (a) Experimental extraction data (squares) fit to a third-degree 

polynomial (short dashed line). The filled squares represent data used in the equilibrium 

activity modelling shown in panel b. (b) Determination of the nitrate stoichiometry, n, in the 

extracted complex from the correlation of the Am distribution ratio corrected for variations in 

aqueous activity coefficients, aqueous nitrate complexation, and extraction of nitric acid to the 

activity of nitrate ions in the aqueous phase using the model described in the Supplemental 

Material. 
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3.3.7 Computational Data 

 Further insight into the inner sphere coordination of trivalent f-element cations with 

TEHDGA, HEH[EHP], nitrate anions and water molecules was gained by comparing the 

complexation energies of europium-ligand complexes potentially present in the ASLEP organic 

phase. Many different coordination complexes are possible in the organic phase given the 

flexibility of the An3+ and Ln3+ coordination spheres and the presence of multiple potential 

ligands. However, the experimental data rule out many possibilities, for the complexes extracted 

from 2 ï 4 M HNO3, such as complexes containing only singly deprotonated HEH[EHP] dimers 

(e.g. M{H(EH[EHP])2} 3, complexes with inner sphere water molecules, or complexes containing 

a single TEHDGA ligand. Consequently, we calculated energies for the following complexes and 

explored the conformational space of each: TEHDGA only (Eu(TEHDGA)3Ā3NO3), two to one 

ratio of TEHDGA to deprotonated HEH[EHP] dimer (Eu(TEHDGA)2(H(EH[EHP])2)Ā2NO3), 

and two to one ratio of TEHDGA to protonated HEH[EHP] dimer 

(Eu(TEHDGA)2(HEH[EHP])2Ā3NO3). To enable tractable calculations on these complexes, the 

ethylhexyl substituents were replaced with ethyl groups, with N,N,Nô,Nô-tetraethyldiglycolamide 

(TEDGA) replacing TEHDGA and ethyl phosphonic acid monoethyl ester (HE[EP]) replacing 

HEH[EHP] for the calculations. The structures of TEDGA and HE[EP] are summarized in 

Supplemental Figure 3.9. 

 The minimum energy geometries calculated for these three stoichiometries of the 

TEDGA and HE[EP] complexes are shown in Figure 3.8. In the Eu(TEDGA)3Ā3NO3 complex the 

europium ion is coordinated only by tridentate TEDGA ligands yielding a complex with D3 

symmetry, a coordination number of nine, and a calculated minimum energy of -9.7 kcal/mol. 

The three nitrate anions are positioned in clefts between the alkyl-chains of adjacent TEDGA 

ligands to balance the charge of europium and produce a neutral complex as found by Brigham et 

al. for the closely related extractant TODGA.212 Replacing one of the TEDGA ligands with a 

singly deprotonated dialkylphoshonic acid dimer, H(E[EP])2
-, yields 

Eu(TEDGA)2(H(E[EP])2)Ā2NO3. This complex was observed to have two possible minimum 

energy geometries within 0.2 kcal/mol (-11.3 and -11.1 kcal/mol). The two geometries differ 

primarily in the location of the nitrate anions: geometry A contains both nitrate anions in the 

outer sphere creating an 8-coordinate Eu complex with C2 site symmetry, while geometry B 
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contains one monodentate nitrate anion in the Eu inner coordination sphere, giving europium a 

coordination number of nine and C1 symmetry. In geometry A, neither nitrate remains in the cleft 

between the TEDGA ligands, instead each nitrate is associated with one of the TEDGA ligands 

(Figure 3.8). In geometry B the two nitrates are found in spaces between the TEDGA molecules 

and the HE[EP] dimer. The movement of the nitrate counter anions can be explained by the 

increase in inner sphere free space when one tridentate TEDGA is replaced by a bidentate 

Figure 3.8 Optimized Eu-complexes investigated as possible species existing during ALSEP 

extraction. Geometries (A) and (B) refer to two different Eu complexes containing 

deprotonated HE[EP] dimers and geometries (C) and (D) refer to two different Eu complexes 

containing protonated HE[EP] dimers. See the text for further details of the complexes. 

Europium is teal, oxygen atoms are red, nitrogen atoms are blue, carbon atoms are gray, and 

hydrogen atoms are white. Dashed lines from Eu highlight the chelating oxygen in every 

complex. Hydrogen atoms outlined with black circles correspond to the acidic HE[EP] 

hydrogen. Black dashed lines represent hydrogen bonding while solid black lines represent 

bonds. 
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H(E[EP])2
- anion. The extra room allows the remaining two TEDGA ligands to shift, removing 

the original clefts where the nitrate ions were positioned. Consequently, the nitrate ions 

reposition, either outer sphere or inner sphere, to stabilize the newly formed Eu complex. The 

energetic similarity of these complexes is unusual because 9-coordinate Eu complexes are 

generally expected to be energetically more stable than the 8-coordinate europium complex. 

However, analysis of the europium-ligand coordination distances reveals that inner sphere 

coordination of the nitrate anion in geometry B causes the Eu-O bond lengths of the TEDGA 

ligands to increase (Supplemental Table 3.6). As a result, the energies of the 8- and 9-coordinate 

complexes differ by only 0.2 kcal/mol, which suggests that if 

Eu(TEHDGA)2(H(EH[EHP])2)Ā2NO3 were to form in the organic phase, both complexes A and 

B could coexist in solution.  

 Five possible minima were located for the Eu(TEDGA)2(HE[EP])2Ā3NO3 complex, which 

forms from a from a neutral, fully protonated (HE[EP])2 dimer (i.e. H2(E[EP])2 ) without the loss 

of a hydrogen ion to the aqueous phase. Two possible complexes were close in energy (-25.7 

and -22.9 kcal/mol) while the other three complexes (-12.8, -11.1 and -5.9 kcal/mol) were 

substantially less stable. Only the two most stable configurations, geometries C and D, are 

considered here. 

 In both of these complexes, one P=O - - H-O hydrogen bond in the (HE[EP])2 dimer is 

disrupted. The critical difference between the two lowest energy conformations of 

Eu(TEDGA)2(HE[EP])2Ā3NO3 is the interaction between the (HE[EP])2 dimer and the Eu ion. In 

geometry C of the Eu(TEDGA)2(HE[EP])2Ā3NO3 complex (Figure 3.8), the europium sits in a C2 

symmetry site, all the nitrate ions remain in the outer coordination sphere, a hydrogen bond 

forms between one HE[EP] and a nitrate anion, and bidentate coordination between the HE[EP] 

dimer and Eu is observed. The energy of this complex is calculated to be -22.9 kcal/mol. The 

PO-H bond of the HE[EP] hydrogen bonding to the nitrate elongates from 1.03 ᴠ to 1.57 ᴠ 

while the H- -ON hydrogen bond between this HE[EP] and the nitrate anion is 1.02 ᴠ. This 

indicates that such a complex would take on the character of a deprotonated HE[EP] dimer 

hydrogen bonded to nitric acid. Alternately, the Eu(TEDGA)2(HE[EP])2Ā3NO3 complex can 

distort, leading to the C1 symmetry complex shown in geometry D. (Figure 3.8) This is the most 

stable Eu(TEDGA)2(HE[EP])2Ā3NO3 complex studied at -25.7 kcal/mol. In geometry D the 
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(HE[EP])2 dimer becomes monodentate as one Eu-OP bond and one P=O - - H-O-P hydrogen 

bond are cleaved and nitrate anions reposition to stabilize the entire complex. One nitrate anion 

moves into the Eu inner coordination sphere with Eu-ON bond length of 2.34 ᴠ while a second 

nitrate anion H-bonds to the hydrogen on the non-coordinated HE[EP] in the outer coordination 

sphere. The non-coordinated HE[EP] PO-H bond length remains 1.04 ᴠ while the H - - ON 

hydrogen bond between this HE[EP] and the nitrate anion is 1.48 ᴠ. This implies that complex D 

would have the character of a fully protonated HE[EP] dimer hydrogen bonded to a nitrate anion. 

This asymmetric complex featuring inner and outer sphere nitrate ions is 2.8 kcal/mol more 

stable than the Eu(TEDGA)2(HE[EP])2Ā3NO3 complex with all three nitrates in the outer sphere 

and 19.0 kcal/mol more stable than Eu(TEDGA)3Ā3NO3.  

3.4 Discussion 

 Together the equilibrium partitioning experiments, optical spectroscopy, and modeling 

clearly demonstrate the formation of a new extracted complex when HEH[EHP] is added to 

solutions of TEHDGA under metal extraction conditions in acidic biphasic systems. Previous 

evidence of mixed TEHDGA-HEH[EHP] complexes under ALSEP extraction conditions has 

been inconsistent. The original work on the ALSEP process postulated ternary metal-TEHDGA-

HDEHP (HDEHP = bis(2-ethylhexyl)phosphoric acid) complexes were likely involved in An3+ 

and Ln3+ extraction under acidic conditions, but also concluded it was unclear if metal-

TEHDGA-HEH[EHP] complexes form.17 Subsequent EXAFS studies of Nd3+ extracted into 

mixtures of TEHDGA and HEH[EHP] from 1 M HNO3 suggested the possibility of a Nd-O-P 

scattering path consistent with ñrelatively weak interactions between Nd-HEH[EHP]-T2EHGDA 

when extracted from a mildly acidic aqueous environment.ò18 In contrast to both these studies, a 

later EXAFS study of Eu-TODGA-HDEHP complexes concluded that only 1:3:3 

Eu:TODGA:nitrate complexes are extracted into 0.05 M TODGA/0.75 M HDEHP/n-dodecane 

from 3 M HNO3.
225 On the other hand, from FTIR experiments Rama Swami et al. proposed 

simultaneous coordination of TEHDGA and HEH[EHP] or HDEHP when Eu3+ is extracted into 

mixtures of these extractants from 3 M HNO3.
211 The observation of multi-extractant organic 

phase complexes in the ALSEP system also is similar to reports for An3+ and Ln3+ extraction by 

mixtures of N,Nǋ-dimethyl-N,Nǋ-dioctylhexylethoxymalonamide and dialkylphosphoric acid 
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extractants.231,234,235 Our experiments and modeling confirm the formation and identity of the 

mixed metal-TEHDGA-HEH[EHP] complex formed in the ALSEP organic phase under acidic 

extracting conditions. 

 The presence of neutral and acidic coextractants at variable concentrations and high 

aqueous acidities makes the determination of the organic phase speciation in the ALSEP process 

difficult. At low acidity the ALSEP processô acidic extractant, HEH[EHP], forms the 

M{H(EH[EHP])2} 3 complex,18 liberating hydrogen ions to the aqueous phase according to the 

equilibrium 

 ὓ σ ὌὉὌὉὌὖ   ᵶ  ὓὌὉὌὉὌὖ σ Ὄ . (3.4) 

Equilibrium 3.4 is clearly opposed by high acidities, and the extraction of An3+ or lanthanides 

lighter than terbium by HEH[EHP] is negligible at aqueous acidities of 1 M or greater.236 By 

itself, the neutral extractant TEHDGA forms complexes in the organic phase according the 

equilibrium212,213 

 ὓ σ ὔὕ  σ ὝὉὌὈὋὃ  ᵶ  ὓὝὉὌὈὋὃσὔὕ. (3.5) 

If the nitrate anions are supplied by nitric acid, Eq. 3.5 will be favored by high nitric acid 

concentrations and negligible at the low acidities favored by Eq. 3.4. At high nitric acid 

concentrations experiments also suggest coextraction of nitric acid, depending on the 

conditions,213 with the equilibrium 

 ὓ ὴ Ὄ σ ὴ ὔὕ  σ ὝὉὌὈὋὃᵶ  

 ὓὝὉὌὈὋὃ σὔὕ ὴὌὔὕ,  p = 1, 2. (3.6) 
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 Each of these equilibria has a characteristic dependence on the extractant, nitrate, and 

hydrogen ion activities (Table 3.3). However, in the mixed HEH[EHP]/TEHDGA ALSEP 

system, a distinctly different stoichiometry is observed, 1 An3+/Ln3+:2.1 TEHDGA:0.9 

(HEH[EHP])2:3.05 NO3
-, with no aqueous hydrogen ions as reactant or product and no inner 

sphere coordinated water. Furthermore, optical spectroscopy of the extracted Nd and Eu 

complexes demonstrate the stoichiometry observed in the ALSEP system solvent does not result 

from mixtures of the products of Eq. 3.4 and Eq. 3.5 or 3.6, because the distinct optical 

signatures of M{H(EH[EHP])2} 3, absorption peaks at 570 and 606 nm in the Nd spectrum 

(Figure 3.2) and the Eu fluorescence emission band at 611 nm (Figure 3.3), are absent. This 

disappearance of the homoleptic Nd-HEH[EHP] complex under ALSEP extracting conditions is 

also consistent with experiments by Gullekson et al. who titrated TEHDGAĀHNO3/n-dodecane 

into isolated organic phases initially containing Nd{H(EH[EHP])2} 3.
18 

 The change in the metal ion site symmetry of the extracted complex between organic 

phases containing only TEHDGA and those containing mixtures of TEHDGA and HEH[EHP] is 

also apparent in the changes in the optical spectra (Figure 3.3 and Figure 3.6). The 5D0 Ÿ 
7F0 

transition of Eu3+, which occurs near 580 nm in condensed phases, is particularly diagnostic. 

This transition is only allowed for a subset of non-cubic space groups without an inversion center 

ï Cnv, Cn, and Cs.
237 In other symmetries, for example Dn or any space group with an inversion 

center, this transition is forbidden and is generally very weak if observed at all. Extraction of 

Eu3+ into 0.75 M HEH[EHP]/n-dodecane or 0.2 M TEHDGA/n-dodecane yielded solutions with 

barely discernable 5D0 Ÿ 
7F0 emissions (Figure 3.3 and Supplemental Figure 3.14), in agreement 

with previous reports 214,238. In contrast, extraction of Eu3+ from 4 M HNO3 into 0.05M 

TEHDGA/0.75 M HEH[EHP]/n-dodecane gives a solution with an obvious 5D0 Ÿ 
7F0 emission 

band at 579.7 nm. The absence of significant 5D0 Ÿ 
7F0 emission for the organic phase Eu 

complexes containing only HEH[EHP] or TEHDGA is readily understood based on the Eu site 

symmetry. Eu{H(EH[EHP])2} 3 is believed to possess approximately octahedral symmetry with 

an inversion center214,222. The Eu(TEHDGA)3·3NO3 complex extracted into 0.05 M TEHDGA 

will have D3 site symmetry212 similar to the europium trisoxydiacetato and trisdipicolinato 

complexes, which also show exceedingly weak 5D0 Ÿ 
7F0 emission.239,240 However, replacing 

one TEHDGA molecule with one mono- or bidentate (HEH[EHP])2 will necessarily yield a 

lower symmetry complex (C2v, C2, or C1) with an allowed 5D0 Ÿ 
7F0 transition, as we observe.  
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Table 3.3 Expected dependence of distribution ratios on the organic phase extraction concentrations of extractants and the activity of 

hydrogen and nitrate ions in aqueous nitric acid for proposed extraction equilibria. 

  Slope Slope Stoichiometry Slopea 

Equil. Extracted Complex TEHDGA (HEHEHP)
2
] {H +}  {NO3

-}  {NO3
-}  

3 M(TEHDGA)2(Hh(EH[EHP])2)ĀnNO3 2 1 n - 3 n 2n - 3 

4 M{H(EH[EHP])2} 3 0 3     -3  -3 

5 M(TEHDGA)3Ā3NO3 3 0 0 3 3 

6 M(TEHDGA)3Ā3NO3ĀpHNO3 3 0 p p + 3 2p + 3 

a Slope expected in nitric acid solutions when [H+] å [NO3
-] (Supplemental Eq. 3.27 and 3.35) 
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The lowest energy conformations we found in our theoretical calculations (geometries C and D) 

show these lowered symmetries. 

 The changes in the 5D0 Ÿ 
7F4 emission band at approximately 700 nm are also consistent 

with a decrease in symmetry of the Eu site in the ALSEP system compared to the organic phase 

containing only TEHDGA. The Eu3+ 7F4 state is split into 4 levels in crystal fields of D3 

symmetry (i.e. for Eu(TEHDGA)3·3NO3), while it splits into 7 levels for C2v symmetry and 9 

levels for C2 or C1 symmetry 229. The broadening of the 5D0 Ÿ 7F4 transition in the Eu-ALSEP 

emission spectrum compared to the Eu-TEHDGA spectrum is accompanied by a transition from 

4 discernable bands in the Eu-TEHDGA spectrum to the presence of 6 discernable shoulders on 

the main peak for the Eu-ALSEP spectrum (Supplemental Figure 3.14), suggesting that the 7F4 

state splits into at least 7 discrete levels. This change in site symmetry of the extracted complex 

is consistent with direct coordination of HEH[EHP] in the ALSEP system.  

 With the metal:ligand stoichiometry established by equilibrium partitioning and 

spectroscopic experiments, the protonation state of HEH[EHP] in the extracted complex remains 

key to understanding the nature of the extracted complex. The extracted complex must be charge 

neutral. The charge on the extracted An3+ and Ln3+ cations can be balanced by coextracted nitrate 

anions (Eq. 3.5), deprotonated HEH[EHP] molecules (e.g. H(EH[EHP])2
- in Eq. 3.4), or a 

combination of the two. In addition, HNO3 may be incorporated into the outer sphere of the 

extracted complex (Eq. 3.6). The aqueous acidity disfavors formation and complexation of the 

H(EH[EHP])2
- anion, as the pKa of HEH[EHP] is ca. 4.1,241 and our nitrate dependence 

experiments (Figure 3.7) clearly show coextraction of 3 nitrates per trivalent cation (n = 3) 

without loss of hydrogen ions from HEH[EHP] to the aqueous phase according to Eq. 3.3. Were 

H(EH[EHP])2
- or two equivalents of EH[EHP]- to form by release of H+ from the HEH[EHP] 

dimers to the aqueous phase, the experimental nitrate activity dependence in Figure 3.7 would 

have a slope of 1 (n = 2) or -1 (n = 1), respectively (Eq. 3.3, Supplemental Eq. 3.35 and 

Supplemental Material). Instead, the experimentally verified lack of H+ release to the aqueous 

phase suggests that either HEH[EHP] coordinates to the metal center as a neutral, protonated 

species236 or that HEH[EHP] deprotonates during formation of the extracted complex with the 

released hydrogen ion remaining in the organic phase and forming a molecule of nitric acid by 

reacting with one nitrate anion.  
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 Computational modeling of the possible extracted complexes provides further insight into 

HEH[EHP] coordination and the likely protonation state of these complexes. The complexation 

energy of Eu(TEDGA)3Ā3NO3 was calculated to be -9.7 kcal/mol compared to -11.3/-11.1 

kcal/mol and -22.9/-25.7 kcal/mol for Eu(TEDGA)2(H(E[EP])2)Ā2NO3 geometries A/B and 

Eu(TEDGA)2(HE[EP])2Ā3NO3 geometries C/D, respectively (Figure 3.8 and Table 3.4). 

Al though formation of M(TEDGA)3Ā3NO3 is exothermic, the substantially greater stability of the 

ternary metal-diglycolamide-phosphonic acid complexes suggest that fully-protonated 

HEH[EHP] can readily displace a TEHDGA molecule, since HEH[EHP] is available at 15 times 

the concentration of TEHDGA in the ALSEP organic phase. Indeed, the biphasic 

spectrophotometric titrations (Figure 3.6) indicate an appreciable concentration of a 1:2:1 

Nd:TEHDGA:(HEH[EHP])2 complex is already present with 0.015 M concentrations of 

HEH[EHP] and 0.05 M TEHDGA. Consequently, M(TEHDGA)3Ā3NO3 is unlikely to be present 

during ALSEP extractions. 

Table 3.4 Calculated Gibb Free Energies of complexation for the optimal geometries of 

Eu(TEDGA)Ā3NO3, Eu(TEDGA)2(H(E[EP])2)Ā2NO3 and Eu(TEDGA2)2(HE[EP])2Ā3NO3. 

Complexa Complexation Energy (kcal/mol) 

Eu(TEDGA)Ā3NO3 -9.7 

Eu(TEDGA)2(H(E[EP])2)Ā2NO3  A -11.3 

Eu(TEDGA)2(H(E[EP])2)Ā2NO3  B -11.1 

Eu(TEDGA)2(HE[EP])2Ā3NO3     C -22.9 

Eu(TEDGA)2(HE[EP])2Ā3NO3     D -25.7 

aExtractants truncated from 2-ethylhexyl to ethyl chains for computational feasibility 

Substitution of HEH[EHP] for TEHDGA in the extracted complex of the ALSEP system also 

appear to affect the nitrate coordination environment profoundly. In the M(TEHDGA)3Ā3NO3 

complex, the nitrate anions required to balance the positive charge of the metal cation sit in the 

outer coordination sphere in clefts between the coordinated TEHDGA ligands,212,242 likely 

interacting with coextracted water molecules present in the outer coordination sphere.243 Two of 

these threefold inter-ligand nitrate binding clefts are lost when one TEHDGA molecule is 

replaced with HEH[EHP] to form the ALSEP systemôs extracted complex. Consider the 
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hypothetical ALSEP extraction reaction, 

 ὓ ς ὔὕ ς ὝὉὌὈὋὃὌὉὌὉὌὖ ᵶ  

 ὓ ὝὉὌὈὋὃὌὉὌὉὌὖ ςὔὕ Ὄ . (3.7) 

It would display a nitrate activity dependence slope of 1 with n = 2 (Supplemental Eq. 3.35 and 

Supplemental Material) and produce complexes with geometries A or B. For these complexes, 

the computations indicate that replacing one TEHDGA with H(EH[EHP])2
- will cause both 

nitrate anions to migrate out of the one remaining cleft between TEHDGA molecules. In 

geometry A, the nitrates occupy spaces between the TEHDGA and HEH[EHP] molecules. In the 

case of geometry B, one of the nitrate anions repositions further to form an inner sphere complex 

with the Eu ion (Figure 3.8).  

 The changes in the nitrate environment are even more profound for the most stable 

complexes studied, geometries C and D of Eu(TEDGA)2(HE[EP])2Ā3NO3. Unlike the complexes 

represented by geometries A and B, the stoichiometry of these complexes C and D matches the 

experimentally determined stoichiometry and the overall extraction equilibrium  

 ὓ σ ὔὕ ς ὝὉὌὈὋὃὌὉὌὉὌὖ  ᵶ  

  ὓὝὉὌὈὋὃὌὉὌὉὌὖ σὔὕȢ (3.8) 

In both geometries C and D, the computations suggest that one nitrate anion will remain in the 

cleft between the two TEHDGA molecules and a second nitrate will interact with the acidic 

hydrogen of one of the neutral HEH[EHP] molecules. In geometry C the third nitrate anion 

resides in the outer coordination sphere between one TEHDGA and one HEH[EHP] molecule. 

However, the bond lengths suggest that the third nitrate reacts with the acidic hydrogen from the 

other HEH[EHP] molecule in the complex to form a molecule of HNO3 that hydrogen bonds to 
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the coordinated oxygen of the HEH[EHP] (Figure 3.8). In complex C one inter-HEH[EHP] 

hydrogen bond remains intact and the (HEH[EHP])2 dimer is coordinated to the metal in a 

bidentate fashion. The equilibrium for this process can be represented as  

 ὓ σ ὔὕ ς ὝὉὌὈὋὃὌὉὌὉὌὖ  ᵶ   

 ὓὝὉὌὈὋὃὌὉὌὉὌὖ ςὔὕ Ὄὔὕ. (3.9) 

 In geometry D, similar to geometry C, one nitrate remains in the inter-TEHDGA cleft, a 

second nitrate hydrogen bonds to one fully-protonated HEH[EHP] molecule, and one of the 

hydrogen bonds between HEH[EHP] monomers remains intact. However, in complex D the 

HEH[EHP] dimer becomes monodentate. The HEH[EHP] monomer that hydrogen bonds to 

nitrate is rotated away from the Eu and does not coordinate to the metal center. Instead the third 

nitrate anion moves into the inner coordination sphere to give an 8-coordinate complex. 

Highlighting this change in nitrate coordination, the equilibrium for the formation of complex D 

can be written as 

 ὓ σ ὔὕ ς ὝὉὌὈὋὃὌὉὌὉὌὖ ᵶ  

 ὓὔὕ ὝὉὌὈὋὃὌ ὉὌὉὌὖ ςὔὕȢ (3.10) 

Functionally, the low energy complexes with geometries C and D form by sharing an acidic 

hydrogen between a HEH[EHP] molecule and a nitrate ion in the organic phase. 

Stoichiometrically, complexes C and D are indistinguishable, they match our experimentally 

determined speciation of the organic phase complex, and they present similarly favorable 

complexation energies compared to the other complexes studied. 

 Complexation-driven HEH[EHP] proton transfer to create hydrogen bonded HNO3 in the 

organic phase is an intriguing reaction mechanism for trivalent f-element extraction in the 
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ALSEP process. It explains the observed synergistic enhancement to the extraction caused by 

HEH[EHP] addition, the observed stoichiometry under common extracting conditions, the 

eventual loss of HEH[EHP] dependence at very high aqueous acidities,224 and is further 

supported by FTIR studies of Eu extracted from 3 M HNO3 into TEHDGA/HEH[EHP]/n-

dodecane.211 Moreover, the predicted stabilization of HNO3 in the organic phase is not 

surprising. The ability of HEH[EHP] to extract nitric acid on its own is known (Supplemental 

Figure 3.11) and the coextraction of nitric acid with An(NO3)3 or Ln(NO3)3 has been reported 

for bifunctional extractants such as octyl(phenyl)-N,N-diisopropylcarbamoylmethanephosphine 

oxide (CMPO),244,245 malonamides,246 and the diglycolamides TODGA and TEHDGA.213,247 In 

the ALSEP process, the non-dissociated acidic hydrogens of HEH[EHP] appear to exert a 

stabilizing influence on the extracted complexes, enabling the formation of f-element-TEHDGA-

HEH[EHP] complexes under conditions where HEH[EHP]ôs conventional metal-proton 

exchange equilibrium is strongly hindered. 

3.5 Conclusions 

 Our studies conclusively demonstrate the formation of a previously suspected mixed 

trivalent f-elementïTEHDGA/HEH[EHP] complex in the organic phase under the acidic 

extracting conditions of the ALSEP process (2 ï 4 M HNO3). The mutual presence of a strong 

neutral extractant and a weakly acidic extractant in the ALSEP organic phase provides unique 

opportunities for synergistic extraction of An3+ and Ln3+ from aqueous molar nitric acid 

solutions. As a more basic extractant, the dialkylphosphonic acid HEH[EHP] in the ALSEP 

system displays different behavior than the dialkylphosphoric acid HDEHP in similar mixed 

extractant systems.17,234,248 HEH[EHP] does not appear to undergo deprotonation when it 

cooperates with TEHDGA to extract trivalent lanthanide or actinide nitrates under the ALSEP 

process extracting conditions. While the strongly acidic aqueous phases inhibit deprotonation of 

HEH[EHP], the relatively high concentration of HEH[EHP], strong PO-M bonds, a smaller 

coordination footprint (mono or bidentate (HEH[EHP])2 vs. tridentate TEHDGA), and an ability 

to hydrogen bond with nitrate anions work together to boost the stability of the mixed 

M(TEHDGA)2(HEHEHP)2Ā3NO3 complex in the ALSEP organic phase. 
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3.6 Methods 

3.6.1 Materials 

 Chemicals were purchased from Sigma-Aldrich except where otherwise indicated. The 

extractant HEH[EHP] was obtained from BOC Sciences (95%) and purified to Ó98% by the third 

phase method249 as confirmed by 31P NMR and acid-base titration in an ethanol-water mixture 

(80:20). Stock extractant solutions were made by combining weighed amounts of TEHDGA 

(Eichrom Technologies, >99%) and the purified HEH[EHP] in n-dodecane (anhydrous, 99%) 

and diluting to a known volume. 

 Aqueous phases were made from nitric acid (Baker, ULTREX II) and standardized by 

titration with sodium hydroxide. Solutions of lanthanide nitrates were prepared at the desired 

acidities from stock solutions of neodymium(III) nitrate hexahydrate (99.9% trace metals basis), 

or a europium nitrate solution prepared by dissolving a weighed amount of europium oxide 

(Treibacher Industrie AG, 99.99% REE) in nitric acid. The neodymium stock solution was 

standardized by titration with a standard EDTA solution (Fisher Scientific), xylenol orange 

indicator, and a saturated solution of hexamethylenetetramine (>99%) to buffer the titration at 

pH 5 ï 5.5. The pH was adjusted with 4 M HNO3 and monitored throughout the titration with a 

ThermoOrion Ross semimicro pH electrode. Aqueous solutions were prepared using Millipore 

18 MW-cm deionized water, while deuterium oxide (99.9 atom % D), and 65 wt. % nitric acid-d 

in D2O (99 atom %) were used for the D2O luminescence experiments. 

3.6.2 Absorption Spectroscopy 

 Aqueous phases of neodymium were made to 0.01 M and diluted with the relevant 

titrated nitric acid solutions. Acid concentrations were chosen to optimize extraction of Nd while 

avoiding the formation of a third phase, therefore acid concentrations at ALSEP process relevant 

conditions were not always possible to use. Organic phase solutions were prepared by weight 

and pre-equilibrated through contact with twice their volume of the appropriate metal-free 

aqueous phase, and vortexing for 30 sec. followed by centrifugation for phase separation. This 

process was repeated twice to complete pre-equilibration. Metal extractions were performed by 
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vortexing equal volumes of pre-equilibrated organic phases with aqueous phases containing 

0.001 ï 0.01 M Nd(NO3)3 at the desired nitric acid concentration for five minutes followed by 

five minutes of centrifugation before the phases were separated. 

 Spectra of both the aqueous and organic phases were obtained on a Varian Cary 300 

Spectrophotometer in 1.000 cm quartz cuvettes from 480 to 850 nm at 0.2 nm resolution. The 

equilibrium concentrations of neodymium in the organic phases were calculated from the total 

amount of Nd in the system and the difference in the initial and final spectra of the aqueous 

phase. 

 The influence of HEH[EHP] on the stoichiometry of the organic phase Nd complexes 

also was studied spectroscopically. Organic phases containing 0.05 M TEHDGA and varying 

amounts of HEH[EHP] were made by combining aliquots of 0.2 M HEH[EHP]/n-dodecane, 0.2 

M TEHDGA/n-dodecane, and n-dodecane all of which had been pre-equilibrated with 2 M 

HNO3. These solutions were pipetted in appropriate ratios to vary the HEH[EHP] concentration 

only. In addition, 0.05 M HEH[EHP]/n-dodecane and 0.05 M TEHDGA/n-dodecane organic 

phases were also tested. Culture tubes containing equal volumes organic phase and 0.01 M 

neodymium in 2 M HNO3 were initially placed into a 35°C water bath for 30 minutes, samples 

were then vortexed for 30 seconds and placed back in the water bath for several minutes. These 

intervals were repeated until a total vortexing time of 5 minutes was reached. Phases were 

separated, and spectra were collected between 490 and 610 nm in a 1.000 cm jacketed cuvette 

held at 35°C by a recirculating water bath. 

3.6.3 Time-Resolved Laser-induced Fluorescence Spectroscopy (TRLFS) 

 TRLFS measurements were performed on europium-loaded organic solutions prepared 

by extraction from light and heavy water. Deuterated samples were made entirely with 

deuterated chemicals except for the 0.01 M europium nitrate stock solution which had been 

prepared in light water and contributed no more than 2 atom% 1H to the aqueous solutions. 

Organic solutions were pre-equilibrated with appropriate D2O/DNO3 or H2O/HNO3 aqueous 

phases and then contacted with a fresh aqueous phase containing europium similar to the 

procedure for the absorption spectroscopy experiments. Fluorescence spectra were obtained 
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using an Edinburgh Instruments LP980 spectrometer with a Continuum Surelite nanosecond 

Nd:YAG laser as the excitation source. The excitation wavelength was fixed at 394 nm while the 

emission spectrum was recorded in the range of 300 nm to 800 nm. Fluorescence lifetimes were 

obtained by monitoring the lifetimes of the europium 5D0 to 7FJ transitions (J = 0 ï 4) at the 

wavelengths of interest. Kinetic traces at each wavelength were fit as a single exponential decay 

and the goodness of fit was evaluated using the reduced chi-squared (ɢ2). The coordination 

environment of europium was elucidated based on the fluorescence emission spectra and 

fluorescence lifetime of the complexes, and the change in lifetime between non-deuterated and 

deuterated samples. In addition, the number of inner sphere coordinated water molecules (NH2O) 

was calculated using Horrockôs equation  

 ὔ ρȢπυὯ  Ὧ  (3.11) 

where kH2O and kD2O are the fluorescence decay rate constants in msec-1 for samples prepared in 

H2O and D2O samples, respectively.250ï253 The equation calculates the number of water 

molecules to within 0.5 molecules. 

3.6.4 Extraction Experiments 

 Procedures for studying the extraction of nitric acid are described in the supplemental 

material. All radiotracer experiments were performed using radiochemically pure 241Am (Eckert 

and Ziegler) dissolved in 2 M HNO3. Extractions were performed by pipetting equal volumes of 

pre-equilibrated organic and aqueous phases containing the desired concentrations of acid and 

extractant into glass culture tubes, spiking with 2 mL of the 241Am solution and vortexing for 5 

minutes followed by 5 minutes of centrifugation. Phases were separated, and aliquots of each 

phase were taken for liquid scintillation counting on a Packard 2500 TR liquid scintillation 

analyzer using Ecoscint liquid scintillation cocktail. Distribution ratios Ὀ  were calculated 

from the equation 
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 Ὀ  (3.12) 

assuming equal counting efficiency of the aqueous and organic phases. All experimental 

uncertainties are reported at two standard deviations and error bars are not shown in figures if the 

uncertainty is smaller than the data points. 

3.6.5 Theoretical Calculations 

 All calculations were performed using Gaussian 09 software.254 The alkyl chains of the 

ligands under investigation were truncated from 2-ethylhexyl chains to ethyl chains for ease of 

calculation as previously reported.255 Therefore, the computational analysis replaces TEHDGA 

with TEDGA and HEH[EHP] with HE[EP] (see Supplemental Figure 3.9 for structures of the 

truncated ligands). The europium was treated as a trivalent atom containing a +3 charge and 

multiplicity of seven. Geometries of hypothesized europium-ligand complexes were optimized 

using Beckeôs three parameter exchange functional with Lee-Yang-Parrôs correlation functional 

(B3LYP) and the 6-31G(d,p) basis sets for all second and third row elements.256,257 A relativistic 

effective core pseudopotential and corresponding basis set were employed (Stuttgart RSC 1997 

ECP) for treatment of the europium cation.258 These calculations were performed without 

explicit or implicit solvation since the europium extraction complexes under investigation will be 

present in the dodecane organic phase, which has a dielectric constant near that of gas phase. 

Calculated stationary points were identified as a minimum by verifying the lack of any imaginary 

frequencies. Complexation energies were calculated from the difference of the Gibbs Free 

Energies of the products and reactants for each complex. Even with truncation of the alkyl 

chains, the number of degrees of freedom of each complex is large. Therefore, the exploration of 

the conformational spaces was necessarily limited to dozens of conformations for each complex.  
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was devised by Mark Jensen. Paper writing was carried out primarily by Gabriela Picayo, Mark 
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3.9 Supplemental Information  

 

Figure 3.9 Chemical structures for ethyl phosphonic acid monoethyl ester (HE[EP]) and 

N,N,Nô,Nô-tetraethyldiglycolamide (TEDGA), the extractants with truncated alkyl chains used in 

the computational analysis, as well as bis(2-ethylhexyl)phosphoric acid (HDEHP), N,N,Nǋ,NǋȤ
tetraoctyldiglycolamide (TODGA), and N,Nô-dimethyl-N,Nô-dioctylhexylethoxymalonamide 

(DMDOHEMA), extractants used in liquid-liquid extraction processes related to the ALSEP 

process. 
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Figure 3.10 Comparison of the spectra of the Nd complexes created by extraction into specific 

organic phases with the spectra of the two Nd complexes present in the HEH[EHP] dependence 

experiments. (a) (Ƶ) Spectrum of Nd(NO3)3(TEHDGA)3 extracted from 2 M HNO3 into 0.2 M 

TEHDGA/n-dodecane at 25 ÁC compared to (Ƶ) the spectrum of the initial Nd species observed 

in the HEH[EHP] dependence experiments at 35 °C. (b) (Ƶ) Spectrum of the Nd complex 

extracted from 4 M HNO3 into 0.05 M TEHDGA/0.75 M HEH[EHP]/n-dodecane at 25 °C 

compared to (Ƶ) the spectrum of the final Nd species observed in the HEH[EHP] dependence 

experiments at 35 °C, 0.05 M TEHDGA/0.075 M HEH[EHP]/n-dodecane. 

3.9.1 Measurement of Nitric Acid Extracted by HEH[EHP] and TEHDGA  

 The extraction of nitric acid by HEH[EHP] and TEHDGA in the ALSEP system were 

studied in order to calculate the concentrations of free extractant in the ALSEP process. Titration 

of the organic phases to determine the concentration of acid either directly or in a two-phase 

titration were not possible due to the presence of substantial amounts of titratable hydrogen 

associated with HEH[EHP]. Instead, the nitrate content of the organic phases was analyzed after 
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stripping the organic phase.  

 Nitrate extraction by the extractants was quantified by spectrophotometric analysis using 

a modification of the method by Cataldo et al. 259 after stripping the nitrate into a fresh aqueous 

phase. Organic phase solutions of 0.75 M HEH[EHP]/0.05 M TEHDGA/n-dodecane or 0.75 M 

HEH[EHP]/n-dodecane were equilibrated with two volumes of fresh 0.3 - 4 M nitric acid twice. 

Once equilibration was completed, the extracted nitric acid was stripped from the acid-loaded 

organic phases with a solution of 0.004 M H2SO4/0.096 M Na2SO4 in a 1:3 organic to aqueous 

ratio by vortex mixing for two minutes followed by centrifugation. For higher concentrations of 

nitric acid uptake, a 1:6 organic:aqueous phase volume ratio was used. Aliquots of the strip 

solution were pipetted into individual 25 mL volumetric flasks and mixed with 0.8 mL 

concentrated H2SO4 / 5% (w/v) salicylic acid. After 20 minutes 15.0 mL of 2.5 M NaOH were 

added and ï after cooling ï the solution was diluted to the mark with 18 Mɱ water. The nitrate 

concentration was determined from the absorbance at 410 nm. Nitrate standards were made from 

standardized nitric acid solutions diluted in the H2SO4/Na2SO4 solution to match the matrix of 

the strip solution and analyzed as described above. 

 The experimentally determined nitric acid content of the 0.75M HEH[EHP]/n-dodecane 

and 0.05 M TEHDGA/0.75 M HEH[EHP]/n-dodecane was used to calculate equilibrium 

constants for the extraction of nitric acid as a function of the activity of undissociated nitric acid. 

Equilibria 3.13, 3.14, 3.15, and 3.16 were used to analyze the system, as described below, and 

we considered the presence of 0.05 M TEHDGA in the ALSEP solvent to be a perturbation of 

the extraction equilibrium found for the system containing only 0.75 M HEH[EHP]. Results are 

summarized in Figure 3.11 ï Figure 3.13. 
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Figure 3.11 Equilibrium concentrations of nitric acid extracted into the organic phase of (ƴ) the 

ALSEP process solvent 0.05 M TEHDGA/0.75 M HEH[EHP]/n-dodecane, (ǒ) 0.75 M 

HEH[EHP]/n-dodecane, and (ƶ) by the 0.05 M TEHDGA in the ALSEP process solvent, which 

is calculated as the difference between the extraction in the ALSEP solvent and the extraction by 

0.75 M HEH[EHP]/n-dodecane. 
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Figure 3.12 Determination of the equilibrium constant for nitric acid extraction by 0.75 M 

HEH[EHP] in n-dodecane from 0.3 ï 4 M HNO3 analyzed as a function of the activity of 

undissociated nitric acid in the aqueous phase according to Equilibrium 3.18 and Equation 3.26. 
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Figure 3.13 Nitric acid extraction by TEHDGA in the ALSEP process solvent, 0.05 M 

TEHDGA/0.75 M HEH[EHP]/n-dodecane, from 0.3 ï 4 M HNO3 as a function of the activity of 

undissociated nitric acid in the aqueous phase. The concentration of nitric acid associated with 

TEHDGA in the ALSEP organic phase was taken as the difference between the total amount of 

nitrate extracted by the ALSEP process solvent and the amount nitrate extracted by 0.75 M 

HEH[EHP] (Triangles in Figure 3.11). 

3.9.2 Thermodynamic model for ALSEP extraction 

 A model of trivalent f-element cation extraction by the ALSEP organic solvent under 

acidic conditions was developed to determine the effects of nitric acid on metal distribution. The 

model was based on models for actinide nitrate extraction by solvating extractants developed by 

Vandegrift and coworkers.244,260 It considered variations in the activity coefficients of aqueous 

solutes and the activity of water including the corresponding changes in the degree of metal-

nitrate complex formation and the nitric acid extraction equilibria. The activity coefficients of 
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organic phase species were considered to be independent of the aqueous phase composition and 

thus constant for our nitric acid dependence experiments. 

 The activity of a solvent is usually not considered in equilibrium constant expressions. 

However, the activity of water decreases by approximately 25% across the range of nitric acid 

concentrations studied, and extraction of actinide nitrates liberates a substantial number of water 

molecules from the inner coordination spheres of the metal cation and nitrate anions for each 

metal extracted. For this reason, the thermodynamic model proposed by Chaiko and Vandegrift 

for americium nitrate extraction in the TRUEX process explicitly considered the changes in 

water activity by including water liberated from the hydrated Am3+ cation as a product in the 

nitrate complexation reactions (Eq. 3.14 and 3.15) and the extraction equilibrium (Eq. 3.19) with 

a total inner sphere hydration number of nine for Am3+.244 Each complexed nitrate was 

considered to liberate one inner sphere water molecule from the Am3+ cation, and extraction of 

Am3+ into the organic phase was considered to liberate all nine inner sphere water molecules. A 

more recent version of this model extended for plutonium (IV) nitrate extraction by 

tributylphosphate considered nitrate complexation to liberate two water molecules per 

complexed nitrate when aqueous plutonium-nitrate complexes form.260 We adopted the approach 

from the plutonium-tributylphosphate extraction model to account for complexation-induced 

dehydration in the americium-nitrate stability constants (Eq. 3.22 and 3.23) because the 

liberation of two water molecules per complexed nitrate aligns well with fluorescence studies of 

curium-nitrate complexation.261 We further extended this model to include dehydration of both 

the metal cation (nine inner sphere water molecules per americium)262,263 and the coextracted 

anions (three inner sphere water molecules per nitrate).264,265 

 Omitting the waters of hydration for aqueous species and denoting organic phase species 

with an overbar, the equilibria considered in this model are 

 Ὄὔὕ ᵶ Ὄ ὔὕ  (3.13) 

 ὓ ὔὕᵶὓὔὕ  (3.14) 
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 ὓ ς ὔὕᵶὓὔὕ  (3.15) 

 Ὄὔὕ ὝὉὌὈὋὃᵶὝὉὌὈὋὃὌὔὕ (3.16) 

 ς Ὄὔὕ ὝὉὌὈὋὃᵶὝὉὌὈὋὃςὌὔὕ  (3.17) 

 Ὄὔὕ ὌὉὌὉὌὖ ᵶ ὌὉὌὉὌὖ Ὄὔὕ (3.18) 

and 

 ὓ ὲ ὔὕ ς ὝὉὌὈὋὃὌὉὌὉὌὖ    ᵶ  

 ὓὔὕ ὝὉὌὈὋὃὌ ὉὌὉὌὖ σ ὲ Ὄ  (3.19) 

where h = n ï 1 and h = 0, 1, or 2. The full, general equilibrium for trivalent f-element extraction 

in ALSEP, including inner sphere waters of hydration is:  

 ὓὌὕ ὲ ὔὕ Ὄὕ ς ὝὉὌὈὋὃὌὉὌὉὌὖ  ᵶ  

                       ὓὔὕ ὝὉὌὈὋὃὌ ὉὌὉὌὖ ω σὲ Ὄὕ  (σ ὲ Ὄ  . (3.20) 

The corresponding equilibrium constant expressions including water molecules liberated from 

the inner hydration spheres of the metal cation and nitrate anions are 

 ὑ  (3.21) 
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 ‍  (3.22) 

 ‍  (3.23) 

 ὑ  (3.24) 

 ὑ  (3.25) 

 ὑ  (3.26) 

and 

 ὑ
 

 (3.27) 

where the square brackets denote concentrations and curly braces denote activities, which are 

related by the activity coefficient, g, of each species as {A} = gA[A].  

The mass balance of americium in the aqueous phase,  

 ὃά ὃά ὃάὔὕ ὃάὔὕ  , (3.28) 

can be combined with the conditional stability constants for americium-nitrate complexation, b1ô 

and b2ô, 
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 ‍ᴂ ‍  (3.29) 

and 

 ‍ ‍ , (3.30) 

to give 

 ὃά ὃά ρ ‍ᴂὔὕ ‍ᴂὔὕ ) . (3.31) 

Equation 3.31 can be rewritten in terms of the activity of Am3+ as  

 ὃά ὃά Ⱦ‎ ρ ‍ᴂὔὕ ‍ᴂὔὕ ) (3.32) 

and combined with the definition of the americium distribution ratio and the relevant equilibria 

to express Kex as a function of DAm, 

 Ὀ
 

Ⱦ
 , (3.33) 

which is substituted into Equation 3.27 to give 

 ὑ
 

 
 . (3.34) 
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 Because nitric acid is a strong acid that is present in the aqueous phase at much higher 

concentrations than Am3+ and there are no other significant sources of hydronium cations or 

nitrate anions in our system at these acidities, [H+] å [NO3
-]. In the absence of single ion activity 

coefficients, the average activity coefficient of the hydrogen ion and nitrate (‎ ) is used to 

represent the hydrogen ion and nitrate activity coefficients.9 Therefore, ‎ [H+] å ‎ [NO3
-] and 

{H +} å {NO3
-} in the aqueous phase. Substituting this equality into Equation 3.34 and 

rearranging gives 

 ὑ  ὔὕ
 

 , (3.35) 

which can be used to determine n, the number of nitrate anions extracted with americium in the 

ALSEP system under acidic conditions. 

 Equation 3.35 only applies when nitric acid is the sole significant source of hydronium 

cations or nitrate anions in the system. Because of the equivalence of {H+} and {NO3
-} in the 

aqueous phase, an unusual dependence of the distribution ratio on nitrate activity is observed for 

Equation 3.35 where the slope of the nitrate dependence does not necessarily reflect the number 

of nitrate anions present in the extracted complex. This arises because there are two possible 

ways to balance the charge of the extracted metal cation in this system, extraction of nitrate 

anions and exchange of acidic hydrogens from (HEH[EHP])2. Increasing the nitric acid 

concentration will increase the concentration of nitrate anions, promoting extraction if n > 0. But, 

increasing the nitric acid concentration also proportionately increases the concentration of 

hydronium cations, which reduces exchange of acidic hydrogens from (HEH[EHP])2 and 

opposes metal extraction when h < 2 (i.e. n < 3). Consequently, increasing the nitrate (and 

hydronium) activity by increasing the nitric acid concentration will increase the metal 

distribution ratio as the n-th power of the nitrate activity, but it will also decrease the distribution 

ratio by the (3 ï n)-th power of the nitrate (hydronium) activity when 3 ï n protons are liberated 

from (HEH[EHP])2 by metal extraction. Together these effects create the {NO3
-} 2nï3 dependence 

in Equation 3.35. 
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 To model the extraction in Equilibrium 3.20 using Equation 3.35, values for Ka, b1, and 

K2 (K2 = b2/b1) were taken from the literature,244,266,267 while K1
DGA, K2

DGA, and K1
HP were 

derived by fitting experimental data for nitric acid extraction as a function of nitric acid activity 

(Figure 3.11 ï Figure 3.13). The equilibrium constants used as input for the calculations are 

summarized in Table 3.5. 

 The activity coefficients of the organic phase species were considered to be constant in 

these experiments since compositions of the organic phases undergo only modest changes 

compared to the aqueous phases in these experiments. Consequently, the extraction constant, Kex, 

derived from this model is a conditional constant applicable for 0.05 M TEHDGA/0.075 M 

HEH[EHP]/n-dodecane. 

 The activity coefficient of HNO3 and the average activity coefficient of H+ and NO3
- 

were calculated on the molar scale for each HNO3 concentration following the empirical 

equation of Levanov.266 Molal scale activity coefficients for tracer Am3+ in nitric acid were 

calculated using the Bromley Equation with coefficients for Nd(NO3)3 in nitric acid268 and 

converted to molar scale activity coefficients.269 Water activities were calculated using the Pitzer 

and Simonson model with parameters for nitric acid solutions as described by Brimblecombe and 

Clegg.270 Lacking activity coefficients for Am(NO3)
2+ and Am(NO3)2

+, molar scale conditional 

stability constants b1ô and b2ô (Eq. 3.29 and 3.30) were calculated from b1 and b2 for each 

aqueous solution composition by the SIT method using the ion interaction coefficients for Am3+, 

NO3
-, and their complexes267 with De = -0.06 and -0.35 for the formation of Am(NO3)

2+ and 

Am(NO3)2
+ on the molal scale, respectively. 

 Equation 3.35 was fit to the experimental americium distribution data between 1 and 5 M 

HNO3 with n and Kex as varied parameters using the Excel Solver, yielding n = 3.05 ± 0.06 and 

Log Kex = 4.35 ± 0.09. The uncertainties in the fitted parameters were estimated at the 95% 

confidence level using the jackknife method.271 

  



119 

 

Table 3.5 Equilibrium constants used to model nitrate extraction dependence. 

Equilibrium 

Constant 

 

Log K 

 

Reference 

Ka 1.55 266 

K1
DGA 1.24 ± 0.04 Figure 3.13 

K2
DGA 1.46 ± 0.21 Figure 3.13 

K1
HP -0.23 ± 0.05 Figure 3.12 

b1 1.33 267 

K2 -0.13 244 

 

 

 

Figure 3.14 Fluorescence emission spectra of organic phase Eu complexes from Manuscript 

Figure 3.3. Extraction of Eu (Ƶ) from 0.001 M HNO3/1 M NaNO3 into 0.75 M HEH[EHP]/n-

dodecane, (Ƶ) from 3.5 M HNO3 into 0.2 M TEHDGA/n-dodecane, and (Ƶ) from 4 M HNO3 

into 0.05 M TEHDGA/0.75 M HEH[EHP]/n-dodecane (ALSEP). (a) Spectra with an expanded 

vertical scale highlight the weaker 5D0 " 7F0, 
7F3, and 7F4 transitions. (b) Spectra with expanded 

vertical and horizontal scales illustrate the broadening of the 5D0 " 7F4 emission band when Eu 

is extracted into 0.05 M TEHDGA/0.75 M HEH[EHP]/n-dodecane. The positions of the four 

readily discernable 7F4 sublevels of the 1:3 Eu:TEHDGA complex and the seven readily 

discernable sublevels of the Eu-ALSEP complex are indicated as vertical lines color coded to 

match the spectra. 
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Table 3.6 Eu-O bond distances for optimized Eu(TEDGA)2(H(E[EP])2)Ā2NO3 complexes with 

geometry A (eight coordinated) and B (nine coordinated). 

 

Eu-O Bond 

Geometry A 

Eu-O length (ᴠ) 

Geometry B 

Eu-O length (ᴠ) 

Eu-TEDGA-1a 2.436 2.403 

Eu-TEDGA-1b 2.619 2.734 

Eu-TEDGA-1c 2.433 2.480 

Eu-TEDGA-2a 2.411 2.477 

Eu-TEDGA-2b 2.632 2.613 

Eu-TEDGA-2c 2.426 2.544 

HE[EP]-a 2.285 2.351 

HE[EP]-b 2.336 2.297 

NO3
- -- 2.459 
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CHAPTER 4  

CHARACTERIZATION OF THE ALSEP PROCESS: INVESTIGATING EQUILIBRIUM  

 AND INTERMEDIATE COMPLEXES OF THE SCRUB STAGE  

Submitted to Solvent Extraction and Ion Exchange. 

 

Gabriela A. Picayo*5, Brian D. Etz1, Madeleine A. Eddy1, Shubham Vyas1, Mark P. Jensen1,6 

4.1 Abstract 

 A unique combination of real-time and conventional optical spectroscopy, off-line 

chemical analyses, and equilibrium solvent extraction measurements were employed to monitor 

progressive changes in the speciation of the organic phase complexes of neodymium or 

americium in the biphasic scrub stage of the Actinide-Lanthanide Separation (ALSEP) solvent 

extraction process proposed for trivalent actinide/lanthanide separations. Consistent with the 

findings of other researchers, four unique organic phase species are identified by three separate 

methods of multivariate analysis. The organic phase initially contains 

M(TEHDGA)2(HEH[EHP])2(NO3)3 complexes. As the ALSEP organic phase is scrubbed with 

an aqueous malonate buffer, the complex loses HNO3 to form 

M(TEHDGA)2(H(EH[EHP])2)(NO3)2 as the first organic phase intermediate species. Further 

contact with the scrub aqueous phase forms a second intermediate species, 

M(TEHDGA)(H(EH[EHP])2)2(NO3), and eventually a complex containing only HEH[EHP], 

M{H(EH[EHP])2} 3 (where TEHDGA = N,N,Nô,Nô-tetra(2-ethylhexyl)diglycolamide and 

HEH[EHP] = 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester). Similar intermediate 
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species were also observed in equilibrium ALSEP organic phases when lower aqueous 

concentrations of nitric acid (e.g. 0.5 M HNO3) were used to extract actinides or lanthanides. 

4.2 Introduction  

 The separation of long-lived minor actinides (such as americium) from the lanthanides is 

instrumental to the deployment of advanced nuclear fuel cycles centered around the recycle of 

actinides from used nuclear fuel to produce additional energy. These advanced fuel cycles also 

propose to transmute long-lived minor actinides to shorter-lived species, thereby diminishing the 

burden of waste storage on geological repositories, but the similar physicochemical properties of 

the minor actinides and lanthanides pose a challenge to optimizing the essential 

actinide/lanthanide separations for industrial application.2,272 

 The challenge of actinide/lanthanide separations has ignited over 60 years of research in 

solvent extraction separations.3,6,8,9,273ï275 The ALSEP (Actinide Lanthanide SEParation) process 

ï reported by Gelis and Lumetta in 2014 ï276 simplifies the isolation of minor actinides from the 

lanthanides by combining the partitioning of trivalent actinide (An) and lanthanide (Ln) cations 

from dissolved nuclear fuel and the An/Ln separation processes into a single separation cycle. 

Advantages of the ALSEP process include direct use of PUREX raffinate solutions, fast 

extraction rates, and robust performance under a broad range of process conditions. The ALSEP 

process accomplishes this using an organic phase containing an aliphatic solvent and a mixture 

of two extractants: 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (HEH[EHP]) and 

N,N,Nô,Nô-tetra(2-ethylhexyl)diglycolamide (TEHDGA) (Supplemental Figure 4.10).16,18,276 The 

mixture of powerful solvating and acidic extractants give the ALSEP solvent strong affinity for 

An(III) and Ln(III) at both high and low acidities, but its complexity of having two extractants 

that operate by different mechanisms also obscures the specific processes occurring during the 

different stages of the separation. 

 Schematically, the ALSEPôs An/Ln separation operates in three steps with a common 

organic phase, but three different aqueous phases (Figure 4.1). In the extraction step, An(III) and 

Ln(III) cations are extracted from 3 ï 4 M HNO3 in a mixed complex containing two TEHDGA, 

one fully protonated HEH[EHP] dimer, and three nitrates (Step (1) in Figure 4.1).277 In the 
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second step of the process ï the scrub step (Step(2) in Figure 4.1) ï the organic phase is 

contacted with an aqueous buffer solution, which removes minor impurities, adjusts the acidity 

of the organic phase, and places the An(III) and Ln(III) cations into the proper organic phase 

complexes for stripping. After the scrub is complete, the actinides americium and curium are 

selectively stripped from the organic phase into an aqueous phase containing either of the 

actinide-selective aminopolycarboxylic acids: diethylenetriaminepentaacetic acid (DTPA) or N-

(2-hydroxyethyl)ethylenediaminetriacetic acid (HEDTA) (Step (3) in Figure 4.1).278,279 

 

Figure 4.1 Diagram depicting the three major steps of the ALSEP process, chemical 

structures for the two uncomplexed organic phase extractants TEHDGA and HEH[EHP] 

(specifically in its dimerized form) are represented in the upper left. (1) Extraction of the 

trivalent actinides (blue spheres) and lanthanides (red spheres) from molar nitric acid, (2) the 

metal-containing organic phase is scrubbed of excess nitrate and acid, and (3) trivalent actinides 

are selectively stripped by the polyaminopolycarboxylic acid DTPA. 

 Ultimately, our research aims to develop a kinetic model for the partitioning of 

americium and curium in the ALSEP strip step. However, probing the phase transfer kinetics of 

this complex, multi-extractant system requires a currently unrealized level of understanding of 
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the metal complexes present in the bulk phases at equilibrium, as these species represent the end 

members of the extraction processes or possible intermediate species in the phase transfer 

reactions. While the ALSEP process has been studied under a variety of conditions,18,211,223,224,280 

the scrub step has not been investigated. This work expands on our previous characterization of 

the organic phase metal complexes in the ALSEP processô extraction stage by dissecting the 

changes in the speciation of the organic phase metal-complexes throughout the scrub process. 

 Our detailed investigation of the ALSEP acid scrub provided valuable insights into the 

dynamic speciation of the metal complexes observed in ALSEP under a variety of extraction 

acidities. Scrubbing acid from the ALSEP organic phase with an aqueous buffer solution leads 

the organic phase An(III)/Ln(III) metal complexes through the same two intermediate species 

proposed for titrating HNO3 equilibrated HEH[EHP]/TEHDGA mixtures into solutions of 

M{H(EH[EHP])2} 3 in an n-dodecane monophase,281,282 or varying the aqueous nitric acid 

concentration in equilibrium with 0.05 M TEHDGA/0.75 M HEH[EHP]/n-dodecane. We also 

find that the partitioning of An(III)/Ln(III) ions during the scrub does not reach the equilibrium 

values expected from the equilibrium extraction organic phase speciation. 

4.3 Experimental 

4.3.1 Materials 

 Chemicals were purchased from Sigma-Aldrich except where otherwise indicated. The 

extractant HEH[EHP] was obtained from BIOSYNTH Carbosynth (95%) and purified to Ó98% 

HEH[EHP] by the third phase method,249 where the remaining 2% was confirmed as bis(2-

ethylhexyl)phosphoric acid (HDEHP) by 31P NMR.283 Acid-base titration in an ethanol-water 

mixture (80:20) confirmed the molecular weight of the purified HEH[EHP]. 

 Stock extractant solutions were made by combining weighed amounts of TEHDGA 

(Eichrom Technologies, >99%) and the purified HEH[EHP] in n-dodecane (anhydrous, Ó99%) 

and diluting to a known volume. Aqueous phases were made from DTPA (Ó99.0%), HEDTA 

(~98%), malonic acid (Alfa Aesar, 99.5+%), citric acid (Ó99.9%), and nitric acid (Baker, 

ULTREX II). Acid solutions were standardized by potentiometric titration with sodium 
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hydroxide (Fisher Chemical, 50 w/w% solution, certified) where indicated. The preparation of 

the neodymium nitrate stock solution was described in our previous publication.277 

4.3.2 Methods 

 Experimental methods for radiotracer dependence studies, can be found in our previous 

research publication.277 All uncertainties are reported at the 95% confidence level. 

4.3.3 Absorption Spectroscopy 

 Aqueous solutions of neodymium were made to 0.02 M for the neodymium extraction 

from 0.5 M HNO3, and to 0.01 M neodymium for all other experiments by diluting weighed 

aliquots of the metal stock solution with the relevant standardized nitric acid solutions. After 

preparation, organic phase solutions were pre-equilibrated twice with twice their volume of the 

appropriate metal-free aqueous phase by vortexing for 1 minute then centrifuging to separate the 

phases. Metal extractions were performed by vortexing equal volumes of pre-equilibrated 

organic phases with aqueous phases containing neodymium at the desired nitric acid 

concentration for 2 minutes, followed by 2 minutes of centrifugation before the phases were 

separated and measured. 

 Spectra of both the aqueous and organic phases were obtained on either a Varian Cary 

300 or Cary 5E spectrophotometer in 1.00 cm quartz cuvettes from either 550 to 620 nm or 480 

to 850 nm at 0.2 nm resolution. The equilibrium concentrations of neodymium loaded into the 

organic phases were calculated from the total amount of neodymium in the system and the 

difference in the initial and final spectra of the aqueous phase. 

 Spectra of the ALSEP scrub were also taken in real-time while mixing the two phases on 

an Olis RSM 1000 spectrophotometer with CLARiTY sample cell, using a one-of-a-kind shaft 

immersion stirrer. The CLARiTY sample cell was designed for collecting optical absorption 

spectra of highly scattering mixtures, enabling optical measurements on the complete biphasic 

system; the result is a volume-weighted average spectrum of the aqueous phase, organic phase, 

and interface. A hardware combination of 1200 line gratings and a 16 x 0.2 mm ScanDisk in the 
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RSM 1000 produced spectra spanning 76 nm with a stated resolution of 0.4 nm. The center 

wavelength was chosen to give a useful working range of approximately 550 ï 620 nm to capture 

the Nd 4I9/2 ­ 4G5/2, 
2G7/2 hypersensitive transitions centered at approximately 580 nm. The 

organic phase was gently layered on top of the aqueous phase, and the phase transfer reactions 

were initiated soon after by starting the stirrer at the predetermined stirring rate.  

4.3.4 Scrub pH, Nitrate Analysis, and Spectroscopy 

 The scrub process was monitored for changes in pH, nitrate content, and organic phase 

spectra under slow stirring conditions. Slow stirring of equal volumes of the malonic acid 

buffered aqueous and ALSEP organic phases was interrupted at predetermined pH increments 

and used for nitrate and metal (where applicable) analysis. Nitrate standards diluted using nitrate-

free malonic acid solution were prepared with standardized HNO3. An ALSEP organic phase 

(0.75 M HEH[EHP]/0.05 M TEHDGA/n-dodecane) pre-equilibrated overnight with twice 

volume of 4 M HNO3 was placed into a beaker with a nitrate-free 0.5 M malonic acid scrub 

solution previously adjusted to pH 3.5 using only sodium hydroxide. A ThermoOrion Ross pH 

Electrode was inserted into the aqueous phase to monitor the pH as the reaction proceeded. At 

predetermined pH readings, equal aliquots were removed from each phase and centrifuged for 

analysis of their nitrate content. Aqueous phase samples were diluted into the calibration range 

using nitrate-free malonic acid solution. Organic phase samples were stripped of nitrate by 

contacting them with sufficient nitrate-free malonic acid solution to dilute the nitrate content into 

the calibration range. 

 A portion of the 4 M HNO3 pre-equilibrated ALSEP organic phase was then contacted 

with 0.01 M Nd/4 M HNO3 overnight in equal volumes. Spectra of the aqueous phases before 

and after extraction were collected to calculate the neodymium concentration of the loaded 

organic phase. Additional metals analysis was conducted on a Perkin Elmer Optima 5300 DV 

ICP-OES. The process described above was repeated for the scrub with neodymium. The 

remaining portion of each organic phase aliquot sample was analyzed on a Cary 5E 

Spectrophotometer in a 1.00 cm quartz cuvette from 480 to 850 nm at 0.2 nm resolution.  

 All standards, diluted aqueous samples, and aqueous strip solutions were developed by a 
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modified version of the nitration of salicylic acid method277 described originally by Cataldo et 

al.259, using adjusted reagent volumes to ensure the pH was greater than 12. Sample 

concentrations were determined from a standard curve measured in 1.0 cm Brand UV-cuvettes 

on a Varian Cary 300 at 410 nm. 

4.3.5 Theoretical Calculations 

 Gaussian 09 was used for all calculations described in this study, and the computational 

protocol follows previous published work on the extraction phase of ALSEP.254,277 All 

optimization and frequency calculations were performed at the B3LYP/6-31G(d,p) level of 

theory for all second and third row elements,256,284 and a relativistic effective core 

pseudopotential and corresponding basis set were employed (Stuttgart RSC 1997 ECP, obtained 

from Basis Set Exchange) for treatment of the europium cation.258,285,286 Calculations were 

performed in the gas phase to limit complexity of the ALSEP biphasic system. Optimized 

geometries were verified as minima by the presence of zero imaginary frequencies. Europium 

complexes were prepared from truncated ligands to improve the computational cost as previously 

reported.234,277 In this regard, the HEH[EHP] and TEHDGA coordinating ligands investigated 

were truncated from 2-ethylhexyl chains to ethyl chains (see Supplemental Figure 4.10 for 

structures of the truncated ligands). Proposed ALSEP scrub complexes were compared by 

calculating complexation free energies (difference between products and reactants of each 

complex). Optimized coordinates for all complexes are available in the Supplemental Materials. 

4.4 Results and Discussion 

4.4.1 Real-time Spectroscopy of the ALSEP Scrub 

 Metal-ion speciation in the ALSEP system during the final scrub of the organic phase, 

which removes residual nitric acid from the organic phase, was monitored in real-time by optical 

absorption spectroscopy of equal, stirred volumes of aqueous and organic phases in an Olis 

CLARiTY sample cell. The organic phase initially contained 0.01 M 

Nd(TEHDGA)2(HEH[EHP])2(NO3)3, prepared by extraction of Nd(NO3)3 from 4 M HNO3 into 
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0.05 M TEHDGA/0.75 M HEH[EHP]/n-dodecane.277 The initial aqueous phase composition was 

0.5 M malonic acid adjusted to pH 3.5. Real-time spectra collected during a typical scrub are 

depicted in Figure 4.2. As expected, the initial spectrum matches that of 

Nd(TEHDGA)2(HEH[EHP])2(NO3)3, as this is the Nd complex in the starting organic phase and 

no Nd is present in the aqueous phase when t = 0. Once stirring of the two phases commences, 

the initial peak centered at 586 nm begins to decline and a new peak at 570 nm eventually begins 

to arise. Equilibrium, as indicated by constant absorbance values, is attained in this experiment 

within 700 seconds of stirring at 20 rps. 

 The effective resolution of the CLARiTY cell and RSM 1000 rapid-scanning 

spectrometer is sufficient to resolve individual peaks in the 4I9/2 ­ 4G5/2, 
2G7/2 absorption 

manifold and clearly distinguish between differing Nd complexes in the system. However, some 

peak broadening and a reduction in relative peak intensity is observed compared to the spectra 

obtained in this region for individual separated phases with conventional spectrophotometers 

operated at spectral bandwidths of 0.2 nm or better (see comparison in Supplementary Figure 

4.11). 

Table 4.1 Average stoichiometric coefficients for TEHDGA and (HEH[EHP])2 in the extracted 

americium complexes determined from the slopes of linear regression analysis of logarithmic 

americium extraction data.  

Aqueous Phase  [TEHDGA] [HEH[EHP]]  Average Stoichiometry 

  2.0 M HNO3
 a  0.02-0.07 M 0.75 M  2.11 ± 0.07 TEHDGA 

  2.0 M HNO3
 a  0.05 M 0.005-0.075 M  0.9 ± 0.1 (HEH[EHP])2 

b 

0.5 M HNO3  0.01-0.1 M 0.75 M  1.4 ± 0.1 TEHDGA 

0.5 M HNO3  0.05 M 0.075-0.75 M  0.95 ± 0.06 (HEH[EHP])2 

0.1 M HNO3  0.01-0.1 M 0.75 M  0.58 ± 0.06 TEHDGA 

0.1 M HNO3  0.05 M 0.075-0.75 M  1.84 ± 0.02 (HEH[EHP])2 

pH 3.75, 0.4 M Citrate, 

0.25 M HEDTA 

  

0.025-0.1 M 

 

0.75 M 

  

-0.01 ± 0.09 TEHDGA 

pH 3.75, 0.4 M Citrate, 

0.25 M HEDTA 

  

0.05 M 

 

0.16-0.75 M 

  

2.5 ± 0.1 (HEH[EHP])2 

a Data from Reference277 
b For Nd complexes, determined by spectrophotometric titration 
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Figure 4.2 (a) Real-time optical absorption measurements of a mixture of 0.01 M 

Nd(TEHDGA)2(HEH[EHP])2(NO3)3 in 0.05 M TEHDGA/0.75 M HEH[EHP]/n-dodecane 

scrubbed with an equal volume of a pH 3.5, 0.5 M aqueous malonic acid buffer solution over 750 

seconds of mixing. Wavelengths corresponding to peak maxima of the initial or final spectra are 

indicated by vertical dashes along the upper axis. (b) Change in absorbance at wavelengths of 

individual maxima of the spectra in Panel (a). The model independent MCR-ALS fit of the data 

at each wavelength in Panel (b) is indicated by solid lines. 

 Post-experiment analysis of the equilibrium aqueous phase indicated that there is too little 

aqueous Nd to detect by optical spectroscopy in our instrument (DNd > 9,000, measured instead 
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by ICP-OES analysis). Therefore, the final equilibrium spectrum obtained is representative of the 

organic phase Nd species to the exclusion of negligible concentrations of Nd complexes in the 

aqueous phase. The sharp band at 570 nm is characteristic of homoleptic complexes of Nd with 

acidic dialkylphosphorous extractants, and the similarity of the final spectrum to that of Nd 

extracted into concentrated solutions of HEH[EHP]209 or HDEHP287 in n-dodecane demonstrates 

that the equilibrium Nd species in the scrubbed organic phase is a neutral Nd complex containing 

only deprotonated HEH[EHP] extractants in the inner coordination sphere. Minor differences in 

the relative intensities of the peaks in the hypersensitive 4I9/2 ­ 4G5/2, 
2G7/2 transitions have been 

shown to be caused by increased water uptake into organic phases containing high HEH[EHP] 

concentrations.209 Our analysis will assume that this final species of the ALSEP scrub is the 

idealized complex of three mono-deprotonated HEH[EHP] dimers, M{H(EH[EHP])2} 3, because 

the origin of the sub-theoretical extractant dependence slope of 2.5 for trivalent f-element 

extraction by HEH[EHP] in n-dodecane (Table 4.1) remains unresolved,189,214 and the precise 

extractant:metal stoichiometry of the HEH[EHP] complexes at the conclusion of the scrub is not 

central to understanding the nature of the scrub. 

 While the pre- and post- scrub spectra of the Nd-loaded ALSEP organic phase are clearly 

associated with previously identified Nd-containing species, the interjacent spectra suggest the 

presence of other complexes as the scrub progresses. The possible isosbestic point at 572.2 nm 

(Figure 4.2a) is ill -defined; some features in the intermediate spectra cannot be reproduced from 

linear combinations of the initial and final spectra, and following the absorbance as a function of 

time (for example, 590.1 nm in Figure 4.2b) implies the presence of a minimum of three 

different light-absorbing, Nd-containing species. Further analysis of the sets of collected spectra 

by rank reduction analysis,288 principal component analysis using SixPack,289 and singular value 

decomposition using MCR-ALS GUI 2.0290 all report four absorbing species are required to 

reproduce each set of experimental spectra. These four light-absorbing Nd-containing species all 

exist in the organic phase during the scrub. As sampling of the aqueous phase at select points 

during the scrub indicates, more than 99.99% of the Nd is retained in the organic phase 

throughout the process. Gullekson et al.18,281 and Hall et al.282 also report the presence of four 

unique metal containing species is observed in single-phase titrations of isolated 

TEHDGA/HEH[EHP]/n-dodecane organic phases, and that the speciation depends on the 

equilibrium composition of the solutions. 
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Figure 4.3 Changes in Nd speciation while scrubbing 0.01 M 

Nd(TEHDGA)2(HEH[EHP])2(NO3)3 in 0.05 M TEHDGA/0.75 M HEH[EHP]/n-dodecane with 

an equal volume of pH 3.5, 0.5 M malonic acid buffer as calculated by MCR-ALS; (Â) Initial 

species ï Nd(TEHDGA)2(HEH[EHP])2(NO3)3, (¹) Intermediate species 1, (ƶ) Intermediate 

species 2, (s) Equilibrium Nd-HEH[EHP] species. 

 The variation in the distribution of Nd between these four species as the scrub progressed 

toward equilibrium was calculated using model-free MCR-ALS analysis of the sets of real-time 

absorption spectra.291 Unimodal and non-negative constraints were applied to the concentrations 

and molar absorptivities for each of the four species. The concentration profiles were further 

constrained with the requirements that the total Nd concentration was constant at 0.010 M 

throughout the scrub and only Nd-containing species with observable absorption bands were 

significant contributors to the solution speciation. Results of a representative run shown in Figure 

4.3 confirm the initial disappearance of Nd(TEHDGA)2(HEH[EHP])2(NO3)3 during the scrub, 

driven by the sequential appearance of two intermediate Nd-containing species, followed by 

progressive conversion to a final, equilibrium organic phase species, which begins to form about 

120 seconds after the mixing starts. 
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4.4.2 Chemical Analysis of the Scrub Process 

 A primary function of the ALSEP scrub stages is to reduce the acid content of the organic 

phase. At the outset of the scrub, the metal-loaded ALSEP organic phase contained 0.13 ± 0.01 

M HNO3 from equilibration with aqueous 4 M HNO3 in the metal loading step. Because the 

aqueous and organic phases of a solvent extraction system must each remain charge neutral, the 

protons drawn from the organic phase to react with the weak acid anions of the aqueous scrub 

buffer will cause an equivalent amount of NO3
- to partition from the organic phase. This is true 

whether the source of the protons in the organic phase is previously extracted HNO3 or 

deprotonation of HEH[EHP]. The driving force for the sequential changes in organic phase Nd 

speciation observed as the scrub progresses is the equal loss of H+ and NO3
- to the aqueous 

phase.  

 

Figure 4.4 Optical absorption spectra (solid lines) of the neodymium 4I9/2 Ÿ 
2G7/2, 

4G5/2 

transitions of the Nd organic phase complexes at selected points of the ALSEP scrub process 

using an equal volume of 0.5 M aqueous malonic acid initially at pH of 3.5. The full spectra 

from 480 ï 850 nm are shown in Figure 4.12. Fits of each spectrum to a four species model by 

MCR-ALS are shown as dotted lines. Spectra that also appear in Figure 4.5 are indicated by the 

appropriate letter codes in the legend. 
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 To achieve better spectral resolution over a wider wavelength range, and to understand 

the impact of the transfer of H+ and NO3
- from the organic phase on the organic phase Nd 

speciation, we performed a second set of studies where the aqueous and organic phases were 

sampled at intervals during the scrub. Samples of the aqueous and organic phases were taken for 

off-line chemical analysis of the nitrate concentration and spectrophotometric measurement of 

the Nd complexes in separated phases at discrete points in the scrub process. The pH of the 

aqueous phase was measured throughout the scrub with a pH electrode. Since no 

spectroscopically detectable amount of Nd reported to the aqueous phase during the strip, 

H+/Nd3+ ion exchange reactions could be neglected during the scrub, and the pH changes in the 

aqueous phase were attributable only to the transfer of HNO3 into the aqueous phase and 

protonation of the buffer. Changes in the Nd absorption spectra could therefore be correlated to 

specific aqueous pH values and organic phase nitrate concentrations. Selected results from these 

experiments are summarized in Figure 4.4 and Figure 4.5 and Supplemental Figure 4.12. 

 The relationships between the pH of the aqueous buffer (shown as change in pH from 

starting), the organic phase nitrate content (shown as percent of the initial organic phase 

concentration), and the intermediate spectra of the organic phase are illustrated in Figure 4.5. 

The transition between the various Nd species as HNO3 is scrubbed from the organic phase is 

readily visualized by observing changes at the wavelengths 570.4, 582.2, and 586.8 nm, 

represented as vertical dashed lines in each spectrum of Figure 4.5. While each of the absorption 

bands in the spectra change continuously throughout the scrub (Supplemental Figure 4.12), the 

first noticeable spectral shift is observed at 582.2 and 586.8 nm in Spectrum (a) of Figure 4.5 

after loss of approximately 47% of the initial organic phase nitrate. The band centered at 582.2 

nm begins to broaden, and both bands increase in intensity slightly while undergoing a 

hypsochromic (blue) shift. By the time 76% of the total nitrate has been scrubbed from the 

organic phase (Figure 4.5, Spectrum (b)), the hypsochromic shift of the 582.2 nm peak ceases as 

the intensity of the peak begins to decline. The peak at 586.8 nm continues to evolve until 85% 

of the nitrate is scrubbed from the organic phase (Figure 4.5, Spectrum (c)), where it is barely 

discernable. Spectrum (d), when 92% of the initial nitrate has been stripped from the organic 

phase, is marked by substantial broadening of the 582.2 nm peak with a bathochromic (red) shift 

in the ‗  to 582.6 nm, as well as the first appearance of the 570.4 nm peak attributable to the 

homoleptic Nd-HEH[EHP] complex as a weak shoulder. Finally, at 96% loss of nitrate from the 
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organic phase (Figure 4.5, Spectrum (e)) the 570.4 nm peak is clearly visible. 

 The evolution of the Nd spectra is consistent with observations from the real-time 

spectroscopic measurements, and they also qualitatively suggest the presence of at least four 

different spectroscopically significant Nd-containing species. Further analysis of the set of 

collected spectra over the wavelength range of 490 ï 850 nm (Supplemental Figure 4.12) by 

singular value decomposition with MCR-ALS again reveals the presence of four light-absorbing 

Nd-containing species under these experimental conditions. Model-free MCR-ALS analysis was 

used to fit the experimental absorption spectra under the same constraints used for analysis of the 

real-time spectra. The MCR-ALS analysis yielded spectra for each of the four unique Nd species 

(Supplemental Figure 4.12 and Figure 4.13) and the concentration of each Nd containing species 

for every sampled condition of the scrub (Figure 4.6). The agreement between the experimental 

and MCR-ALS fit spectra are excellent, as demonstrated in Figure 4.4. 

 As in the real-time scrub measurements, the initial spectrum of the organic phase 

represents the first of the four Nd-containing species, and it matches the spectrum of Nd in the 

equilibrium ALSEP loading stage where Nd(TEHDGA)2(HEH[EHP])2(NO3)3 is the dominant 

organic phase species.277 This formulation of the starting Nd-containing species is further 

supported by the initial organic phase nitrate concentration determined in these experiments. 

After correction for HNO3 extraction by uncomplexed extractant,277 2.7 ± 0.4 NO3
- are found to 

be associated with each Nd in the organic phase when the mixing of the organic and aqueous 

phases begins. The final spectrum, obtained when there was less than 0.04 NO3
- per Nd in the 

organic phase, matches that of Nd-HEH[EHP] complexes containing no nitrate, i.e. 

Nd{H(EH[EHP])2} 3  

 Compared to the speciation as a function of time determined from the operando real-time 

spectroscopic experiments (Figure 4.3), the speciation determined as a function of organic phase 

nitrate concentration (Figure 4.6) displays a similar distribution of species. However, the much 

slower stirring in the off-line chemical analysis experiments allows substantially higher 

concentrations of Intermediate 1 to build up before Intermediate 2 begins to form, which 

eventually achieves concentrations for Intermediate 2 similar to those observed in the real time 

experiments. The discrepancy in the fractional quantities of Intermediate 1 and Intermediate 2 

across Figure 4.3 and Figure 4.6 is likely a by-product of the aforementioned differences in 
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experimental design. Experiments in the CLARiTY cell begin when stirring is initiated, and the 

stir speed remains constant throughout the experiment until equilibrium is reached. Conversely, 

the experiment behind Figure 4.6 required variable and interrupted stirring to provide adequate 

time to reach predetermined pH values and collect samples for analysis. Stir speeds for Olis 

CLARiTY cell experiments are chosen slow enough to resolve sufficient detail between the 

initial and final spectra within 50 ï 100 spectra before equilibrium is reached, but fast enough to 

complete a reaction in under 30 minutes. 

 

 

Figure 4.5 Evolution of organic phase nitrate content, aqueous pH, and absorption spectra of 

organic phase Nd complexes during the ALSEP scrub process; black squares (Â) and red 

triangles (r) distinguish duplicate experiments, dashed vertical lines assist in highlighting 

changes at 570.4, 582.2, and 586.8 nm, respectively. 
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 When stir rates for the scrub reaction were tested, it was observed that insufficient 

stirring produced a kinetic bottleneck at the Intermediate 1 spectrum. Quite a few studies have 

described the rate-limiting kinetic reactions of simple HEH[EHP]/buffer systems as interfacial 

processes occurring in the diffusion regime,138,154 meaning that fast enough stirring can diminish 

the observable quantity of optically active intermediate species, and thus their overall 

contribution to the linear combination of species that is the organic phase spectrum is 

diminished. 

 

Figure 4.6 Changes in the Nd speciation of 0.00929 M Nd(TEHDGA)2(HEH[EHP])2(NO3)3 

in 0.05 M TEHDGA/0.75 M HEH[EHP]/n-dodecane while being scrubbed by an equal volume 

of pH 3.5 0.5 M aqueous malonic acid buffer as calculated from the spectra in Supplemental 

Figure 4.12 using MCR-ALS; (Â) Nd(TEHDGA)2(HEH[EHP])2(NO3)3, (¹) Intermediate 

species 1, (ƶ) Intermediate species 2, (s) Equilibrium Nd-HEH[EHP] only species. Solution 

conditions identified in Figure 4.5 are noted by the appropriate letter code. 

 While the initial and final organic phase Nd species can be identified by fingerprinting 

the component spectra calculated by the MCR-ALS algorithm against known spectra, model-free 

MCR-ALS can only produce the spectra of the two intermediate Nd containing species. It 

cannot, by itself, identify the species. Nevertheless, the MCR-ALS results hold important clues 
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to the identities of the intermediates. First, the endmembers of the series of Nd complexes in the 

scrub constrain the likely chemical steps involved in the scrub. The overall reaction sequence for 

Nd in the organic phase of the ALSEP scrub is 

Nd(TEHDGA)2(HEH[EHP])2(NO3)3 O  )ÎÔÅÒÍÅÄÉÁÔÅ ρ Ÿ  

 Intermediate 2 Ÿ Nd{H(EH[EHP])2}3, (4.1) 

with the overall net reaction being 

ὔὨὝὉὌὈὋὃὌὉὌὉὌὖ ὔὕ ςὌὉὌὉὌὖ    Ӱ  

 ὔὨὌὉὌὉὌὖ ς ὝὉὌὈὋὃσ Ὄὔὕ (4.2) 

where the overbars indicate species in the organic phase. In three steps, the initial Nd complex 

needs to lose a hydrogen from a HEH[EHP] dimer, lose three nitrate anions, and replace two 

coordinated TEHDGA molecules with two other monodeprotonated HEH[EHP] dimers.  

 The spectra of the intermediate species hold a second set of clues to the likely 

stoichiometries of the intermediate species. The spectrum of the first intermediate species 

(Figure 4.14) resembles the spectrum of its progenitor, Nd(TEHDGA)2(HEH[EHP])2(NO3)3, 

suggesting that the core coordination environment of the Nd ions in Intermediate 1 undergoes 

relatively small changes when it forms from Nd(TEHDGA)2(HEH[EHP])2(NO3)3. Like each of 

the three other scrub species, Intermediate 1 also displays a peak at 575.4 nm peak 

(Supplemental Figure 4.14), which is a defining distinction between the spectra of 

Nd(TEHDGA)2(HEH[EHP])2(NO3)3 and Nd(TEHDGA)3(NO3)3.
277 Together these facts suggest 

Intermediate 1 has the composition Nd(TEHDGA)2(H(EH[EHP])2)(NO3)2, resulting from the 

loss of HNO3 from the parent complex. The spectrum of Intermediate 2, on the other hand, is 

unique among the spectra of the scrub species, indicating a larger change in the coordination 
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environment likely by the displacement of one TEHDGA molecule and one NO3
- from the 

organic phase complex by one H(EH[EHP])2
- anion. This would give Intermediate 2 the formula: 

Nd(TEHDGA)(H(EH[EHP])2)2(NO3). The final equilibrium species could then be formed from 

Intermediate 2 by a second displacement of another TEHDGA molecule and NO3
- anion by 

another H(EH[EHP])2
- anion (or an EH[EHP]- anion if the final average stoichiometry is 

Nd{H(EH[EHP])2} 2.5). Furthermore, substantial broadening of the hypersensitive manifold 

occurs only after the transition from Intermediate 2 to the six-coordinate, homoleptic Nd-

HEH[EHP] complex, which supports the suggestion from Hall et al.282 that TEHDGA remains in 

the inner coordination sphere of the complex deep into the lower acid portion of the moderate 

acid regime.292 The overall scrub reaction depicted in Equation 4.2 would thus be broken down 

into three reactions,  

 ὔὨὝὉὌὈὋὃὌὉὌὉὌὖ ὔὕ    Ӱ  

 ὔὨὝὉὌὈὋὃὌὉὌὉὌὖ ὔὕ Ὄὔὕ,  (4.3) 

ὔὨὝὉὌὈὋὃὌὉὌὉὌὖ ὔὕ ὌὉὌὉὌὖ    Ӱ  

 ὔὨὝὉὌὈὋὃὌὉὌὉὌὖ ὔὕ ὝὉὌὈὋὃὌὔὕ, (4.4) 

and 

ὔὨὝὉὌὈὋὃὌὉὌὉὌὖ ὔὕ ὌὉὌὉὌὖ    Ӱ  

 ὔὨὌὉὌὉὌὖ ὝὉὌὈὋὃὌὔὕ. (4.5) 
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In the scrub, these reactions would be driven by the comparatively low concentration of HNO3 in 

the aqueous phase and rapid consumption of H+ in the aqueous phase by the buffer anions. The 

two intermediate species suggested by this set of equations ï 

Nd(TEHDGA)2(H(EH[EHP])2)(NO3)2 and Nd(TEHDGA)(H(EH[EHP])2)2(NO3) ï have been 

previously postulated by both Gullekson et al.281 and Hall et al.282 to explain the equilibria 

linking the four metal-containing species observed in their single-phase equilibrium titrations of 

the ALSEP organic phase.  

4.4.3 Liquid -liquid Extraction Equilibria of ALSEP at Low Acidity  

 A third clue to the identity of the intermediate species also emerged from the discrete 

sampling of the ALSEP scrub. The spectrum of the Nd containing scrub organic phase in contact 

with the aqueous scrub at DpH = -0.752 (Figure 4.5, Spectrum (b)) is strikingly similar to the 

equilibrium organic phase species formed when Nd is extracted from 0.5 M HNO3 into the 0.05 

M TEHDGA/0.75 M HEH[EHP]/n-dodecane (Supplemental Figure 4.15). Given the 

compositions of the two intermediate species suggested by the spectroscopic measurements 

above, we studied the equilibrium species formed by extraction of Am at low nitric acid 

concentrations in an attempt to correlate the equilibrium acid dependent organic phase metal 

speciation with the non-equilibrium organic phase speciation during the acid-reducing scrub. 

 The partitioning behavior of Am3+ between aqueous solutions of nitric acid or an ALSEP 

strip solution and organic phases composed of TEHDGA, HEH[EHP], and n-dodecane was 

quantified by equilibrium distribution ratio measurements. Slope analysis by linear regression 

was used to derive the average stoichiometries of TEHDGA and (HEH[EHP])2 in the 

equilibrium extracted complexes when the ALSEP solvent is contacted with low acid solutions 

(Table 4.1 and Supplemental Figure 4.16). The stoichiometries derived from the slope analysis 

are generally non-integral and indicate mixtures of complexes of different stoichiometries 

containing between zero and two molecules of TEHDGA and between one and three 

(HEH[EHP])2 in the organic phase under these conditions. In general, lowering the concentration 

of H+ and NO3
- in the system decreases the importance of the solvating extractant TEHDGA in 

the extracted complexes and increases the importance of the acidic extractant HEH[EHP] in the 

extraction process. The H(EH[EHP])2
- anion progressively displaces TEHDGA and NO3

- from 
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the extracted Am complexes as was suggested for Nd partitioning in the spectroscopic studies 

discussed above. Under conditions representative of the completion of the strip step 

(HEDTA/citrate buffered aqueous phase at pH 3.75), the TEHDGA extraction dependence, 0.0 ± 

0.2 TEHDGA:Am implies Am is only complexed by HEH[EHP] in the organic phase. This 

finding agrees with Hall et al.ôs spectroscopic titrations,282 and Gullekson et al.ôs distribution 

ratio measurement,281 which both imply no involvement of TEHDGA in the extracted complexes 

under these conditions. 

Table 4.2 Extraction constants derived from the nitric acid dependence of Am extraction from 

aqueous nitric acid into 0.05 M TEHDGA/0.75 M HEH[EHP]/n-dodecane. The general 

extraction equilibrium connected to each value of Kex is discussed in the Supplemental Material. 

Extracted species log Kex 

Am(TEHDGA)2(HEH[EHP])2(NO3)3 4.35 ± 0.05 

Am(TEHDGA)2(H(EH[EHP])2)(NO3)2 3.61 ± 0.17 

Am(TEHDGA)(H(EH[EHP])2)2(NO3) 1.54 ± 0.18 

Am{H(EH[EHP])2} 3 
a -1.28 ± 0.13 

aIf the final species is Am{H(EH[EHP])2} 2.5 instead, log Kex = -1.49 ± 0.15 for 

Am{H(EH[EHP])2} 2.5 with no change in the other three parameters or cred
2. 

4.4.4 Nitric Acid Dependence 

 To further quantify the influence of HNO3 on metal speciation in the organic phase and 

better connect the equilibrium distribution ratio measurements to the real-time ALSEP scrub, the 

nitric acid dependence of Am extraction was measured for equilibrium aqueous acidities between 

0.02 and 5 M HNO3. The resulting Am distribution ratios, corrected for variations in the aqueous 

activity coefficient Am3+ and the formation of aqueous Am(NO3)
2+ and Am(NO3)2

+ complexes, 

are depicted in Figure 4.7. We applied a thermodynamic Am-ALSEP extraction model277 

modified to include multiple extracted Am species for modelling the extraction data 

(Supplemental Material). Systematically testing sets of extraction equilibria to find the model 
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that best reproduced the experimental nitric acid dependence demonstrated that extracted 

complexes with four different Am:nitrate stoichiometries matching the four complexes proposed 

in Equations 4.3 ï 4.5 were necessary to fully fit the americium extraction data (Table 4.4, 

Figure 4.18). The resulting extraction constants (Table 4.2) and distribution ratios were used to 

construct a speciation diagram for Am under these extracting conditions (Figure 4.8 and 

Supplemental Figure 4.17). 

 

Figure 4.7 Dependence of Am extraction on the aqueous phase activity of NO3
- or H+. The 

corresponding concentrations of nitric acid are indicated along the top axis. (¹) Am distribution 

ratios corrected for variations in the activity coefficient of Am3+ and the formation of aqueous 

Am-nitrate complexes, (ð) best fit of the data to a four species extraction model. 
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Figure 4.8 Correlation of (a) the experimental Am distribution ratios and fit with (b) changes 

in the equilibrium Am speciation as the nitric acid concentration in the system is lowered. Ligand 

abbreviations identifying the chemical species in panel (b) are T = TEHDGA, A = EH[EHP]-, 

and Aqueous Am = Am3+ + Am(NO3)
2+ + Am(NO3)2

+ 

 The most notable difference between the speciation diagrams produced from the scrub 

data (Figure 4.3 and Figure 4.6) and the speciation diagram derived from the extraction data in 

Figure 4.8b is the presence of aqueous Am in the buffer-free system. With aqueous buffer the 

distribution ratios of Nd remain high throughout the ALSEP scrub with negligible amounts of 

metal reporting to the aqueous phase, even temporarily. In the absence of buffer, though, metal 
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rapidly reports to the aqueous phase at the lower acidities supporting formation of the 

intermediate species M(TEHDGA)2(H(EH[EHP])2)(NO3)2 and 

M(TEHDGA)(H(EH[EHP])2)2(NO3) (Figure 4.8b and Figure 4.17). The presence of the buffer in 

the ALSEP scrub is central to understanding this difference across the two conditions. From 

beginning to end, the scrub aqueous phase absorbs 98% of the nitric acid present in the organic 

phase from its initial equilibration with 4 M HNO3 (roughly 0.14 M HNO3).
277 Normally, an 

organic phase in equilibrium with that concentration of aqueous nitric acid would produce a 

mixture of Intermediate 2, M(TEHDGA)(H(EH[EHP])2)2(NO3), and the homoleptic metal-

HEH[EHP] complex (Figure 4.8b), rather than only the homoleptic metal-HEH[EHP] complex 

as observed when the scrub reaches equilibrium. However, unlike a buffer-free nitric acid system 

where the aqueous concentrations of free H+ and NO3
- would be equal, the malonic acid buffer 

lowers the amount of free H+ in the aqueous phase and the concentrations of free H+ and NO3
- 

are no longer equal. Therefore, the lower concentration of HNO3 in the buffer system disfavors 

the formation of the initial ternary complex, M(TEHDGA)2(HEH[EHP])2(NO3)3 while a higher 

NO3
-:H+ ratio favors and stabilizes the formation of Intermediate 1, 

M(TEHDGA)2(H(EH[EHP])2)(NO3)2. Further evidence of this effect was seen where the 

Intermediate 1 complexôs spectrum was observed by contacting a Nd-ALSEP organic phase with 

aqueous phases containing lower acid and high nitrate conditions such as 0.1 M HNO3/1.9 M 

NaNO3.  

 An additional kinetic effect on the metal partitioning is observed when comparing the 

speciation of the scrub experiments in Figure 4.3 with that of the slow scrub experiments (Figure 

4.6). Slowing the scrub down in the latter experiment allows substantially more of both 

Intermediate 1 and Intermediate 2 to form during the scrub. However, the specific nature and 

mechanism of this kinetic hindrance is a topic for another investigation. 

 The speciation diagrams for Am extraction show that the minimum in the Am extraction 

(Figure 4.8a and Figure 4.17) corresponds to the point where all four organic phase species 

coexist. This region is also between where the maximum fraction of the intermediate species 

Am(TEHDGA)2(H(EH[EHP])2)(NO3)2 (Intermediate 1) and 

Am(TEHDGA)(H(EH[EHP])2)2(NO3) (Intermediate 2) occurs in the organic phase. Further 

verification of the extraction model can be obtained from the average TEHDGA:Am and 
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(HEH[EHP])2:Am ratios for the organic phase complexes calculated from the stoichiometry and 

the fraction of each complex present at a given acidity. The speciation thereby calculated from 

the thermodynamic extraction model can be checked against the average extractant 

stoichiometries derived from the slope analysis of the extractant dependence of the distribution 

ratios given in Table 4.1. At an equilibrium aqueous acidity of 2 M HNO3, the speciation model 

depicted in Figure 4.8 predicts a TEHDGA:Am stoichiometry of 2.00 ± 0.01 and a 

(HEH[EHP])2:Am stoichiometry of 1.00 ± 0.01, which are in excellent agreement with average 

stoichiometries derived from slope analysis of the extractant dependencies, 2.11 ± 0.07 and 0.9 ± 

0.1, respectively. For 0.5 M HNO3, the predicted TEHDGA:Am ratio is 1.76 ± 0.06 and that for 

(HEH[EHP])2:Am is 1.22 ± 0.06, which are both somewhat higher than the value expected from 

the slope analysis, at 1.4 ± 0.1 and 0.95 ± 0.06, respectively. At 0.1 M HNO3, the model predicts 

a TEHDGA:Am ratio of 0.4 ± 0.1 and a (HEH[EHP])2:Am ratio of 2.26 ± 0.05 while the 

experimentally observed slopes give average stoichiometries of 0.58 ± 0.06 and 1.84 ± 0.02, 

respectively. Although it suggests some polydispersity in the number of coordinated extractants, 

the general agreement of the extractant stoichiometries derived from the equilibrium extraction 

model based on the nitric acid dependence of the Am extraction support the importance of 

Equilibria 4.3-4.5 in the dynamic ALSEP scrub step. 

4.4.5 Computational Studies 

 To gain further insight into the inner coordination environment of trivalent f-element 

cations and assess the energetic nature of the ASLEP scrub reaction sequence, chemical 

computations were performed on the four proposed scrub complexes (vide supra). The 

calculations were performed using trivalent europium and extractants composed of truncated 

alkyl chains for consistency with our previous analysis of the ALSEP extraction phase.277 As 

described in the Methods section, the 2-ethylhexyl chains of TEHDGA and HEH[EHP] were 

replaced with ethyl chains to reduce the computational cost. As such, this computational analysis 

will describe TEDGA and HE[EP] rather than TEHDGA and HEH[EHP], respectively (see 

Supplemental Figure 4.10 for structures of the truncated extractants). As shown in Figure 4.9, 

four Eu complexes were investigated beginning with the dominant complex after ALSEP metal 

loading, [A] Eu(TEDGA)2(HE[EP])2·3NO3, the two proposed intermediate complexes, [B] 
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Eu(TEDGA)2(H(E[EP])2)·2NO3 and [C] Eu(TEDGA)(H(E[EP])2)2·NO3, and the final organic 

phase complex, [D] Eu(H(E[EP])2)3. 

 

Figure 4.9 Proposed ALSEP scrub complexation sequence beginning from ALSEP 

extraction complex [A]. Complexation energies are presented in kcal/mol and normalized to 

complex [A]. Europium is teal, oxygen atoms are red, nitrogen atoms are blue, carbon atoms are 

gray, phosphorus atoms are yellow, and hydrogen atoms are white. Dashed lines from Eu 

highlight the chelating oxygen in every complex. 

 Complex [A] corresponds to Eu coordinated with two tridentate TEDGA extractants and 

one HE[EP] dimer, resulting in an eight-coordinated complex with three outer sphere nitrate 

anions. One of the outer sphere nitrate anions closely interacts with the proton of the HE[EP] 

dimer.277 The interactions within complex [A] suggest a simple mechanism for the formation of 

complex [B] as the acidity is decreased during the scrub process; one H+ from the HE[EP] dimer 

and the NO3
- hydrogen bonded to it of complex [A] form HNO3, which then reports to the 

aqueous phase. The change in stoichiometry (formation and loss of HNO3) results in complex 

[B] which possesses a higher complexation energy compared to [A]. Although the difference in 

complexation energies of [A] and [B] is unfavorable (+ 11.6 kcal/mol), the analysis does not 

consider the overall energy balance of the reaction which includes a favorable energy of transfer 

of HNO3 into the aqueous phase at the lower aqueous acidity and the protonation of the malonate 

anions, which are the key driving forces of the ALSEP scrub. In contrast by itself complex [C] is 

energetically favorable (-7.8 kcal/mol) compared to the initial structure and is formed from [B] 
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by replacing TEDGA with H(E[EP])2
- and forming HNO3. Complex [C] maintains the eight-

coordination complex as observed with complexes [A] and [B] as the one remaining nitrate anion 

is directly coordinated to the Eu. This relocation of the nitrate anion from the outer sphere is a 

result of the free space created by replacement of TEDGA with an anionic HE[EP] dimer, and 

the elimination of the cleft between coordinated TEDGA molecules that readily accommodates 

nitrate or chloride anions in the outer coordination sphere.293 This rearrangement also explains 

the minimal change to the average Eu-O coordination distance observed between complexes [B] 

and [C] (Supplemental Table 4.5). Lastly, the final scrub complex [D] is formed by another 

sequential replacement of TEDGA with H(E[EP])2
- and loss of HNO3 forming the complex with 

the lowest complexation energy of the series, Eu{H(E[EP])2} 3. The last transformation requires a 

change in Eu coordination from eight to six and results in shortening the average Eu-O bond 

length as more free space around the Eu cation becomes available, as shown in Table 4.5. 

 The initial mono-deprotonation of (HE[EP])2 with release of HNO3 is the only reaction 

requiring energy. However, the favorable energies of transfer of HNO3 to the aqueous phase and 

the protonation of the malonic acid buffer are sufficient to drive formation of complex [B]. 

Subsequent reactions where the solvating extractant TEDGA and a nitrate are sequentially 

replaced by the mono-deprotonated extractant dimer H(E[EP])2
- are each exergonic in 

themselves, supporting the experimental observations of discrete intermediate species and the 

final ALSEP scrub complex being Eu{H(E[EP])2} 3. 

4.5 Conclusions 

 In this study we introduce a powerful tool for probing biphasic speciation in real-time. 

When coupled with off-line analysis using model-free MCR-ALS analysis, the series of spectra 

of the combined ALSEP aqueous and organic phases collected in an Olis Inc. CLARiTY sample 

cell during mixing of neodymium-containing solutions became a window into the speciation 

transitions in ALSEP. Using straightforward constraints within the MCR-ALS program, we were 

able to obtain spectra for the intermediate species and recognize the similarity of the first 

intermediate species observed in the ALSEP scrub to a spectrum obtained under equilibrium 

extracting conditions in the absence of buffer. This link suggests that the transitory organic phase 

species encountered in the ALSEP scrub are the same species observed at equilibrium as the 
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aqueous nitric acid concentration is varied. 

 The high metal distribution ratios observed under the scrub conditions are not ideal for 

obtaining data on the stoichiometry of the organic phase complexes from radiotracer slope 

analysis. However, the observation that the spectra of the organic phase species being formed 

during the scrub match those of species obtained at lower nitric acid concentrations allowed us to 

identify the average stoichiometries for the intermediate species through extractant dependencies 

at fixed nitric acid concentrations under conditions where the organic phase spectra match those 

of the intermediate species. Using clues from the scrub data and radiotracer dependencies to 

solidify the transitional species stoichiometries, this approach could also be expanded to model 

the equilibrium nitric acid dependence curve for ALSEP extraction conditions. This was possible 

mainly because interference by the weakly complexing malonic acid buffer is not observed. 

Were a buffer such as lactic acid employed, it is unlikely that the organic phase complexes 

would be the same in the presence and absence of the buffer.  

 Our study also correlates spectra of the organic phase neodymium complexes to specific 

aqueous pHôs and organic phase nitrate conditions. The computational values, experimental data 

and observation, and modelling in this manuscript support our previous findings of a fully 

solvated ternary metal complex as the primary extracting complex at high acidities.277 These 

findings also suggest the importance of future detailed studies of the effects of HNO3 vs. NO3
- on 

the organic phase speciation, as this could be important to future iterations of ALSEP employing 

alternative aqueous complexants that operate under different acid regimes. 
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4.8 Supplemental Material  

 

Figure 4.10 Chemical structures for ALSEP extractants, 2-ethylhexyl phosphonic acid mono-2-

ethylhexyl ester (HEH[EHP]) and N,N,Nô,Nô-tetra(2-ethylhexyl) diglycolamide (TEHDGA) and 

truncated extractants employed in the computational analysis, ethylphosphonic acid monoethyl 

ester (HE[EP]) and N,N,Nô,Nô-tetraethyldiglycolamide (TEDGA). 
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Figure 4.11 Demonstration of the resolution differences between a Varian Cary 300 

spectrometer, and an Olis RSM 1000 spectrometer. A 0.01 M Nd-loaded ALSEP organic phase, 

mid-scrub, taken on a Cary 300 spectrometer using a 1.000 cm cuvette (ðð) is compared to a 

spectrum taken on the Olis RSM 1000 using a CLARiTY sample cell (ðð). In panel (B), the 

original Olis spectrum in (A) is normalized to the absorbance of the Cary spectrumôs 582 nm 

peak. 
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Figure 4.12  Full organic phase spectra from sampling the scrub system for offline analysis as 

nitric acid reports to the aqueous phase (see Figure 4.4 and Figure 4.5). Spectra identified with 

lowercase letters in the legend correspond to inset spectra a-e in Figure 4.5. 
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Figure 4.13 Molar absorptivities of the four Nd complexes calculated by MCR-ALS of the 

discrete scrub experiments depicted in Figure 4.12.  
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Figure 4.14 Spectra of the four Nd-containing species observed in the ALSEP acid scrub as 

determined by model-free MCR-ALS. These four component spectra can be attributed to (a) the 

neodymium-ALSEP ternary species, Nd(TEHDGA)2(HEH[EHP])2(NO3)3, (b) the first 

intermediate species, (c) the second intermediate species, and (d) the final, equilibrium 

homoleptic Nd-HEH[EHP] complex. These four component spectra were used with the 

concentrations of each species to calculate the fit spectra for Figure 4.4. 
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Figure 4.15. Spectra of the Nd-containing ALSEP organic phase during the scrub process at a ȹpH of -0.752 (ðð) compared to the 

spectrum obtained when Nd is extracted into the ALSEP organic phase from 0.5 M HNO3 (ðð). 
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Figure 4.16. Americium extraction dependencies for: (A) 0.1-0.01 M TEHDGA/0.75 M HEH[EHP]/n-dodecane from acid solutions 

of 0.5 M HNO3 (É) and 0.1 M HNO3 (p), and (B) 0.75-0.075 M HEH[EHP]/0.05 M TEHDGA/n-dodecane from acid solutions of 

0.5 M HNO3 (Â) and 0.1 M HNO3 (n). Error is represented at two standard deviations. Stoichiometric values derived from the slopes 

produced by linear regression analysis can be found in Table 4.1. 
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Figure 4.17. Changes in the equilibrium Am speciation in the organic phases as the nitric acid 

concentration in the system is lowered presented as a fraction of all the Am present in the 

organic phase. (ðð) Am(TEHDGA)2(HEH[EHP])2(NO3)3, (ï ï ï ) 

Am(TEHDGA)2(H(EH[EHP])2)(NO3)2, ( ) Am(TEHDGA)(H(EH[EHP])2)2(NO3), and ( ) 

Am{H(EH[EHP])2} 3. 
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4.8.1 Thermodynamic model for ALSEP extraction applied to the nitric acid extraction 

dependence 

 A model of trivalent f-element cation extraction by the ALSEP organic solvent under 

acidic conditions was previously developed to determine the effects of nitric acid on metal 

distribution.1 The model considers variations in the activity coefficients of aqueous solutes and 

the activity of water and accounts for the corresponding changes in the degree of metal-nitrate 

complex formation and nitric acid extraction equilibria. The activity coefficients of organic 

phase species were considered to be independent of the aqueous phase composition and thus 

constant for our nitric acid dependence experiments. 

 To study the extraction equilibria across a range of nitric acid concentrations and organic 

phase compositions, our original model was modified to include additional metal extraction 

equilibria with the general formula. 

- Î ./ Ô 4%($'!Љ (%(%(0 ᵶ  

 ὓ ὝὉὌὈὋὃὌ ὉὌὉὌὖ Љὔὕ  + σ ὲ Ὄ ,  (4.6) 

where Љ(2 - h) + n = 3 and h = 0, 1, or 2. The full, general equilibrium for trivalent f-element 

extraction in ALSEP, including inner sphere waters of hydration is therefore:  

ὓὌὕ ὲ ὔὕ Ὄὕ ὸ ὝὉὌὈὋὃЉ ὌὉὌὉὌὖ ᵶ  

 ὓὝὉὌὈὋὃὌ ὉὌὉὌὖ Љὔὕ  + ω σὲ Ὄὕ + (σ ὲ Ὄ  , (4.7) 

with the extraction equilibrium constant  
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 ὑ
 Љ

Љ   ȟ (4.8) 

where the overbars indicate organic phase species. The square brackets denote concentrations, and 

curly braces denote activities, which are related by the activity coefficient, g, of each species as 

{A} = gA[A]. The concentration of each Am containing organic phase species, 

 ὓὝὉὌὈὋὃὌ ὉὌὉὌὖ Љὔὕ , can therefore be written in terms of its extraction 

constant as, 

ὓὝὉὌὈὋὃὌ ὉὌὉὌὖ Љὔὕ
Љ

. (4.9) 

Table 4.3 Literature equilibrium constants used to model nitrate extraction dependence. 

Equilibrium Equilibrium Constant 

Ὄὔὕ ᵶ Ὄ ὔὕ log Ka  = 1.55 

Ὄὔὕ + ὝὉὌὈὋὃ ᵶ  ὝὉὌὈὋὃὌὔὕ  log K1
DGA = 1.24 

ς Ὄὔὕ + ὝὉὌὈὋὃ ᵶ  ὝὉὌὈὋὃςὌὔὕ log K2
DGA = 1.46 

Ὄὔὕ + ὌὉὌὉὌὖ  ᵶ  

ὌὉὌὉὌὖ Ὄὔὕ 

log K1
H = -0.23 

ὓ ὔὕ ᵶ  ὓὔὕ  log b1 = 1.33 

ὓὔὕ ὔὕ ᵶ  ὓὔὕ  log K2 = -0.13 

 

The approaches to activity coefficient calculations as well as the relevant equilibria and 

equilibrium constants for nitric acid dissociation, formation of aqueous metal-nitrate complexes, 

and extraction of nitric acid by TEHDGA and (HEH[EHP])2 were previously described by Picayo 
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et al.294 and the values used are summarized in Table 4.3.  

 From those definitions, the distribution ratio of Am, DAm, can be written as  

 Ὀ
В Љ

Ⱦ
 , (4.10) 

where В ὃάὝὉὌὈὋὃὌ ὉὌὉὌὖ Љὔὕ  is the sum of the concentrations of all the 

extracted Am complexes given by Equation 4.9. The distribution ratio (DAm), activity coefficient 

of Am3+ (‎ ), and the nitrate complexation term ρ  ‍ ὔὕ ‍ ὔὕ  in Equation 4.10 

can be combined to give a corrected distribution ratio, Dcorr, according to the equation 

 Ὀ
 В Љ  Ȣ (4.11) 

Every mononuclear extracted Am complex can be identified by a unique set of values for the 

stoichiometric coefficients t, h, Љ, and n. Combining Equation 4.9 with the rightmost side of 

Equation 4.11, the corrected distribution ratio can be expressed as the sum 

 Ὀ В ȟ
Љ

ȟ (4.12) 

where i is an index for each unique extracted Am complex, Kex,i is the extraction constant for 

extracted species i, and the values of n, t, h, and Љ are the values appropriate for species i. The 

activity coefficients of the organic phase species were considered to be constant in these 

experiments since compositions of the organic phases undergo only modest changes compared to 
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the aqueous phases in these experiments. Consequently, the extraction constants, Kex,i, derived 

from this model is a conditional constant applicable for 0.05 M TEHDGA/0.075 M HEH[EHP]/n-

dodecane. 

Table 4.4 Results of model testing for Am extraction from nitric acid into ALSEP solvent.  

Model Extracted species considered in model  

number t  h  Љ  n t  h  Љ  n t  h  Љ  n t  h  Љ  n cred
2 

1 2  2  1  3 0  1  3  0   8.0 

2 2  2  1  3 0  1  3  0 2  1  1  2  2.0 

3 2  2  1  3 0  1  3  0 1  1  2  1  1.9 

4 2  2  1  3 0  1  3  0 2  1  1  2 1  1  2  1 0.95 

5 2  2  1  3 0  1  3  0 2  0  1  1  1.9 

6 2  2  1  3 0  1 2.5 0 2  1  1  2 1  1  2  1 0.95 

7 2  2  1  3 0  1  3  0 2  1  1  2 1  0  1  1 0.95 

8 2  2  1  3 0  1  3  0 2  1  1  2 0  1  2  1 0.95 

Stoichiometric indices for common extracted species tested are: 

2  2  1  3  :  Am(TEHDGA)2(HEH[EHP])2(NO3)3  

0  1  3  0  :  Am{H(EH[EHP])2} 3 

2  1  1  2  :  Am(TEHDGA)2(H(EH[EHP])2)(NO3)2 

1  1  2  1  :  Am(TEHDGA)(H(EH[EHP])2)2(NO3) 

1  0  1  1  :  Am(TEHDGA)(EH[EHP])2(NO3) 

0  1  2  1  :  Am{H(EH[EHP])2} 2(NO3) 

 

The Am distribution data in Figure 4.18 (Dcorr) were fit to Equation 4.12 for different 

extraction models between 0.018 and 4.92 M aqueous HNO3 with the values of Kex,i as varied 

parameters using the fitting routines in OriginPro. The uncertainties in the fitted parameters were 

estimated from the covariance matrix at the 95% confidence level. A minimum of four extracted 

species with different values of the nitrate stoichiometry n (n = 0, 1, 2, and 3) were required to 

fully fit the extraction data. While the goodness of fit, as represented by the reduced c2, is sensitive 
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to n it is less sensitive to the values of t, h, and Љ at acid concentrations below approximately 1 M, 

where the intermediate scrub species are important. Therefore, multiple t, h, and Љ stoichiometries 

consistent with charge neutral second, third and fourth species in the model fit the data equally 

well (e.g. models 4 and 6 ï 8 in Table 4.4). Nevertheless, many of these equivalent fitting these 

models can be eliminated from consideration since there is no reasonable driving force to create 

the complex, for example the 1 0 1 1 species, which contains two deprotonated EH[EHP]- 

monomers. 

Table 4.5 Average Eu-O coordination distance (in angstrom) for the four complexes 

investigated. 

ALSEP Scrub Complex Average Eu-O distance (Å) 

[A]: Eu(TEDGA)2(HE[EP])2(3NO3)  2.429 

[B]: Eu(TEDGA)2(H(E[EP])2)(2NO3) 2.447 

[C]: Eu(TEDGA)(H(E[EP])2)2(NO3,) 2.441 

[D]: Eu(H(E[EP])2)3 2.311 
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Figure 4.18 Fits of nitric acid dependence of Am extraction from various speciation models. 

Model numbers from Table 4.4 that correspond with the fits are (ð) model 1, (ð) model 3, (ð) 

model 2, and (- - -) model 4. 
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CHAPTER 5  

 A KINETIC EVALUATION  OF THE ROLE OF BUFFER IN 

 TALSPEAK-RELATED SYSTEMS  

5.1 Abstract 

 The kinetics of lanthanide stripping were investigated for a rendition of the Actinide-

Lanthanide Separation Process (ALSEP) using a mixture of the organic phase extractants 2-

ethylhexylphosphonic acid mono-2-ethylhexyl ester (HEH[EHP]) and N, N, Nô, Nô-tetra-2-

ethylhexyldiglycolamide (TEHDGA) in n-dodecane and the aqueous ligand 

ethylenediaminetetraacetic acid (EDTA) to evaluate the effect of buffer in improving metal 

phase transfer kinetics. Additionally, a self-buffering EDTA-derived ligand N-2-

methylpicolinate-ethylenediamine-N,Nô,Nô-triacetic acid (EDTA-Mpic) was tested. The systems 

were studied under ionic strength control without and with the inclusion of citric acid buffer. In 

comparing the two systems it was found that buffer: 1) increases the metal phase transfer rates 

overall, 2) brings the rates of the much slower organic to aqueous direction closer to the rates of 

the aqueous to organic direction, 3) improves thermodynamic partitioning of neodymium by 

formation of a ternary 1:1:1 Nd:EDTA:citrate complex. The buffer-less EDTA system showed 

particularly slow rates for the reactions limiting the organic to aqueous direction of the phase 

transfer equilibrium, dictated by the following rate law: 

 Ὧ  Ὄ Ȣ ὉὈὝὃȢ ὌὉὌὉὌὖ Ȣ  Ȣ  

Transfer from the organic to aqueous phases was also distinctly slower in the EDTA-citric acid 

buffer system, though to a lesser extent. The slower direction rate law in the presence of buffer 

was: 

 Ὧ  Ὄ Ȣ ὅὭὸὶὭὧ ὃὧὭὨȢ ὌὉὌὉὌὖ Ȣ Ȣ  
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Finally, the EDTA-Mpic system provided quantitative information to help formulate a qualitative 

understanding of the mechanistic differences that may help to improve the kinetics of future 

formulations of ALSEP. 

5.2 Introduction  

For over half of a century, biphasic separation schemes employing aqueous chemistry 

related to the Trivalent Actinide-Lanthanide Separation using Phosphorous Extractants and 

Aqueous Komplexants (TALSPEAK) process have been known to be kinetically hindered 

beyond what is necessary for industrial application.295,296 The chemistries of such systems are 

powerful for separating actinides from lanthanides,8,17,297 as well as for inter-lanthanide 

separations,21,298,299 but because of the similar oxidation states and ionic radii of the actinides 

(namely americium and curium) and lanthanides, devising entirely new separation schemes is a 

challenge. It was observed early on that the addition of buffer to aminopolycarboxylate (APC) 

containing aqueous phases substantially improved the rate of metal phase transfer for systems 

operating in the extraction direction.295 

It has been known for a long time that biphasic reactions involving the transfer of metal 

using acidic organophosphorous extractants are rate limited by processes happening in the 

interfacial region,300 because this class of extractant is highly interfacially active due to the polar 

phosphoric-, phosphonic-, or phosphinic- acid head group.301 Previous work on related solvent 

extraction systems has investigated the kinetic mechanism of extraction by HEH[EHP] from low 

acid aqueous media ï often HCl or HNO3,
189,300,302 as well as from buffered solutions using 

Lewis or Lewis-type cells to maintain a known interfacial area of contact between the two 

phases.302,303 A typical rate law for this reaction for the extraction direction of the equilibrium 

appears as follows: 

 ὙὥὸὩὯ  ὓ ὌὉὌὉὌὖὌ , (5.1) 

where the dependence of the rate on the concentrations of metal, M3+, and HEH[EHP] are first 

order, and inverse first order for the acid concentration (independent of the acid source used). It 



164 

 

is rare for a study to investigate the impact of the acid anion on the rate law, but where probed, it 

has been observed that nitrate improves phase transfer with a first order dependence.300,302 Less 

is known about the specific involvement of buffer in the kinetic mechanism of extraction since 

few of the researchers investigating buffered systems have evaluated the impact of buffer on the 

rate law, often erroneously citing a lack of thermodynamic dependence of the extraction on the 

buffer.304 Regardless, the remainder of the rate law is identical to that shown in Equation 5.1 

when buffer is included in the system. 

 A much larger body of work exists describing simpler acidic organophosphorous 

extraction systems, but each of the few studies available on TALSPEAK-type systems provides 

important and valuable insight. On addition of aminopolycarboxylate, Novikov and 

Myasoedov305 found that even at quite low concentrations of diethylenetriaminepentaacetic acid 

(DTPA) the system transitioned from what appears to be a diffusion regime into a kinetic regime. 

The system is no longer dependent on the diffusion of free Eu to the interface when 

aminopolycarboxylate is present to chelate the metal in the aqueous phase. The general 

conclusions by Matsuyama et al.21 and Danesi and Cianetti306 are in agreement that the 

interfacial rate-limiting reaction resembles the slow homogeneous dissociation of metal-

aminopolycarboxylate complexes described previously. 307ï310 

 Danesi and Cianetti306 specifically studied the phase transfer kinetics of Eu in a system 

containing the organic extractant HDEHP in contact with a lactic acid buffered aqueous solution 

of aminopolycarboxylates. In their manuscript, the authors suggested two separate approaches to 

speeding up stripping kinetics that have influenced many studies to: 1) employ smaller 

polyaminocarboxylate ligands whose metal-ligand complexes more easily unravel,19,311 and 2) 

design polyaminocarboxylate ligands that function at higher acidities to increase the rate by 

proton-facilitated metal-ligand dissociation.312,313 

 The results contained in this study will provide a quantitative understanding of the rate-

limiting mechanisms inhibiting TALSPEAK-type chemistries, and rather than studying the effect 

of aminopolycarboxylic acids where no dependence on buffer is exhibited (such as in Danesi and 

Cianetti306), the system here is studied in the complete absence of buffer. The result is two 

separate mechanisms and individual rate laws for both separations systems. Additionally, the 

comparison of kinetic parameters for buffer-free formulations of EDTA and the advanced 
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EDTA-derived ligand N-2-methylpicolinate-ethylenediamine-N,Nô,Nô-triacetic acid (EDTA-

Mpic) will test the theories put forth by Danesi and Cianetti,306 in the context of a self-buffering, 

less complex matrix.314 Picolinic acid arms substituted onto EDTA lead to successively larger 

sizes and higher denticities for the ligands, resulting in characteristics that conveniently allow for 

stripping kinetics to be tested in higher acid regimes and eliminate the over-complicating need 

for buffer. 

5.3 Experimental 

5.3.1 Materials 

 Chemicals were purchased from Sigma-Aldrich, except where otherwise indicated, and 

all reagents were weighed to prepare solutions volumetrically. The extractant HEH[EHP] 

(BIOSYNTH Carbosynth, 95%) was purified to Ó 98% using the third-phase method.249 Purity 

and the identity of the remaining 2% as HDEHP was confirmed by 31P-NMR and acid-base 

titration in an ethanol-water mixture (80:20). The extractant TEHDGA (Eichrom Technologies, 

> 99%) was used as received. Organic solutions were made by weighing the extractants and 

diluting volumetrically with n-dodecane (anhydrous, 99%). 

 Nd-free aqueous phases were prepared using concentrated nitric acid (Baker, ULTREX 

II) to achieve desired acid concentrations, and brought to 2 M ionic strength with the necessary 

mass of sodium nitrate (99%). Stripping aqueous solutions were prepared for the unbuffered 

system from sodium nitrate, and anhydrous disodium EDTA purified by recrystallizing disodium 

dihydrate EDTA (99%) and drying at 100 °C.315 For the buffered system, a standardized EDTA 

titrant solution (Ricca Chemical) was aliquoted and weighed, along with citric acid (Ó99.9%). 

EDTA-Mpic was obtained from Idaho National Laboratory, its synthesis was described 

previously.313 EDTA-Mpic was purified to 99% (verified by 1H-NMR) by recrystallization to a 

mono-perchlorate salt. Deionized 18.2 MW cm water was used throughout.  

 Solutions of 0.0005 M neodymium nitrate were prepared by aliquoting EDTA-

standardized neodymium(III) nitrate hexahydrate (99.9% trace metals basis) stock solution 

(preparation described previously294) and diluting volumetrically with the ligand-free aqueous 
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solutions of H+/NO3
- or citric acid/ NO3

- described above. For EDTA-Mpic, Nd was aliquoted 

into the ligand solutions. The formal hydrogen ion concentration (pcH) of all aqueous solutions 

was calculated from potentiometric measurement with a Metrohm micro combined pH electrode 

previously calibrated at constant 2 M ionic strength (I = 2 M) by the Gran method. Where 

necessary, adjustments to solutions were made using sodium hydroxide (Fischer Chemical, 50 % 

w/w) or concentrated nitric acid. 

 Prior to kinetic measurement, prepared organic solutions were pre-equilibrated twice by 

contact with acid solutions appropriate to the testing condition. A 1:2 organic to aqueous ratio of 

solution was used. Contact by vortex mixing for two minutes was followed by centrifugation 

until phase disengagement. The pre-equilibrated organic phase (except organic phases used for 

EDTA-Mpic experiments) was subsequently loaded with metal by contact in a 1:1 organic to 

aqueous ratio with 0.0005 M neodymium solutions. Aliquots of the initial and final neodymium-

containing aqueous phases were sampled for ICP-OES analysis to quantitate the neodymium 

concentration in the organic phases after extraction, or just the aqueous phase prior to contact in 

the case of EDTA-Mpic. All solutions used for obtaining kinetic parameters were filtered 

through 0.22 ɛm PVDF filters. 

5.3.2 Methods 

5.3.2.1 Kinetic Measurements 

 The kinetic studies were carried out on a microfluidics setup consisting of two automated 

syringe driver pumps (Mitos Duo XS Basic), the T-junction of a hydrophilic quartz droplet 

junction chip, and a phase separator with hydrophobic membrane, all purchased from Dolomite 

Microfluidics.316 An Aven Mighty Scope 5M digital microscope was used to capture droplet 

images post-contact for calculation of specific interfacial areas from slug lengths measured using 

ImageJ software. Room temperature was monitored via NIST traceable thermometer, deviations 

remained within ± 0.5 °C between conditions and across experiments. Custom interfacing 

software was designed and generously provided by the Nuclear Science and Engineering 

Division at the Argonne National Laboratory.131,317 
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 To obtain kinetic data, the metal-loaded TEHDGA/HEH[EHP]/n-dodecane or metal-free 

pre-equilbrated organic phases were contacted with EDTA and EDTA/citric acid, or EDTA-

Mpic/Nd solutions, respectively, using identical flow rates to produce a 1:1 droplet volume ratio. 

The phases were infused at the microfluidic chipôs T-junction into a one-meter length of 250 µm 

I.D. PTFE tubing, creating droplets of alternating phase.80 Concentrations for each variable were 

tested in duplicate, each at several pre-set flow rates between 100ï30 µL/min to give residence 

times (time the two phases are in contact before rapid phase separation occurs) spanning 15 to 49 

seconds. 

 Equilibrium distribution values (D = [M]org / [M] aq) for each strip condition were obtained 

by combining equal volumes of the phases in duplicate and contacting on a thermostat shaker for 

22 hours to ensure equilibrium attainment. In addition to its use in the kinetic analysis, the data 

were also used to derive equilibrium distribution value plots for the system with complexant 

present. Aliquots of the aqueous phases before and after extraction or prior to contact, at 

equilibrium, and at each flow rate were analyzed for neodymium concentration on a Perkin 

Elmer Optima 5300 DV ICP-OES. Uncertainties are reported at two standard deviations. 

5.3.2.2 Absorption Spectroscopy 

 Using the solutions and methods described above, 0.01 M Nd solutions were prepared at 

2 M ionic strength with just HNO3/NaNO3, NaNO3/citric acid, and NaNO3/citric acid/EDTA, 

and adjusted to the fixed standard pcH of 3.346. Spectra of the Nd aqueous phases were taken 

using a 1.00 cm quartz cuvette in a Cary 5E Spectrophotometer at a resolution of 0.2 nm over a 

480-850 nm range. Aliquots of each aqueous solution were measured by ICP-OES to normalize 

the spectra to their Nd concentration. For organic phase spectra the Nd concentration was 

quantitated in the aqueous phase after extraction as well. 

5.4 Results and Discussion 

5.4.1 Equilibrium  Studies 

 Neodymium stripped from 0.05 M TEHDGA/0.75 M HEH[EHP]/n-dodecane into 
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aqueous solutions of EDTA/HNO3/NaNO3 and citrate/EDTA/HNO3/NaNO3 was measured by 

ICP-OES of the aqueous phases before and after contact (exact conditions are specified in Table 

5.1). Slope analysis was conducted on the final stripping distribution values for all conditions 

studied kinetically. A summary of the results of the equilibrium log D vs. log concentration slope 

analyses can be found in Table 5.1. 

Table 5.1 A summary of the equilibrium dependence of neodymium partitioning on the various 

constituents in the ALSEP/EDTA/2 M ionic strength system with and without citric acid buffer. 

   Stoichiometry 

Constituent Fixed Varied No Citrate Citrate 

[Nd3+] 5 x 10-4 M 0.0001-0.001 M -0.08 ± 0.01 -0.03 ± 0.02 

[EDTA] 0.06 M 0.01-0.09 

0.009-0.06 M 

-0.93 ± 0.04 

- 

- 

-1.01 ± 0.03 

[Citrate] 0.1 M 0.04-0.4 - -0.71 ± 0.04 

[H+]  10-3.35 10-3.27-10-3.59 

10-3.38-10-4.39 

-0.69 ± 0.07 

- 

- 

0.36 ± 0.07 

[HEH[EHP]] 0.75 M 0.075-0.75 2.5 ± 0.1 2.0 ± 0.2 

[TEHDGA] 0.05 M 0.01-0.1 0.08 ± 0.01 0.08 ± 0.03 

 

 The equilibrium dependence of neodymium partitioning on neodymium concentration for 

the 0.0001-0.001 M range showed no equilibrium dependence on Nd for the buffer-less and 

buffered systems, which is expected in the absence of polynuclear complexes.294 Negative 

dependencies on EDTA of 0.93 ± 0.04 and 1.01 ± 0.03 are observed in both instances for the 

system with no citrate and with citrate, respectively, in the range of 0.0009-0.09 M EDTA. Such 

a dependence is typical for lanthanides in solution with EDTA, because EDTA forms 1:1 

Nd:EDTA complexes that oppose the partitioning of metal into the organic phase.318 

Additionally, there is also a -0.71 ± 0.04 dependence on citrate for the buffered system, 

indicating the presence of a ternary 1:1:1, Nd:EDTA:citrate aqueous complex.319,320 This value is 

lower than the theoretically expected value of one for a 1:1:1 Nd:EDTA:citrate complex, and is 

likely lower due to activity effects over the wide range of citrate concentrations examined.321 The 

presence of a ternary complex was also confirmed by comparison of the Nd/citrate, Nd/EDTA, 
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and Nd/EDTA/citrate spectra shown in Figure 5.1. All three spectra are distinctly different, the 

Nd/EDTA/citrate band of peaks for the hypersensitive 4I9/2 Ÿ 
4G5/2, 

2G7/2 transitions from 560-

610 nm are noticeably broader, and the 584 nm peak experiences a bathochromic shift to 585 

nm. In fact, the entire spectrum experiences this shift, indicating further stabilization of the Nd-

EDTA complex from formation of the ternary Nd-EDTA-citrate complex. The formation of 

these ternary complexes has been documented in the literature on numerous occasions, and in 

one particular instance, researchers measured larger stability constants for gadolinium-EDTA 

complexes when citrate was present than when stability constants of phosphate or carbonate Gd-

EDTA ternary complexes were measured.319  

 The presence of buffer not only creates a new aqueous complexation environment, but 

also appears to contribute to ï or induce ï notable differences in the equilibrium dependence on 

acid concentration. This is perhaps the most interesting dependency because in the absence of 

citrate, the dependence is -0.69 ± 0.07 on acid concentration, and upon introduction of citrate, the 

dependence increases positively by an order of magnitude to 0.36 ± 0.07. The negative slope 

dependence without citrate is likely the sum of the following equilibria at play, shown in the 

direction relevant to the extraction, 

Figure 5.1 Spectra of the 4I9/2 Ÿ 
4G5/2, 

2G7/2 (560-610 nm) and 4I9/2 Ÿ 
4S3/2, 

4F7/2, and 
2H9/2, 

4F5/2 (720-840 nm) hypersensitive transitions of neodymium in solutions of: 0.1 M 

citric acid/2 M NaNO3 (ðð), 0.063 M EDTA/2 M NaNO3 (ðð), and 0.1 M citric 

acid/0.063 M EDTA/2 M NaNO3 (ðð) 
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 ὔὨ σ ὌὉὌὉὌὖᴾὔὨὌὉὌὉὌὖ σ Ὄ , (5.2) 

 ὌὉὈὝὃ Ὄ ᴾὌ ὉὈὝὃ, (5.3) 

and 

 ὔὨὉὈὝὃ ς Ὄ ᴾὔὨ Ὄ ὉὈὝὃ. (5.4) 

For the citrate case, the set of equilibria contributing to the overall partitioning would also 

include, 

 ὔὨὌὅὭὸὶὥὸὩὉὈὝὃ Ὄ ᴾὔὨὉὈὝὃ ὌὅὭὸὶὥὸὩ . (5.5) 

 The one order of magnitude and sign change difference of the dependence on acid 

concentration from the no citrate system to the citrate system is probably a result of the 

additional acid-driven dissociation of the ternary aqueous complex shown in Equilibrium 5.5. In 

this acid concentration region (3.3-4.4 pcH), citrate is engaging in reactions with acid (pKaôs = 

2.8, 4.2, and 5.2, I = 2 M)322 and is overall more basic than HEH[EHP] (pKa = 4.1).241 Under 

these conditions, more free Nd will be available to react with HEH[EHP] and partition into the 

organic phase. Where the dependence is negative, the amount of free H+ accumulates rather 

easily because of the absence of buffer and relatively low concentration of EDTA, leading to the 

protonation of HEH[EHP] and a negative impact on the partitioning of Nd into the organic phase 

from pcH 3.27-3.59. Though a positive dependence of the distribution ratio on acid is not desired 

when Nd stripping is the goal, the formation of the ternary aqueous species with citrate favors 

partitioning of Nd into the aqueous phase more than the 1:1 Nd:EDTA complex. 

 It is widely reported that the dependence of metal partitioning on HEH[EHP] in n-

dodecane produces sub-ideal and non-integral slope values,189,214 especially at the concentration 

range studied here (0.075-0.75 M HEH[EHP]). While the dependence on HEH[EHP] in the 
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absence of aqueous citric acid falls within reason (2.5 ± 0.1), the dependence on HEH[EHP] is 

substantially lower at 2.0 ± 0.2 in the presence of citric acid for the full 0.075-0.75 M range of 

HEH[EHP] concentrations but is the same within error at 2.4 ± 0.2 if the concentration range is 

truncated to 0.19-0.75 M to eliminate data points contributing larger errors from lower 

distribution values. Spectra of neodymium in the organic phase at the standard 3.3 pcH used 

(Figure 5.2) confirms the homoleptic Nd-HEH[EHP] complex as the dominant organic species in 

the bulk solution and shows no evidence of a mixture of complexes under these conditions. One 

common explanation of half-order dependencies refers to an equilibrium extraction complex of 

Figure 5.2 Organic phase 0.75 M HEH[EHP]/0.05 M TEHDGA/0.01 M neodymium 

spectra of the 4I9/2 Ÿ 
4G5/2, 

2G7/2 hypersensitive transitions for extraction from 0.1 M citric 

acid and no EDTA (I = 2 M) at a variety of equilibrium pcH conditions. Single and double 

asterisks in the legend denote the spectra associated with the standard pcH conditions used 

for the EDTA and EDTA-Mpic experiments, respectively.  
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monomers and dimers, though the overwhelming tendency of phosphoric and phosphonic acid 

extractants to dimerize in solutions of long-chain aliphatic diluents makes this unlikely at the 

extractant concentrations studied.214,323 Such deviations are more likely to arise from nonideal 

behavior of the HEH[EHP] dimer in n-dodecane due to weak dipole interactions between the 

dimers.189 Furthermore, the dependence of the extracting complex on TEHDGA in the region of 

0.01-0.1 M exhibits a 0.08 average stoichiometry for organic phases contacted with both aqueous 

stripping solutions studied, demonstrating no involvement in the equilibrium complex and 

verifying a homoleptic Nd-HEH[EHP] complex as the organic phase equilibrium complex in 

stripping conditions. 

 The spectrum in Figure 5.2 marked by a double asterisk (**) shows an organic phase Nd 

spectrum for the standard pcH condition used in the EDTA-Mpic equilibrium studies. It is 

obvious for this condition that a mixture of complexes exists in the organic phase, this helps to 

explain the confusing results for the equilibrium stoichiometry values for the organic phase 

constituents shown in Table 5.2. The aqueous phase stoichiometries are clear, however. Similar 

to the buffered EDTA system, EDTA-Mpic has a -0.9 ± 0.2 power impact on the distribution 

value, and the proton concentration has a positive 1.1 ± 0.2 power effect. 

Table 5.2 A summary of slope analysis results for the equilibrium dependence of neodymium 

partitioning on ligand, acid, HEH[EHP], and TEHDGA in the self-buffered EDTA-Mpic system. 

    

Constituent Fixed Varied Stoichiometry 

[EDTA-Mpic] 0.06 M 0.003-0.015 -0.9 ± 0.2 

[H+] 10-2.0 10-1.8-10-2.8 1.1 ± 0.2 

[HEH[EHP]] 0.75 M 0.12-0.75 1.4 ± 0.1 

[TEHDGA] 0.05 M 0.01-0.06 0.5 ± 0.1 

5.4.2 Kinetic Studies 

 The effects of all solution components (except nitrate) on the phase transfer kinetics of 

neodymium stripping were assessed using data collected on a commercially available 

microfluidics setup.131 Although constant interfacial area cells such as the Lewis cell are more 
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common in the literature, a growing number of researchers have begun to use microfluidics 

devices to obtain kinetic parameters.324 Initiating contact of immiscible phases by way of a 

microfluidic óreactorô is advantageous because it provides rapid mixing to effectively minimize 

the diffusion layer to irreducible thickness. Insufficient mixing is a common problem in Lewis-

type cells that can lead to results confounded by contributions from diffusion.176 Thorough 

mixing and the ability to precisely measure contact areas and volumes allows one to study 

chemical kinetics in isolation.317 

Figure 5.3 The kinetic data obtained on a microfluidics setup for varying HEH[EHP] from 

0.075-0.75 M with 0.05 M TEHDGA/0.063 M EDTA/2 M NaNO3 at 3.4 pcH is plotted using 

Equation 7 in panels (a) and (b) and fitted by linear regression to produce the slope values for 

each concentration of HEH[EHP] on a log-log scale in panels (c) and (d). The data in (c) and 

(d) were fitted, and their slopes were used to assess the magnitude of the effect that HEH[EHP] 

concentration has on the rates. Open symbols were used for the system without buffer and 

closed symbols for the system with 0.1 M citric acid buffer in panels (a)-(d). 
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 The majority of studies on solvent extraction kinetics have been conducted in the 

extraction direction. Here, the kinetics are evaluated on experiments conducted in the stripping 

direction to be consistent with the industrial application of the ALSEP process. Conventionally, 

metal partitioning in solvent extraction reactions is described in the extraction direction, to 

maintain consistency with this convention, the kinetics of the reaction are described in the 

extracting direction as such, 

 ὔὨ ὥήόὩέόί
Ὧ
ᵶ
Ὧ
 ὔὨ έὶὫὥὲὭὧ, (5.6) 

Where Nd is the total amount of metal in each phase, kao and koa refer to the extraction and 

stripping direction pseudo first-order rate constants, respectively. 

 For ease, all conditions were studied under pseudo first-order assumptions with respect to 

neodymium by using low metal concentrations and maintaining sufficient excess of the reagents 

TEHDGA, HEH[EHP], EDTA, citric acid, and acid, to effectively isolate the impact of each 

constituent on the reaction rate. The mathematical basis for the equation used to obtain the 

kinetic parameters has been outlined previously.325 Analysis of experiments conducted in the 

stripping direction use the following equation to obtain kobs (observed pseudo first-order rate 

constant) from the experimental data:316 

 ÌÎρ
ȟ

Ὧ ὸz , (5.7) 

where [M] aq is the concentration of metal in the aqueous phase at residence time t, and [M] aq,eq is 

the concentration of metal in the aqueous phase at equilibrium. When the data are plotted for 

each condition ï the predetermined flow rates against their residence times ï the negative slope 

of the line gives kobs for that concentration (see Figure 5.3(a) and (b) for example plots of data 

using Equation 5.7).  

 The extraction (kao) and stripping (koa) rate constants can be calculated when the specific 
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interfacial area (defined as A/V, where A is the surface area of contact between the two phases 

and V is the volume) is factored into the equation by considering the definition of kobs with 

respect to kao and koa: 

 Ὧ  Ὧ Ὧ  , (5.8) 

and the relationship between the equilibrium distribution ratio (DNd) and the forward and reverse 

rate constants: 

 Ὀ  , (5.9) 

where overbars indicate organic phase species. After substitution and rearrangement, the 

following equations result for calculation of koa and kao: 

 Ὧ ᶻ   (5.10) 

and 

 Ὧ Ὧ Ὀz  . (5.11) 

 Plot (a) of Figure 5.3 is an example of the plots used to derive kobs values from the slopes 

using Equation 5.7 (results are summarized in Table 5.3 and Table 5.4). For the example of 

HEH[EHP] in Figure 5.3(a) and (b), it is observed that moving from a concentration of 0.075 M 

to 0.75 M HEH[EHP] produces sequentially shallower slopes i.e., faster observed rates. This is 

common to the stripping behavior of HEH[EHP] in all systems investigated here and in the 

literature.326 
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Table 5.3 Summary of conditions used for the determination of kinetic parameters for 

neodymium phase transfer in the ALSEP/EDTA/2 M ionic strength system. 

      

Constituent Fixed Varied kobs kao koa 

[Nd3+] 5 x 10-4 M 10-4-10-3 M 0.11(5) 0.15(8) 0.22(7) 

[EDTA] 0.06 M 0.01-0.09 -0.56 (8) -0.3(3) 0.6(3) 

[H+] 10-3.35 10-3.27-10-3.59 1.8 (1) 1.9(6) 2.6(6) 

[HEH[EHP]] 0.75 M 0.075-0.75 -1.59(2)/-0.02(2)a 0.44(9) -2.04(9) 

[TEHDGA] 0.05 M 0.01-0.1 -0.0(1) 0.3(2) 0.2(2) 

aLinear regression for data from 0.075-0.188 M and 0.299-0.750 M HEH[EHP], respectively 

Table 5.4 Summary of results and conditions used for the determination of kinetic parameters 

for neodymium phase transfer in the ALSEP/EDTA/citric acid/2 M ionic strength system. 

      

Constituent Fixed Varied kobs kao koa 

[Nd3+] 5 x 10-4 10-4-10-3 0.1(2) 0.07(7) 0.12(3) 

[EDTA] 0.06 0.01-0.09 -0.7 (1) -0.88(5) 0.13(5) 

[H+] 10-3.35 10-3.38-10-4.39 1.4 (1) 1.2(2) 0.83(9) 

[HEH[EHP]] 0.75 0.075-0.75  -1.5(2)/-0.2(2)a 0.3(3) -1.80(7) 

[TEHDGA] 0.05 0.01-0.1 0.10(6) 0.2(1) 0.13(6) 

[citrate] 0.1 0.04-0.4 0.1(2) -0.1(1) 0.62(9) 

aLinear regression for data from 0.075-0.188 M and 0.299-0.750 M HEH[EHP], respectively 

 After values of kobs, kao, and koa are derived from the plots, the values obtained for each 

are plotted against concentration (plots (c) and (d) of Figure 5.3). These data are then correlated 

using linear regression analysis. The resulting slopes define the order of each constituent in the 

reactionôs observed, forward, and reverse rate laws for the system without citrate:  

 Ὧ  Ὄ Ȣ ὉὈὝὃȢ ὌὉὌὉὌὖ
Ȣ

, (5.12) 
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 Ὧ  Ὄ Ȣ ὌὉὌὉὌὖ
Ȣ
ȟ (5.13) 

 Ὧ  Ὄ Ȣ ὉὈὝὃȢ ὌὉὌὉὌὖ
Ȣ

, (5.14) 

and with citrate: 

  Ὧ  Ὄ Ȣ ὉὈὝὃȢ ὌὉὌὉὌὖ
Ȣ
ȟ (5.15) 

 Ὧ  Ὄ Ȣ ὉὈὝὃȢ , (5.16) 

 Ὧ  Ὄ Ȣ ὅὭὸὶὥὸὩȢ ὌὉὌὉὌὖ
Ȣ

. (5.17) 

 According to a report of interfacial tension measurements in ALSEP, the addition of 

neutral diglycolamide extractant into HEH[EHP]/n-dodecane mixtures does not induce changes 

in the bulk surface activity different from HEH[EHP] alone.224 Interfacial tension measurements 

are a metric commonly used to quantitate the degree of surface activity of various system 

components, and can also provide an avenue for assessing their impact on the bulk surface 

activity therein.224 It has been known for a long time that acidic organophosphorus extractants 

are highly surface active, and that the rate-limiting reactions of TALSPEAK framework 

chemistry are highly dependent on specific interfacial area.162,327 In light of this data, 

TEHDGAôs lack of participation in the rate-limiting step in either the extracting or stripping 

directions (Equations 5.12-5.17) seems characteristically aligned, irrespective of its participation 

in the equilibrium complexes. 

 On the contrary, HEH[EHP] is highly surface active and features prominently in 

reactions within the TALSPEAK process chemistry. Many studies that have reported rate laws 

for biphasic kinetics with HEH[EHP] ran their experiments in the extraction direction and under 
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conditions where only the kao rate law and mechanism were accessible. In those studies, the 

kinetic dependence is first order for the metal and HEH[EHP], and inverse first order for acid 

(Equation 5.1), a result that is consistent with or without buffer.300 The dependence of the rate 

law on buffer is seldom reported, though researchers usually qualitatively report faster rates 

when buffer is present.22,302 It appears that a dramatic shift in the kinetic dependence observed 

here ï compared to literature results on simpler systems ï for metal and acid concentrations 

occurs primarily as a function of EDTA being present, where the dependence on metal all but 

disappears and the dependence on acid concentration becomes positive to varying degrees. The 

dependence on metal may disappear because of the overwhelming number of complexing 

constituents in both the organic and aqueous phases lowering the free metal concentration to 

negligible availability. Overall, the rates are much faster with citric acid (as seen in Figure 5.4-

Figure 5.9), and its role is likely numerous. 

 The observed rate laws (kobs) for the system with and without buffer are similar, barring a 

slightly greater dependence on acid in the system without buffer, a phenomenon that was also 

observed in a DTPA-based system studied by Matsuyama et al.22. This difference is difficult to 

speculate on because of the impossibility of teasing apart the many individual acid-exchange 

reactions involving the ligand, buffer, and extractants. No significant contributions to the raw 

laws are observed for Nd overall. As previously mentioned, the lack of dependence on 

neodymium is inconsistent with the dependencies obtained in simple extractant/acid and 

extractant/acid/buffer systems. This highlights the unique ability of a system containing cation 

exchange extractants and aqueous aminopolycarboxylates to maintain a relatively constant 

concentration of free metal at the interfacial region. 

 The greatest benefit conferred by buffer on the EDTA system is an increase in the koa 

rates. This can be readily observed in panels (b) of Figure 5.4-Figure 5.9 and by comparing the 

rate laws in Equations 5.14 and 5.17. In the system without buffer, the dependence of the organic 

to aqueous rate-limiting reaction on formal hydrogen ion concentration takes on a larger positive 

value than with buffer. The dependence on EDTA becomes negligible with buffer present, 

leaving one to speculate on the significance of EDTAôs size to its ability to penetrate, and react, 

in the interfacial region. The dependence on citric acid is identical in sign and magnitude to the 

dependence exhibited on EDTA without buffer and could be indicative of its substitution into the 
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kinetic mechanism in place of EDTA due to its smaller size and therefore ability to accumulate at 

the interface. With citric acid performing as the buffer, EDTA only substantially affects the kao 

rate law. 

 Interestingly, for the system with no buffer, the kao equilibrium is not inhibited by Nd-

EDTA dissociation processes, the rate law is instead likely influenced in part by the equilibrium: 

 ὔὨ ὌὉὌὉὌὖᴾὔὨὉὌὉὌὖ Ὄ  , (5.18) 

where the subscript i refers to species adsorbed at the interface. But what role the acid plays to 

assist in this process is not exactly clear. When citrate is present, the kao containing rate law takes 

on a form similar to what has been described previously by Matsuyama et al. and Danesi and 

Cianetti as interfacial rate-limiting reactions resembling the slow homogeneous dissociation of 

metal-aminopolycarboxylate complexes,307ï310 

 ὔὨὉὈὝὃ ς Ὄ ᴾὔὨ Ὄ ὉὈὝὃ . (5.19) 

This equilibrium describes a reaction that frees neodymium, but the rapid reverse reassociation 

reaction and slow dissociation resist neodymium transfer into the organic phase, especially with 

increasing concentrations of EDTA. 

 With respect to the organic to aqueous direction, the dependence of the koa rate law on 

HEH[EHP] is marginally less when buffer is present, though its impact on the observed rate laws 

(kobs) remains the same for both systems within error (Equations 5.12 and 5.15). Interestingly, 

EDTA is absent from the rate law where citrate is present, indicating citrate replaces EDTA in 

the rate determining organic to aqueous phase transfer. The complicated forms of the rate laws 

for organic to aqueous phase transfer in both systems suggest multiple, related slow steps. The 

smaller size or more constrained geometry of citrate may be beneficial in helping it to navigate 

into the interface more easily than EDTA. Regardless, citrate here is seen to enhance the rate of 

metal stripping, unlike the effect seen on an ALSEP system containing EDTAôs triacetate analog 

HEDTA (N-(2-hydroxyethyl)ethylenediamine-N,N',N'-triacetic acid), where addition of citrate 
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slows down the observed rate, suggesting that the ternary 1:1:1 metal:HEDTA:citrate complex is 

less labile than the equivalent EDTA complex.328 The role of HEH[EHP] in the absence and 

presence of buffer dominates the overall reaction order for the observed rate law at lower 

concentrations, although higher concentrations of HEH[EHP] can be used with less negative 

impact to the rates if buffer is present (panels (a) and (b) of Figure 5.3). 

 The rate law for the stripping reaction in the absence of citrate (Eq. 5.14) points to the 

possibility of a set of rate-limiting elementary reactions that involve the dissociation of the Nd-

HEH[EHP] complex, followed by a slow EDTA complexation step that either involves the 

diffusion of Nd out of the interface or (more likely) the diffusion of EDTA into the interfacial 

region, and finally complexation of Nd by EDTA (Eq. 5.19). If EDTA has difficulty penetrating 

the interface due to its size, Nd will rapidly re-complex with HEH[EHP] at the interface: 

 ὔὨ ς ὌὉὌὉὌὖ ᴼὔὨὌὉὌὉὌὖ ȟ ς Ὄ . (5.20) 

The high concentration of HEH[EHP] and its saturation at the interface give ample opportunity 

for an unbound HEH[EHP] to reassociate with Nd before EDTA arrives at the interface. When 

the buffer present is also a decent aqueous complexant (as is the case for citric acid), it can enter 

the interface more easily than the larger APC ligand and ferry Nd away from where the organic 

phase will re-uptake the metal. Once released at the interface as in Eq. 5.20, the following 

reaction can take place: 

 Ὄ ὅὭὸὶὥὸὩὔὨ ᴾὔὨ ὅὭὸὶὥὸὩς Ὄ . (5.21) 

The mechanism inhibiting the organic to aqueous direction with citric acid is likely faster 

because citric acid can penetrate the interface more easily and complex Nd effectively enough to 

help shuttle it away from the interfacial region. Despite the differences observed in the two 

systems, their kobs rate laws remain the same, and this emphasizes the persisting importance of 

acid-catalyzed Nd-EDTA and Nd-HEH[EHP] dissociations to the overall process. 

 In general, rates for the ALSEP/EDTA aqueous to organic phase transfer are two orders 
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of magnitude faster than their organic to aqueous counterparts (with the exception of 

HEH[EHP]). Although metal-ligand dissociation rates have been blamed for the slow stripping 

kinetics,21,306 that does not appear to be the limiting factor in the absence of buffer where the 

slowest rates were found in the stripping direction. The universal contribution of proton 

concentration to the forward and reverse rate laws places proton catalysis at equal importance to 

rate-limiting metal-extractant and metal-ligand dissociation processes. 

5.4.3 Alternative Aqueous Complexant Kinetics 

 The ALSEP organic phase was also used to test the alternative aqueous ligand consisting 

of an EDTA backbone with a single picolinic acid substituted arm, EDTA-Mpic. This aqueous 

ligand has been tested in a TALSPEAK process system for use at higher acidities.313 The 

picolinate substituent arm provides some beneficial interfacial and organic phase penetrability 

and the capability of separating actinides from lanthanides at much higher acidities than standard 

aminopolycarboxylates typically used.313 The kinetic parameters derived from the data for the 

EDTA-Mpic system are summarized in Table 5.5. 

Table 5.5 Kinetic dependencies for the self-buffering EDTA-Mpic system for neodymium 

      

Constituent Fixed Varied kobs kao koa 

[EDTA-Mpic] 0.06 M 0.003-0.015 -0.3 ± 0.7 -0.1 ± 0.6 0.9 ± 0.2 

[H+] 10-2.0 10-1.8-10-2.8 1.8 ± 0.4 2.2 ± 0.1 1.07 ± 0.07 

[HEH[EHP]] 0.75 M 0.12-0.75 -0.0 ± 0.5 -1 ± 1 -2 ± 1 

[TEHDGA] 0.05 M 0.01-0.06 0.1 ± 0.3 0.1 ± 0.2 -0.35 ± 0.05 

 

 Although the metal dependence for the system was not tested, all other ALSEP-based 

systems have yielded the same no metal dependence as seen here with EDTA. The observed rate 

law depends only on acid concentration, which has a favorable positive 1.8 ± 0.4 dependence, 

and is similar to the dependence seen in the EDTA systems, particularly in the absence of buffer. 

In this instance, acid concentration still positively impacts both the stripping and extraction 
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directions but has a substantially larger impact on the kao rate law at 2.2 ± 0.1 instead of 1.07 ± 

0.07 for koa. The kao and koa rates when EDTA-Mpic is used as the aqueous ligands are much 

closer in magnitude (Figure 5.10Figure 5.13), which is also seen in the ALSEP-HEDTA/citrate 

system,328 and may be indicative of EDTA-Mpicôs unrestricted presence at the interface. Due to 

the higher acid conditions, a small negative dependence on TEHDGA for the koa rate law was 

observed, which is consistent with the presence of TEHDGA observed in the equilibrium 

extracted complex under these conditions seen in Table 5.3 and Figure 5.2 (vide supra). Lastly, 

the dependencies on HEH[EHP] bear resemblance more to the EDTA alone system than the 

citrate containing system, but the large errors associated with this data make it difficult to draw 

definitive conclusions for HEH[EHP] in the reaction. 

5.5 Conclusions 

 For the system using an ALSEP organic phase and an EDTA and EDTA/citrate aqueous 

phase, it was found that a Nd-EDTA-citrate ternary complex forms in the aqueous phase and 

provides a more stable complex and more favorable distribution values than at an equivalent 

EDTA concentration with no citrate. The inclusion of citric acid also benefits the system 

kinetically by improving the rates in both the stripping and extracting directions, but 

substantially improves the organic to aqueous direction rates possibly because citrate is smaller 

than EDTA and more easily penetrates the interface to complex Nd and transfer it away from the 

interfacial region. The citrate kinetic dependence shows that citrate improves the rates of the 

problematic and slow organic to aqueous equilibrium reaction direction without impacting the 

kinetic mechanism in the aqueous to organic direction. The self-buffering, alternative aqueous 

complexant EDTA-Mpic appears to confer similar benefits as with the inclusion of buffer to 

standard formulations of ALSEP, possibly assisted by the picolinic acid substituted armôs 

organic phase solubility. The results from the EDTA system combined with the EDTA-Mpic 

system appear to suggest that more non-polar substitutions to aqueous ligandôs complexing arms 

give the ligand the ability to penetrate the interface and may be an important avenue to explore 

for future iterations of TALSPEAK-derived systems, though further research into this hypothesis 

is necessary to evaluate its validity. 
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5.8 Supporting Information  

 

Figure 5.4 Plots used for linear regression analysis to assess the magnitude of the effect that 

neodymium concentration has on the rate. Panel (a) demonstrates a system without citric acid 

buffer while (b) includes 0.1 M citric acid buffer. Both systems are described by the kinetic 

parameters kobs (Ã and Â), kao (r and p), and koa (¹ and ̧ ) in open (no citrate) or solid (with 

citrate) symbols. 
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Figure 5.5 Plots used for linear regression analysis to assess the magnitude of the effect that 

TEHDGA concentration from 0.01-0.1 M has on the rate. Panel (a) demonstrates a system 

without citric acid buffer while (b) includes 0.1 M citric acid buffer. Both systems are described 

as their kinetic parameters kobs (Ã and Â), kao (r and p), and koa (¹ and ̧ ) in open (no citrate) 

or solid (with citrate) symbols. 

 

Figure 5.6 Plots used for linear regression analysis to assess the magnitude of the effect that 

HEH[EHP] concentration from 0.075-0.75 M has on the rate. Panel (a) demonstrates a system 

without citric acid buffer while (b) includes 0.1 M citric acid buffer. Both systems are described 

as their kinetic parameters kobs (Ã and Â), kao (r and p), and koa (¹ and ̧ ) in open (no citrate) 

or solid (with citrate) symbols. 
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Figure 5.7 Plots used for linear regression analysis to assess the magnitude of the effect that 

formal hydrogen ion concentration from 10-3.27-10-3.59 M (a) and 10-3.38-10-4.39 M (b) has on the 

rate panel (a) demonstrates a system without citric acid buffer while (b) includes 0.1 M citric 

acid buffer. Both systems are described as their kinetic parameters kobs (Ã and Â), kao (r and 

p), and koa (¹ and ̧ ) in open (no citrate) or solid (with citrate) symbols. 

 

 

Figure 5.8 Plots used for linear regression analysis to assess the magnitude of the effect that 

EDTA concentration from 0.01-0.09 M has on the rate. Panel (a) demonstrates a system without 

citric acid buffer while (b) includes 0.1 M citric acid buffer. Both systems are described as their 

kinetic parameters kobs (Ã and Â), kao (r and p), and koa (¹ and ̧ ) in open (no citrate) or 

solid (with citrate) symbols. 


